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Rift-induced disruption of cratonic keels
driveskimberlite volcanism
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Kimberlites are volatile-rich, occasionally diamond-bearing magmas that have erupted
explosively at Earth’s surface in the geologic past'™. These enigmatic magmas,
originating from depths exceeding 150 kmin Earth’s mantle’, occur in stable cratons
and in pulses broadly synchronous with supercontinent cyclicity*. Whether their
mobilization is driven by mantle plumes® or by mechanical weakening of cratonic
lithosphere*® remains unclear. Here we show that most kimberlites spanning the past
billion years erupted about 30 million years (Myr) after continental breakup, suggesting
anassociation with rifting processes. Our dynamical and analytical models show that
physically steep lithosphere-asthenosphere boundaries (LABs) formed duringrifting
generate convective instabilities in the asthenosphere that slowly migrate many
hundreds to thousands of kilometres inboard of rift zones. These instabilities endure
many tens of millions of years after continental breakup and destabilize the basal tens

of kilometres of the cratonic lithosphere, or keel. Displaced keel is replaced by a hot,
upwelling mixture of asthenosphere and recycled volatile-rich keel in the return

flow, causing decompressional partial melting. Our calculations show that this
process can generate small-volume, low-degree, volatile-rich melts, closely matching
the characteristics expected of kimberlites'. Together, these results provide a
quantitative and mechanistic link between kimberlite episodicity and supercontinent
cycles through progressive disruption of cratonic keels.

Over geologic time, pulses of kimberlite magmatism correspond
to episodes of global plate reorganization, with comparatively few
kimberlite eruptions occurring during periods of supercontinent
stability* (Fig. 1a). This synchronicity may suggest that kimberlites
are triggered by tectonic disturbances in cratonic lithosphere* or by
abrupt changes in plate movement®. However, such hypotheses do
not adequately explain what process stimulates melt generation and
raises a paradox: cratons are defined by their mechanical strength and
long-term stability’'°, so they should resist tectonic deformation™.
An alternative model is that kimberlite distributions are controlled
by mantle (super)plumes, possibly linked to large low-shear-velocity
provinces®, which might fertilize, hybridize and even destabilize the
cratonic root®?, This model is, however, hard to reconcile with geo-
chemical characteristics of kimberlites, many of which are inconsist-
ent with plume sources™ ™ and instead necessitate partial melting
of convecting mantle coupled with assimilation of cratonic litho-
sphere®"'¢, Testing these and other models (see Methods) requires
bothafullyintegrated consideration of geodynamics and geochemistry
aswellasanassessment of spatiotemporal dependencies in the global
tectonic cycle.

Kimberlites and global tectonics

Webeginby assessing the global link between kimberlites and tectonics
through time and across all continents using a database of radiometri-
cally dated kimberlites® and a measure of the degree of fragmentation
of continental plates from tectonic reconstructions”. We calculate the
rate of change of fragmentation (AF) as a proxy for dynamic plate reor-
ganization (Extended Data Fig.1) and then calculate multi-million-year
time lags'® between AF and the kimberlite count, K, at 1-Myr intervals
(Methods; Fig.1b and Supplementary Dataset 1). Our cross-correlation
analysis reveals astatistically significant association between fragmen-
tation and kimberlites over the past 500 Myr (Fig. 1b), which persists
whenweaccountforautocorrelationin the time series (Extended Data
Fig.2a). The strongest correlation coefficient (p = 0.41) prevails at lags
of -26 + 4 Myr, indicating that continental fragmentation typically leads
kimberlite magmatism by 22-30 Myr, whereas a proportion of kimber-
liteseruptduringtheinterval betweenrift onset and breakup (Fig. 1b).
When we extend our data compilation to 1billion years ago (Ga), using
more uncertain databut capturing two supercontinent cycles (Fig. 1a
and Extended DataFig.1), the strongest correlation remains at the same
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lag (Extended Data Fig. 2b). Further, when we account for preservation
bias by weighting the number of kimberlites inversely according to
surface preservation, the same lag persists (Extended DataFig.2c). The
signal strengthens (p = 0.52) whenwe isolate kimberlites <200 Myr old,
aperiod whenthelevel of certainty in global tectonic models is highest
(Extended Data Fig. 2d; Methods). The consistent delay betweenrifting
onsetand kimberlite volcanism strongly seems to be a genuine feature
of the global geodynamic cycle.

We scrutinize this linkage further by analysing the temporal and
spatial relationships between kimberlites and continental plate
margins, first targeting the Mesozoic kimberlite fields of Africa and
South America that formed during breakup of the southern part of the
Pangaea supercontinent, Gondwana (Fig. 1a). These regions are

Fig.1| Temporal relationships between tectonics and kimberlites.

a, Frequency distribution of kimberlites through geologic time (n=1,133;
datafromref. 6), showing peaks coinciding with the breakup phase of
supercontinentcycles (modified fromref. 52).b, Cross-correlations between
AFandglobal kimberlites® spanning 500-0 Ma (n=860; Methods). Note
ccf(AF,K) gives correlations between AF(t+/) and K(¢) atlags [. Here, positive
lagsindicate fragmentation lagging eruption and negative lags indicate
fragmentationleading eruption. The peak correlation atlag -26 + 4 Myr shows
thatfragmentation leads kimberlite eruption. Positive correlations show that
kimberlites are linked to continental fragmentation, not assembly; dashed
bluelines show 95% confidence intervals. ¢, Scatter plots for kimberlite clusters
in Africaand South Americashowing time lags for kimberlite eruption (n=388)
relative to continental breakup (at ¢t = 0), versus distance from the rifted
margins of Gondwana. The individual points are median values for clusters
(n=175) accounting for age and distance uncertainties, and error bars show the
standard deviation. The best-fitregression line (black) indicates amigration
rate of approximately 16.1 km Myr’; blue lines show individual regressions

for 5,000 simulationsincorporating uncertainties (Methods), yielding rate
estimates from 9.3t022.3 km Myr . d, Time lags for eruption of kimberlite
clusters (shownin c) relative to continental breakup (Methods; Extended Data
Fig.3d). e, Probability density plots showing migration rates of kimberlites
(n=623; clusters n=253), hererelative toriftinitiation, for continental margins
of Africa, South Americaand North America; the global median migrationrate
is20.6 km Myr™for clustered data (dashed black line), accounting for age,
distance and model uncertainties (Methods; Supplementary Dataset 2).

perfectly suited for our purposes because the rift kinematics along
adjacent plate boundaries are well constrained at this time'® and the
abundant kimberlites are well understood in terms of their age distri-
butions®and the structure of lithosphere they sample?® %, We perform
spatiotemporal cluster analysis (Methods) to avoid spatial biases that
may result from oversampling within kimberlite fields. We account for
uncertainty in kimberlite age, breakup age and rift distance by Monte
Carlo simulation (Methods; Extended Data Figs. 3-5). Using palaeogeo-
graphic reconstructions from the plate tectonics software GPlates®
(https://www.gplates.org/), we measure distances between kimberlite
clusters and adjacent rift boundaries and calculate time lags between
continental breakup and eruption (Extended Data Figs. 3 and 4),
allowing for cases in which eruption occurred during the interval
betweenrift onset and breakup (Methods). This analysis confirms that
the main peakin kimberlite emplacement occurs 25-45 Myr after the
onset of regional breakup (Fig. 1d), consistent with our global analysis
(Fig.1b). In particular, we find that kimberlites tend to erupt closer to
rifted margins earlier in therifting cycle—as qualitatively noted previ-
ously inthe Sao Francisco and Kaapvaal cratons’—and migrate towards
the cratonicinterior as fragmentation progresses, initially at a rate of
about 10-25 km Myr™, but most likely on the order 0f 16-20 km Myr™*
(Fig.1c,e and Extended Data Fig. 3¢; Methods).

Thisfinding prompts us toask whether similar migration patterns can
be identified in the many kimberlite fields that erupted across North
America during the Phanerozoic, with this activity escalating in the
Jurassic (Fig.1aand Extended Data Fig. 3a). The Cretaceous kimberlite
‘corridor’ (encompassing Somerset Island, Kansas and Saskatchewan)
tracks the edge of the North American Craton, far from any known
mantle-plumeinfluence®. We perform a similar distance-lag analysis
for these kimberlites relative to the major Pangaea rift system that
initiated along the Atlantic continental margin of the United States
in the Middle Triassic, at around 240 million years ago (Ma) (ref. 24).
In addition to the Central Atlantic, this also encompasses the later
rifts of Greenland-North America and the Arctic/Amerasian Basin
(Methods). As with the Africanand South American fields (Fig.1d), we
can identify two peaks in volcanism—one occurring between rifting
and breakup and the other lagging breakup by 30-60 Myr (Extended
Data Fig. 5). Collectively, these data reveal median migration rates
of 26.3 km Myr™ relative to rifting onset (Fig. 1e). The variability in
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migration-rate estimates (Fig. 1e) can be explained by the complex
spatial and temporal evolution of rifting (and subsequent breakup) in
relationto kimberlite clusters. To address this, we quantify the uncer-
tainty associated with attributing a kimberlite eruption to a specific
initiating rifting event (Fig. le; Methods). Median migration-rate esti-
mates for the endmember cases are 11 and 30 km Myr™ for kimberlite
clusters globally (Extended Data Fig. 4), with an overall median of
20.6 km Myr™ (Fig. 1e; including n = 623 kimberlites, or 87.5% of the
catalogue from 240 Ma). Notably, these rates are consistent across
all three continents, irrespective of continental length scale (Fig. 1e),
suggesting that some fundamental mechanism gives rise to migration
ofkimberlite volcanism far inboard of rift zones in the tens of millions
of years after rifting begins.

Kimberlites, rifting and mantle plumes

Bothour global (Fig.1b) and regional (Fig.1c-e) analysesindicate that
kimberlite magmatismis strongly related to continental breakup. How-
ever, both breakup?® and kimberlite magmatism®are commonly attrib-
uted to mantle plumes. A crucial question, therefore, is whether rifting
itselfis the primary driver of kimberlites or whether mantle plumes
drive bothrifting and kimberlite magmatism. To address this question,
we quantify the relationship between rifting, plumes and kimberlites
globally (Methods). We find that the strongest statistically significant
correlation between large igneous provinces (LIPs, the accepted main
surface expression of mantle plumes®) and continental fragmentation
occursat+7 + 4 Myr, thatis, plumes/LIPs lead breakup (Extended Data
Fig. 6). Recalling our observation that most kimberlites lag breakup
by around 30 Myr, it at first seems possible that a plume could trigger
breakup roughly 7 Myr after impingement and then the main peak in
kimberlite generation approximately 30 Myr later. However, the lagged
correlation between breakup and kimberlitesis considerably stronger
than that with LIPs, suggesting that rifting is the first-order control.
Further, the plume model cannot explain our observation that kimber-
lites tend to erupt closer to therift boundary earlier in therifting cycle
and migrate inboard of the rift over time. There isno clear mechanism
by which plumes could explain this pattern. Thus, we conclude that
mantle plumes may (or may not) be a primary driver of continental
breakup and may locally warm cratonic keels™, impregnating them
with super-deep diamonds (potentially long before eruption™), but it
is therifting process itself that controls most kimberlite magmatism.
We propose that rifting triggers the migrating pattern of kimberlite
eruptions hundreds of kilometres inboard of therift over time (Fig. 1c).
Wereview the proposed mechanisms for tectonic and magmatic reju-
venation of cratons to assess which have the potential to explain both
kimberlite melting and migration, as well as an association withrifting
(Methods). Cratonic thinning by surface uplift and exhumation canbe
triggered by rifting? but occurs too slowly to generate melting. In cases
inwhichrifting occurs onthe edge of the craton, the cratoniclithosphere
does not seem to stretch and thin mechanically. This interpretation is
based ongeologic observations of alack of horizontal tectonic motions
within cratons” " and on dynamical models that show that lithosphere
>300 kminboard of rifted marginsis not thinned appreciably by exten-
sion?’?®, The remaining potential cratonic rejuvenation mechanisms
involve removal of the basal lithosphere?, or keel, and the subset that
canpotentially explain both kimberlite melting and an association with
rifting allinvolve mantle convective removal of the keel (Methods). The
open questions are: how does rifting trigger convective instability in the
adjacent cratonic lithospheric keel (hereafter, keel); and can removal
of this keel cause melting of appropriate volume and composition?
Kimberlites are generally foundin, or marginal to, thick (150-250 km)
cratons*"#11330 (Extended Data Fig. 3a,b). Aninevitable consequence
of fragmenting cratons is the generation of a physically steep-sided
lithosphere-asthenosphere boundary (LAB)™. The steep edge of
the LAB prompts edge-driven convection®, in which convective
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downwelling of keel occurs on the side of the edge further from therift,
as demonstrated by numericalmodelling?2**2and seismic tomography
beneath modern passive margins®. Although edge-driven convection
istriggered by rifting and can remove keel near therift, itis at present
unclear whether it can explain convective removal of keel further away
(>300 km) from the rift. One possible mechanism is Rayleigh-Taylor
instability, a well-described mantle convective process that can poten-
tially occur beneath mature continental or oceanic lithosphere?6?%32-3,
This instability is driven primarily by the density contrast between
colder lithosphere and hotter asthenosphere. In the case of cratons,
this negative buoyancy driver can be augmented by metasomatism,
or refertilization, of keels?"?>**¥ For instance, pre-eruptive melt
metasomatism? can impart compositional changes (for example,
Extended Data Fig. 7) that increase the bulk density by several per-
cent**¥, destabilizing the lowermost tens of kilometres of keel?*¢738,
Therefore, Rayleigh-Taylor instability could cause convective removal
of keel and, subsequently, lithospheric thinning. Further, convective
downwellingis balanced by upwelling of asthenosphere that can feasi-
bly cause melting, particularly if detached keel veined by hydrous and
carbonate-rich metasomatic phases'>*** is entrained in the upwelling.
Petrological observations>?***° and dynamic models* indicate that
substantial removal of cratonic keel (tens of kilometres thick) can
occur abruptly (over several million years)®?, suggestive of a convec-
tive process. The question is then whether rift-related edge-driven
convection candestabilize, and partially melt, adjacent keel hundreds
to even thousands of kilometres inboard of rifted margins through
Rayleigh-Taylor instabilities.

Geodynamic and analytical models

To address this question, we quantify the mechanical and thermal
influence of breakup on lithospheric stability using two independ-
ent and complementary methods (Figs. 2 and 3). To investigate the
essential physics of the process, we perform a scaling analysis based
on analytical models of viscous instabilities representing the ther-
mal boundary layer between mechanically rigid lithosphere and con-
vecting asthenospheric mantle (Fig. 3a and Extended Data Table 1;
Methods). To assess the influence of the more complex natural geom-
etry and rheology of rifting cratonic lithosphere, we also carry out
more sophisticated numerical thermomechanical simulations (Fig. 2
and Extended Data Table 2; Methods). Both methods predict that rift
onset and subsequent necking should trigger initial instabilities in
the basal lithosphere beneath the rift shoulder, which crucially then
trigger a chain of further instabilities that propagate away from the
rift towards the cratonicinterior (Fig. 2). The scaling analysis predicts
that the horizontal propagation velocity for the chain of instabilities
scales as the ratio of the characteristic horizontal wavelength, A4, and
the characteristic e-folding growth time, 7, of individual instabilities.
Specifically, the propagation velocity (U) is given by

‘ld * g/bz
~— * 1

inwhich Ajand g% are analytically determined scales for the character-
istic horizontal wavelength and growthrate, respectively, g’ =gAp/p
isreduced gravity, Apisthe density difference that drives the instabil-
ity relative to asthenospheric density p, bis the mean starting thickness
ofthe unstablelithospherickeel (thatis, thermal boundary layer) and
v is the kinematic viscosity. Using equation (1), and considering
thermal-boundary-layer thicknesses from xenolith pressure-tem-
perature (P-T) estimates (Extended Data Fig. 8), the propagation
velocities are on the order 14-26 km Myr™ (Fig. 3a and Extended Data
Table 1). The simulations confirm how migrating instability leads to a
sequence of progressive convective removal events (Fig. 2 and
Supplementary Video 1), which initiate during rifting and migrate
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beneath the craton at similar rates of 15-20 km Myr™ (Extended Data
Fig.9). Both approaches yield propagation (or migration) rates that
arevery closely consistent with those estimated for kimberlites (Figs. 1e
and 3a and Extended Data Fig. 3c). Further, the characteristic scale of
instabilities (wavelengths: 40-65 km; Extended Data Table 1) broadly
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thebase of cratonickeel, progressively removing the TBL. The instability
shown migrates atarate of approximately 15-20 km Myr™ (Fig. 3a, Extended
DataFig. 9 and Supplementary Video1). The models use anactivation energy
of 480 k) mol™ thatis considered most reasonable for the asthenospheric
mantle®?, but the effects of varying these values on the migration of instabilities
and convective removal are explored in Methods. Details of the model setup
areprovided inMethods.

match those of proposed kimberlite melt sources (10-100 km diam-
eter*"*?) and kimberlite fields at the surface (30-50 km diameter*?).
The simulations (Fig. 2 and Extended Data Fig. 9) corroborate our
observation that kimberlite migration caninitiate duringrifting, tens
of millions of years before breakup (Fig. 1c). This suggests that
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kimberlites can feasibly be associated with ‘failed’ rifts as well as those
that progress to breakup.

Hybridization of mantle melts

Hybridization of asthenospheric and lithospheric melts is required
to explain kimberlite compositions'. At pressures conducive to
diamond formation (=5 GPa), the LAB—a thermal boundary with a
temperature range of 1,300-1,400 °C—closely coincides with the
solidus of carbonated mantle®*’. Hence, although cratonic roots are
anomalously thick, cool and stable over billions of years”®*°, only small
changes in pressure and temperature are required to generate the
small-volume, low-degree partial melts thought to be characteristic of
kimberlites®****,

Our models suggest that entrained, variably metasomatized keel
(Fig. 2) could be an important contributor of carbonate and hydrous
phasesto the kimberlite mantle source****, The questionis whether
these phases coexistinthe thermalboundary layer of the lithosphere,
which we propose is detached by means of convective erosion before
rapidly recirculating upward and melting (Fig. 2). To investigate this,
we can examine phase equilibria models of peridotite rocks® that
dominate the cratonic keels”®™, In our model, migrating convective
instabilities detach peridotite from the keel and kimberlite magmas
result from partial melting of the convectively circulating peridotite.
Considering peridotite melting in the presence of CO, + H,0, the ther-
mal boundary layer (as defined by our geotherm analysis; Extended
Data Fig. 8) is expected to have an important reduced solidus that
juxtaposes carbonate-rich and hydrous incipient silicate melts®
(Fig.3b). The shallowest keel is metasomatized, containing diamonds
that probably formed through redox freezing’. Melting experiments
show that hybridization of these reduced, depleted peridotites with
oxidized, hydrous CO,-rich melts should drive strong melting reac-
tions*°. However, until now, a mechanism to decouple and hybridize
these oxidized and reduced domains was lacking.

We propose that convective removal of the thermal boundary layer
can hybridize such compositionally heterogeneous domains in the
asthenosphere, promotinginteraction between these reactive, incipi-
ent melts (Fig.2and Supplementary Video 1). In our analytical models,
the thermal Péclet number for return flow confirms that asthenosphere
will well up adiabatically (to shallower depths 0f150-170 km and lower
pressures of 5-5.5 GPa) to replace the removed part of keel (Fig. 2,
Fig. 3c and Extended Data Table 1). Our simulations then advance on
this footing to show that detached keel is entrained in the upwelling
asthenospheric return flow (Fig. 2 and Supplementary Video 1),
but can this process reconcile the attributes of kimberlite melting?
Assuming that H,0 and CO, are present in the source—as is generally
accepted>>>*4374¢ (Fig, 3b)—we apply a hydrous decompressional melt-
ing parameterization* (Methods) to estimate that up to approximately
1% partial decompressional melting can occur within the upwelling
limbs of convective instabilities beneath thick lithosphere (Fig. 3¢).
Our prediction closely matches melt degrees inferred from kimberlite
petrology (<1%)*. Upwelling within each convective instability can
potentially generate tens to hundreds of cubic kilometres of magma
over its lifetime (Fig. 3¢), which is sufficient to explain estimated vol-
umes of eruptionsinkimberlite clusters*. According to our calculations,
the resulting small-volume melts will have pre-eruptive H,0 contents
onthe order of 9-14 wt% (Fig. 3c), overlapping with estimated compo-
sitions*. These melts will ascend rapidly and adiabatically®, reacting
withmantle lithosphere and evolving in composition during ascent>*.

Evolution of kimberlite magmatism

If several tens of kilometres of cratonic keel are removed, this should
be detectable using geochemical and geophysical constraints. Tak-
ing southern Africa as anexample, geochemical studies of peridotitic
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xenolithsand garnet xenocrystsindependently invoke loss of 30-40 km
of lithosphere, which was coincident with massive kimberlite volcan-
ism during the mid-Cretaceous***® (Figs. 1a and 4). This removal is
consistent with evidence for coeval, substantial exhumation (2-4 km)
across the cratonic regions of southern Africa and South America®*.
The removed thickness closely matches both our empirically derived
thickness of the lithospheric thermal boundary layer (about 35 km;
Extended Data Fig. 8) and the intensely melt-metasomatized root of
the Kaapvaal Craton inferred from the petrology of deep xenoliths
brought up by the kimberlites?® %,

Sublithospheric convective instabilities may also drive meltinginthe
oceanicrealm, in which complex (or absent) age-distance patterns of
volcanism have been linked to prolonged interaction of asthenospheric
mantle with thinned lithosphere®. By contrast, asimple, systematic age-
distance pattern emerges from our statistical analysis of kimberlites
(Fig.1c,e), althoughthereis clearly variability about this general trend.
Our analysisindicates that kimberlite melting beneath cratons occurs
through convective removal of keel that has been enriched by volatiles
overaprolonged period (incomparison with oceaniclithosphere). This
process drives explosive eruptions above the migrating locus of melt-
ing (Fig.5).Indeed, melting may occur in several phases, reflecting the
dynamicevolution of rifts. Itis tempting tointerpret the bimodal peak
in kimberlite lag times—evident in Africa, South America and North
America (Fig. 1d and Extended Data Figs. 3d and 5)—to relate to two
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Fig. 5| Far-field effects of rifting on cratonic mantle keel stability through
time. a, Simplified craton structure showing mechanicaland thermalboundary
layers. b, Rifting generates a steep lithospheric gradient that givesrise to
Rayleigh-Taylorinstability (dashed white lines depict schematic isotherms).

¢, Migration, continued growth and detachment of the instability (Fig. 2). Low-
density asthenosphere wells up adiabatically (black arrows) to replace removed
keel and may entrain fragments of the displaced keel, causing low-degree

(<1%) partial melting of a mixture of wet asthenosphere and metasomatized
lithosphere. Mixing of the resultant melts produces kimberlitic magmas that
ascendrapidly toeruptatEarth’s surface. Inregions where the return flow

main phases of instability growth and migration: the first linked to rift
onset withkimberlite magmatism peaking 20-40 Myr later (preceding
or coinciding with breakup) and the second linked to rift necking with
kimberlites peaking 25-50 Myr after breakup (Fig. 1d). Because convec-
tive instabilities can persist beneath cratons for many tens of millions
ofyears (Fig.2and Supplementary Video 1), the longevity of kimberlite
magmatism will be limited by the availability of metasomatized keel.
However, thismay vary depending onits entrainment rate in convective
upwellings and exhaustion during melting, which can result in either
prolonged or short-lived magmatic activity, leading to considerable
natural variability in the spatiotemporal data, as we observe (Fig. 1c).
Furthermore, kimberlite compositions should evolve from exhibiting
mainly lithospheric signatures, which reflect arelatively high propor-
tion of entrained keel, to primarily asthenospheric mantle signatures.
We can test this hypothesis by studying time-integrated variations in
kimberliteisotope geochemistry at the craton scale. Notably, there is
compelling evidence for apronounced temporal shiftin Mesozoic kim-
berlite compositionsinsouthern Africa that signals abrupt lithospheric
disruption: a step change in compositions from those initially exhib-
iting strong lithospheric and metasomatic enrichment (orangeites,
previously termed ‘group II' kimberlites)*° to those exhibiting pre-
dominantly asthenospheric mantle signatures (archetypal ‘group I
kimberlites)*® (Fig. 4 and Extended Data Fig. 10). The petrogenesis of
later kimberlites implies shallower, hotter melting conditions at 150-
160 km depth, in many cases only several million years after melting
dominated by lithospheric assimilation at roughly 200 km depth*°. This
compositional change is not peculiar to southern Africa: we identify
aremarkably similar shift from lithospheric to mantle kimberlite iso-
tope compositions in North America (Fig. 4 and Extended Data Fig. 11).
We attribute these geochemical changes to the progressive convective
erosionand eventual removal of the lithospherickeel. Accordingly, the
formation of orangeites is linked to the disturbance and upward recir-
culation of lithospheric material caused by early instabilities. These
instabilities are not strong enough to fully remove the keel (Figs. 3c,

TBL, thermal boundary layer/
variably metasomatized keel

Extinct —p> Active

_Kimberlite eruptions

Magma ascent

Displaced lithospheric domains

upwelling generates very low-degree (<<1%) melts, these may infiltrate, freeze
withinand refertilize the keel, thereby promoting further decoupling and
magmageneration.d, The processrepeats: destabilizationand convective
removal of cratonic keel propagates inboard of therift, leading to migration of
kimberlite volcanism towards the cratonicinterior (Fig. 1c,e). The simulations
predictthat theintensity of lithospheric assimilation declines over time: late-
stage melting is dominated by asthenospheric mantle once the cratonic keel
hasfoundered and/or been exhausted during early melting (Supplementary
Video1).Scalebar,100 km.

4 and5), resulting in the eruption of small-volume ultrapotassic mag-
masenrichedin metasomatized lithospheric material. Inthe complete
cycle, over tens of millions of years, the lithospheric keel undergoes
more vigorous convective erosion, primarily caused by instabilities
formed during continental breakup, leading to its progressive removal
over distances 0f10>-10° km (Supplementary Video 1). This removalis
naturally then followed by eruption of kimberlites with progressively
stronger asthenospheric signatures (Fig. 5), as evidenced by changes
in isotope chemistry*® and coeval shifts in the Ti contents of garnet
xenocrysts*® (Extended Data Figs. 10 and 11).

Insummary, previous models cannot satisfactorily explain how kim-
berlite melts are generated and mobilized from the mantle source, nor
their apparent linkage to the fundamental reorganization of Earth’s
tectonic plates (Fig.1). Our analytical and geodynamic models (Fig. 2)
demonstrate thatrifting and continental breakup can generate a chain
of Rayleigh-Taylor instabilities in the asthenosphere that progres-
sively migrate inboard of rift zones, eroding cratonic keel—a process
capable of generating kimberlites far from the parent rift (Figs. 3
and 5). Our findings demonstrate that kimberlite volcanism migrates
into cratonic interiors at remarkably similar rates to those expected
of such instabilities (Figs. 2 and 3a)—an observation spanning several
continents (Fig. 1 and Extended Data Fig. 3). Our model reconciles
diagnostic kimberlite features, such as association with cratons and
geochemical characteristics thatimplicate acommon asthenospheric
mantle source contaminated by cratonic lithosphere®*¢5!, Taken
together, our results indicate that kimberlite magmas are generated,
and their eruptions are triggered, by the far-field effects of rift tectonics
during the breakup phase of supercontinent cycles.
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Methods

Relationship between kimberlite formation and craton
rejuvenation

The observed relationship between pulses of kimberlite magmatism
and episodes of global plate reorganization (Fig. 1) strongly suggestsa
tectonic mechanism for the generation and mobilization of kimberlite
magma. Furthermore, observations that kimberlites are only emplaced
oncratons' 3, and thatkimberlite emplacement is commonly associated
withupliftand erosion***>¢, suggest that kimberlite magma generation
may be related to thinning and rejuvenation of cratonic lithosphere.
We therefore review mechanisms proposed for thinning the cratonic
lithosphere, to assess which mechanisms have the potential to explain
both generation of kimberlite magma by mantle melting and an asso-
ciation with global plate reorganization.

Lithospheric thinning can be accomplished by erosion of Earth’s
surface. Cratonic erosionis often associated with kimberlite emplace-
ment>>*, but the erosionrates are too slow to drive adiabatic upwelling
and consequent melting of the sublithospheric convecting mantle.
Lithospheric thinning in response to lithospheric extension is a
well-understood mechanism of inducing mantle melting by decom-
pression, but the lack of evidence for tectonic extension of cratons
means that this mechanism cannot explain kimberlite melting.

The remaining mechanisms for lithospheric thinning involve
removal of the lowermost lithosphere, or keel. The keel is inherently
quasi-unstable becauseitis denser than the underlying asthenosphere.
Lee et al.”’? identified five processes that might critically destabilize
and remove cratonic keel, which we now review. Cratonic keel is con-
stantly cooled by conduction through the overlying lithosphere, lead-
ing to thickening, destabilization and convective removal of the keel”.
Rayleigh-Taylor instabilities and lithospheric edge-driven convection
are special cases of this type of convective removal. The planform and
vigour of convective instabilities within the keel are known to be influ-
enced by nearby rifting?*>2, Until now, it was unclear whether rifting
can cause convective removal of keel at large horizontal distances
(>200 km). Furthermore, although convective instabilities near rifts
have been argued to cause melting®?, itis unclear whether convective
instabilities beneath thick cratonic lithosphere can cause kimberlite
melting. Cratonic keel is constantly warmed by the underlying asthe-
nosphere. A mantle plume head and/or smaller-scale asthenospheric
convection cellsmight locally enhance this warming, leading to weaken-
ingand convective removal of keel*>. Thermal weakening might be aug-
mented by advection of heatinto the keel if sufficiently large degrees of
mantle melting occur. These plume models provide awell-established
hypothesis for kimberlite melting, but they do not explain a global
association with rifting (Fig. 1). Cratonic keel overlying subduction
zones might be destabilized by infiltration of subduction-related
fluids and melts, leading to rheological weakening, followed by con-
vective removal®. Although this mechanism specifically involves
melting, it does not explain the lack of arc geochemical signatures in
most kimberlites or the co-location of kimberlites and rifted margins
(as opposedtosubduction zones). Cratonic keel might be removed by
basal tractioninresponse to relative motion between the lithosphere
and the asthenosphere®. This mechanism does not provide an obvious
cause of melting, nor canit explain a global association with rifting; for
example, motion of the southern African lithosphere relative to the
underlying asthenosphere was low throughout the Mesozoic when
many of the southern African kimberlites were emplaced (Fig. 1a and
Extended Data Fig. 3a). Cratonic keel might undergo sub-horizontal
viscous flow that acts to smooth out basal lithospheric topography®.
This speculative mechanism has received little attention and it does
not provide an obvious cause of melting.

This discussion shows that all the suggested processes that can
potentially explain both generation of kimberlite magma by mantle
melting and an association with global plate reorganizationinvolving

convective removal of keel. There are two main open questions. The
first relates to the process that causes destabilization, which might
involveriftingand/or mantle plumes. The second relates to therelative
role of small-scale convection cells and mantle plumes in kimberlite
melting. This paper addresses these questions through acombination
of observations and modelling.

Kimberlite database

We use the kimberlite geochronology database of Tappe et al.®, which—
comprising 1,133 unique occurrences—is one of the most accurate and
comprehensive compilations available. Notably, this database shows
the same broad temporal distribution (Fig.1a) as other databases such
as that shown in Stern et al., adapted from Faure®. It must be noted,
however, that the latter compilation®® contains some highly uncertain
ages (that s, those in which kimberlites are assigned only to a geo-
logic period and/or thereis only ‘loose’ stratigraphic age control). We
thus prefer to use the database of Tappe et al.®, which specifies the
geochronology method (targeted mineral and isotope system), and
for those kimberlites <500 Main age, in which radiometric age uncer-
tainties have mean, median and mode values of 6,4 and 2 Myr, respec-
tively. Further, this compilation represents every important known
kimberlite cluster from each continent, avoiding “over-representing
economic clusters that host diamond mines and are therefore more
intensively studied”®. Our regional case studies apply further caution
by using a spatiotemporal clustering approach (detailed below) that
ensures statistically consistent criteria are applied to kimberlite distri-
butions on each continent. For the regional study, we appended several
kimberlite ages (see the section ‘Spatial and temporal links between
breakup and kimberlites’), some made available since the publication of
Tappe et al.® (see ‘Data Availability’). Thus, we are confident that our
analysis is as complete as is possible at present and can be revised as
further age constraints become available.

Statistical analysis of geotectonics and kimberlites

To quantitatively understand the link between kimberlites and
continental breakup, we used the Tappe et al. kimberlite data-
base® and a quantitative measure of the degree of fragmentation
of the continental-plate system over geologic time* derived from
plate-tectonic reconstructions®. This method involves the calculation
of a continental perimeter-to-arearatio, whereby—during superconti-
nent stability—the ratio should be low, whereas during assembly and
dispersal, it should be high*® (Extended Data Fig. 1). We applied this
method® using a revised set of continental polygons and rotations".
The model uses a unified set of cratonic polygons for the Neoprote-
rozoic and Phanerozoic and was found to be internally consistent,
drawing on a large synthesis of palaeomagnetic and geologic data
and kinematic constraints”. This fragmentation index is not sensi-
tive to active breakup processes, that is, the value remains high even
after supercontinent breakup is complete. To account for this, we next
calculated the rate of change of fragmentation (AF), which quantita-
tively captures dynamic breakup processes. We did this by calculating
the slope of the regression line using a symmetric, moving window of
+4 Myr through the fragmentation time series (Extended DataFig.1c,d).
We next calculated the statistical relationship between the kimber-
lite distribution (Extended Data Fig. 1a,b) and AF. Figure 1b shows the
cross-correlation function between these two data series computed
inR (ref. 61) (using the function acfin the stats package) for lags up
to +150 Myr. ccf(x, y) computes the empirical (Pearson) correlations
between two time seriesx and y at different lags (offsets), in which the
lag kvalueisthe correlation betweenx{[t + k] and y[¢]. The dashed blue
linesinFig.1b show the approximate 95% confidence interval = 0.088
(n=500 observations), calculated using
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inwhich gnorm is the quantile function for the normal distribution,
C=0.95and n=500.

To further test the estimated approximately 30-Myr lag between
changesinfragmentation and kimberlite eruption (Fig.1b), weincorpo-
rated these measuresinto a Bayesian network using Uninet®, asoftware
package for high-dimensional-dependence modelling, previously used
for analysis of tectonic and geochemical processes across different
spatial and temporal scales'®. We constructed a Bayesian network to
calculate conditional rank correlations at increasing lags from O to
50 Myr. Unlike the standard cross-correlation function, this accounts
for the prior effects of shorter lags, similar to the partial autocorrela-
tion or cross-correlation. Inputs are a 1-Myr time series for the kim-
berlite count (K,) from 500 Mato present (that is, number of recorded
kimberlite events per million years) and AF at lead times 0-50 Myr
before kimberlite eruption (inincrements of 5 Myr). The average rate
of change at agiven pointintimeis the slope of the regression line from
asymmetric, moving window of +4 Myr.

As we are interested in the correlation of (lagged) AF with K,, and
wish to remove the effects of shorter lags at each step (see ref. 18), we
define the Bayesian network node hierarchy as: AF,, AF, s, AF, ,,...,
AF, 5o, K, in which AF, 5 is the time series for AF offset by ¢ - 5 (that is,
AFleadingK,). These nodes are used to construct a saturated Bayesian
network, anetworkinwhich eachnodeisconnectedbyanarctoevery
other node in the network. Using Uninet, we can then compute the
rank correlation of AF,and K, (lag 0), the rank correlation of AF,_sand K,
conditional on AF,, the rank correlation of AF, ;,and K, conditional on
AF,and AF,_setc. The output from Uninet (Extended Data Fig. 2a) is the
unconditional (Spearman) rank correlation for the first pair of nodes
(with no lag) and conditional rank correlations for subsequent nodes
(thatis,accounting for the conditional dependence on nodes higher up
in the network hierarchy; see ref. 18). As Kurowicka and Cooke® state
(p. 33): “The conditional correlation of Yand Zgiven X is the product
moment correlation computed with the conditional distribution of Y
and Zgiven X”, or

E(YZ|X) - E(YIX)E(ZIX)
p(YIX)p(Z|X)

=p(YIx.z|x) = (€)]

Py z1x

This method gives a peak conditional rank correlation (0.51) at
about 25 Myr (with an uncertainty of approximately +4 Myr owing to
the moving window used to calculate AF), in keeping with the results
of modelling and observations (Extended Data Fig. 2a). We repeated
this procedure to analyse the relationship between AF and LIPs using
the well-established ages of LIP magmatism? (Extended Data Fig. 6).
Here theinputisa5-Myr-resolution series, in which LIPstart is the total
number of LIP events with astart date fallingin each 5-Myrinterval and
AFistheslope oftheregression line for continental fragmentation (over
a9-Myrwindow), again estimated every 5 Myr. Using a simple saturated
Bayesian network, we compute the correlation of AF and LIPstart, or
corr(AF, LIP), that is, for which LIPstart precedes AF (Extended Data
Fig. 6b).

Spatial and temporal links between breakup and kimberlites
We next evaluated the spatial and temporal relationship between conti-
nental breakup and kimberlite magmatism, taking Mesozoic Africa and
South America (affected by the same Gondwana breakup episode) as
a case study in which data confidence (for example, kimberlite ages
and rifting history) is high. We used the same kimberlite database® as
inour global analysis above, againadding several radiometric ages for
the Brazil region® %8, Palaeogeographic reconstructions were obtained
from the open-source plate-tectonic modelling software GPlates?**’,
To mitigate spatial biases in the data, we undertook a spatiotem-
poral cluster analysis of the kimberlite fields. Clusters are defined as
groups of kimberlites that are close enoughin space and time that they
could plausibly be attributed to the same initiating event. By using a

clustering approach, we mitigate the overrepresentation of similar
ages within geographically restricted areas. This eliminates some of
the reporting bias in the catalogue, as eruptive products are more
likely to be identified and radiometrically dated close to previously
discovered kimberlites.

For the purposes of this analysis, a kimberlite is defined as being part
ofaclusterifthereisanother recorded event within +5 Myrand a25-km
radius. Not all kimberlites are clustered (Extended Data Fig. 3a). We
chose a25-kmradius asthisis considered to represent alower-diameter
length scale of kimberlite fields at the surface*. Because kimber-
lite eruptions are generally considered to be rapid and short-lived
(with inferred durations of hours to months?), our time window of
5 Myr is principally intended to capture uncertainties in radiometric
ages (+2.5 Myr), which is considered representative for the studied
kimberlites®”.

To perform spatiotemporal clustering, we used the R packages sf”
(for handling spatial vector data), sp (further classes and methods
for spatial data) and geosphere” (for spherical trigonometry). We
first converted the longitude/latitude point coordinates of each kim-
berlite observation to an sf object, then convert from sf to a spatial
points object (sp). We used the distm function (from geosphere) to
calculate a matrix of distances between all pairs of kimberlites in the
catalogue (that is, the shortest distance on the WGS84 ellipsoid). We
also generated a matrix of time differences (dt) between each pair of
kimberlites (using their radiometric ages®). The method to allocate
clustersis defined as follows:

1. Stepthrougheachkimberlitein the catalogue K, fori=1:n (inwhich
nis the total number of kimberlites).

2. Identify any further kimberlites K;,j = (i + 1):n, inwhich the distance
betweenK;and K;is <25 kmand the time lag abs(dt) is <5 Myr. Ifany
K;meets these criteria, they are added to the current cluster. If K;
has no ‘neighbours’ meeting both conditions, it is not clustered.

3. For each kimberlite K;added to the cluster, we search for any sub-
sequentkimberlites, K,,, m = (j +1):n, withina distance <25 kmand
absolute time lag abs(dt) <5 Myr relative to K. This allows the cluster
to expand beyond the original radius but eliminates any potential
for several/overlapping clusters.

This procedure ensures that every kimberlite is counted precisely
once, either as part of a cluster or alone (if it is greater than 25 kmand
5 Myr from any neighbours).

Next we measured the shortest distance and time lags between
kimberlites and the margins of neighbouring, coeval rift systems—using
the mapped extent of continent-ocean boundaries (COBs) through
time® (Extended Data Fig. 3a) and their associated breakup ages**.
Using the clusters defined above, we can then calculate the average
distance and average time lag for each cluster.

As there are several boundary sections with breakup occurring at
different times, we applied some simple rules to determine distance
and lag. The COB shapefile comprises polylines with an attribute
RiftAge denoting the age of continental separation of each rift sec-
tion. We focused our attention on the major rift systems adjacent to
the kimberlites: the Africa-Madagascar/Africa-Antarctica, the South
Atlantic and the Central Atlantic, with the last two relating to both
Africanand South American kimberlite fields (Extended DataFig. 3a).
We also consider those rift systems bounding the North American
kimberlite fields: the Central Atlantic, Greenland-North America and
Arctic region (Alaska-northern Canadian margin)*.

For each kimberlite, we calculated: (1) the shortest distance d from
the kimberlite to each individual COB line segment and (2) the time
lag [ between breakup time (for each COB line segment) and the kim-
berlite catalogue age. Lags can be negative, with eruption occurring
before breakup, or positive, for which eruption occurs after breakup
(Fig.1c,d). Distances were calculated using the dist2Line function from
the Rgeosphere package, which gives the shortest distance (in metres)



between points and polylines or polygons with longitude/latitude
coordinates on the WGS84 ellipsoid.

Thisapproachleads to several COB line segment associations {d;; {;}
defined asadistance dand lagfor all kimberlites iand COB segments

Jjwithin a region. However, we are interested in identifying the most
likely association for each kimberlite—the closestin time and distance.
We first eliminate any cases of kimberlite eruption occurring more
than 40 Myr before continental breakup (removing any associations
with [;<-40). This focuses the analysis on kimberlites that formed
during rift-related thinning of lithosphere and initiation of convec-
tive instabilities, as well as after breakup itself. We chose 40 Myr as
anappropriate cut-offbased on (1) inspection of the cross-correlation
between global kimberlite occurrence and continental fragmentation
(Fig.1b) and (2) the observation that rifting tends to lead breakup by
30-40 Myr (refs. 19,24).

Second, we eliminated any cases with lags >60 Myr (/;> 60) after
breakup, as we are primarily interested in the approximately 100-Myr
interval after rift onset. For Africaand South America, breakup is esti-
mated to occur between 6 and 40 Myr after rift onset*. The global
cross-correlation between fragmentation and kimberlite eruption
falls below the 95% confidence interval = 60-70 Myr after conti-
nental fragmentation, supporting this as a cut-off point. Third, we
impose amaximum distance of 2,000 km (eliminating d; > 2 x 10° m),
capturing the craton scale for Africa and South America (Extended
Data Fig. 3a).

We finally eliminated any duplicate cases (in which a kimberlite is
associated with more than one rift section) by assigning priority to
shorterabsolute lags. This means that eachindividual kimberlite is only
counted once and associated withasinglerift section. This procedure
yields a dataset of kimberlite locations (point coordinates), eruption
age, lag and distance to asingle (most likely) associated COB. We then
use this information to calculate the average age, time lag to breakup
and COBdistance for each cluster. Data for the kimberlite clusters are
showninFig. 1c,d and Extended Data Fig. 3c,d.

Kimberlite migrationrates

To estimate the initial rate of kimberlite migration into the cratonic
interior, we initially used the general apparent increase in distance
between rifted margins and kimberlites in the tens of millions of years
followingrift onset (Fig. 1c and Extended Data Fig. 3c). Our data show
thatkimberlites typically firstappear >200 kminboard of rifted margins
(Fig.1c). Thisis possibly because they can only form where the craton
is sufficiently thick (=150 km; Extended Data Fig. 3a,b) for diamonds
to be stable** and chemical conditions in the basal lithosphere to be
optimal for kimberlite generation (Fig. 3b). For instance, the surface
boundary of the Kaapvaal Craton is located about 400 km inboard
of the South Atlantic rift” and thickens towards the east. Kimberlite
magmatism therefore initiates some distance (thatis, typically several
hundred kilometres) inboard of rifted margins.

Uncertainty analysis

To account for uncertainties in kimberlite age, estimated rift location
andrifting age, we repeat the above analysis asaMonte Carlo simulation
of 5,000 runs. Using ages and uncertainty estimates®, kimberlite age is
sampled from a uniform distribution on the interval [a;— e, a; + €], in
whicha;istheageande;is the estimated uncertainty of each kimberlite i.
Age uncertainties are typically assumed to be more centrally distributed
(for example, normally distributed); however, there are not sufficient
datatorobustly parameterize a distribution for each individual kimber-
lite/dating method inthe database. By choosing a uniformdistribution,
we take a conservative approach to error estimation.

Breakup age (for eachindividual rift section) is sampled from a uni-
form distribution [b,, — 0.025b,,, b,,, + 0.025b,,], in which b,, is the rift
breakup age (that is, an uncertainty of +2.5% of the original age estimate
to reflect uncertainties in tectonic reconstructions®).

For a set of regional kimberlites, the uncertainty in estimated dis-
tance to arift section is spatially correlated. This is because rift sec-
tions form/propagate as a connected, broadly linear structure, and
therelative positions of the kimberlites are not affected by uncertainty
in the rift location. To preserve these spatial properties, we model
uncertainty in rift location by sampling an offset distance (in km)
from a uniform distribution on the interval [-90, 90] km for each rift
section in turn. This value was chosen because COBs are zones rather
than precise linear boundaries and the global mean half-width of the
COB ‘transition’ zone is about 90 km (ref. 74). For eachiteration of the
Monte Carlo simulation, the sampled offsetis applied to the estimated
distances from the set of kimberlites in the region to that rift section.
This effectively moves the entire rift section closer to or further away
fromthe continental landmass by arandom amount at eachiteration.
Within a single iteration, the spatial relationship between kimberlite
points is preserved, giving a more robust representation of the true
uncertainty.

Incorporation of North American kimberlite data and
uncertainty in rift association

To expand the analysis toinclude kimberlites in North America, it was
necessary to modify our methods toaccommodate longer timescales
and distances. For North America, typical distances between rift mar-
gins and kimberlites in the continental interior are greater. This can
lead to longer migration times from the rift boundary (COB) to the
point of eruption and longer lags. In North America, breakup—which
started in the Lower Jurassic—is estimated to have occurred approxi-
mately 10-76 Myr after rift onset?, longer than for South America and
Africa (inwhich breakup occurred about 6-40 Myr after rift onset*). We
therefore need to consider awider window of time, both pre-breakup
and post-breakup.

Toimplement this, we define an extra measure, lag relative torifting
(). Thislag, inconjunction with the computed rift-kimberlite distances
(d), canmore easily accommodate the variationin timescales between
rifting and breakup and, more importantly, can be used to directly
estimate migration rates r = d/[,, in which ris the rate (km Myr™).

We set some basic constraints to focus on the range of plausible
rift-kimberlite associations within any given region. The maximum
distance for association was increased to 3,000 km. We extended the
time window, using lag relative to rifting as the base measure, and
limit associations to kimberlites erupted at or after the onset of rift-
ing (but not before rifting), within the bounds of known age uncertain-
ties. We also limit migration rate (r) to 100 km Myr, to avoid making
highly unlikely associations between rift activity and very distant
kimberlites within a short time window. These conditions, applied
jointly, enable us to capture the full range of plausible rift-kimberlite
associations.

For each rift and kimberlite pair, we calculate (1) the distance d,
(2) lagrelative tobreakup [, and lag relative torifting /. and (3) migration
rater. Asbefore, thisyields several potential rift associations for each
kimberlite. After applying the lag and distance constraints outlined
above, we then identify, for each kimberlite, (1) the rift section with
the shortest absolute lag relative to breakup [, ‘minlag’, and (2) the
rift section with the shortest distance, ‘min dist’. By considering these
two ‘endmember’ models of association, we can provide areasonable
estimate of the model uncertainty in our estimates for distance, lags
and migration rate; that is, we are considering the range of possible
initiating rifting events for each kimberlite in the analysis.

Asbefore, we apply Monte Carlo simulation to capture uncertainty
inkimberlite age, rift age and rift—-COB distance (see method outlined
above).

Foreachregion (Africa, North Americaand South America), we gen-
erate an ensemble of 5,000 runs, generating a set of distance, lag and
migration rate for each kimberlite, using both ‘min lag’ and ‘min dist’
models of association. Results are presented as a probability density
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plot (Fig. 1e), capturing both model and data uncertainty for migra-
tion rate (Supplementary Dataset 2). Extended Data Fig. 4 presents
probability density plots for the two individual endmember associa-
tion models (‘min lag’ and ‘min dist’) for (1) the kimberlite clusters
(Supplementary Dataset 2) and (2) individual kimberlites, for all three
continents combined.

This analysis, incorporating age, distance and model (kimberlite-rift
association) uncertainty, gives the following migration rate estimates
for North America, South America and Africa:

» Clustered data: median 20.7 km Myr™, 10th-90th percentile range
of 5.6-58.8 km Myr;

« Individual kimberlites: median 25.0 km Myr™,10th-90th percentile
range of 6.3-60.4 km Myr™,

This variability is to be expected, because of the complex tempo-
ral and spatial distribution of rifts, and their relation to kimberlites.
We take a conservative approach to model uncertainty by consid-
ering the two endmember cases for initiating kimberlite eruption:
evaluating migration rates for rifting events closest in both space
and time. This approach gives robust upper-bound and lower-bound
estimates of migration rate for the three main global kimberlite
regions.

Our analysis uses 87.5% of all kimberlites younger than 240 Myr old
(thatis, erupted since the onset of Pangaea breakup).

Relationship between kimberlites and lithospheric thickness
We analysed the relationship between lithospheric thickness and
kimberlite occurrence (Extended Data Fig. 3a,b) using the LITHO1.0
(ref. 75) and LithoRef18 (ref. 76) models of the crust and lithosphere.
We performed this analysis using open-source GIS software QGIS
(v. 3.16; https://qgis.org/), with further open-source GRASS GIS
processing tools (https://grass.osgeo.org/). Starting with a vector
point map of lithospheric thickness from LITHO1.0, we performed
a surface interpolation with regularized splines under tension,
using the GRASS function, v.surf.rst, to generate a 0.1° cell size ras-
ter map of lithospheric thickness. We then used the ‘Point Sampling
Tool’ QGIS plugin to obtain lithospheric thickness (Extended Data
Fig. 3b) at each kimberlite location from the interpolated raster
map (Extended Data Fig. 3a). Using LITHO1.0, and focusing on the
younger subset of kimberlites (<250 Ma; n = 722), we obtain rela-
tively high lithospheric thicknesses (mean =207 km; Extended Data
Fig.3b).

As a sanity check, we tested another, more recent global reference
model of LAB depth (LithoRef18) derived by jointinversion and analysis
of several datasets’. This model shows the main peak in kimberlites
corresponding to lithospheric thicknesses of 160-170 km (overall
mean =167 km)—clearly lower than those of LITHO1.0 (Extended Data
Fig.3b). Bothmodelsindicate that most kimberlites are associated with
cratonic lithosphere 150-250 km thick, although we favour the lower
end of this range for most cases (Extended Data Fig. 3b).

Scaling analysis of Rayleigh-Taylor instability chains

Motivated by the observation that kimberlite magmatism typically
migrates laterally over time (Fig. 1c,e), we investigated whether an
initial convective instability in the basal lithosphere can trigger fur-
ther instabilities in an organized manner. We first developed asimple
physical model for spatial and temporal organization within aseries of
Rayleigh-Taylorinstabilities based on analytical models for individual
instabilities and derived a scaling law for the lateral propagation rate
of aninstability chain.

Thethermalboundarybetween thelithosphere and asthenosphere
can berepresented by a simple model of a viscous fluid layer of thick-
ness brepresenting lithospherickeel that overlies aless dense viscous
fluid representing asthenospheric mantle®. Analytical solutions for
Rayleigh-Taylor instability are available for a starting situationin which
the interface between the two fluids has a sinusoidal displacement of

horizontal wavelength A and amplitude w,, and w, <« A. The amplitude
of aninstability grows as

w=wye" 4)

inwhichgisthe growthrateand¢istime. Thesolutions give the scaled
horizontal wavelength of the fastest growing instability, A3, and the
corresponding scaled growth rate, . For the geologically relevant
solutions ofinterest, A3is 2-4 and g%isonthe order 10" (Extended Data
Tablel).

Toapply these analytical solutions, note that lengthis scaled by the
mean starting-layer thickness, b, and time is scaled by v/g’b, in which
vis the kinematic viscosity, g’ = gAp/p is reduced gravity, Ap is the
difference in density between the upper and lower layers and p is the
reference density. Hence, the dominant wavelength of lithospheric
rootinstabilities is

Ag=A%b (5)

and the characteristic time period for growth of the dominant insta-
bility is
\

4=
“ qgb

(6)

Now we consider asingle instability of dominant wavelength. Because
74is an e-folding time, soon after ¢ = 7, the instability will achieve ter-
minal downward velocity, detach from the upper layer and sink into
the lower layer. Because fluid has been removed from the upper layer,
the new thickness of the upper layer will be less than b above the site
of the detachment and the wavelength of the thinned patch of the
upper layer will be approximately A,. This situation resembles the
originalinitial condition, and equation (4) withw, = b predicts growth
of the resulting instabilities. Thus, new instabilities will develop at
horizontal distances + A, relative to the initial instability. If this pro-
cess repeats, the second-generation instabilities will grow, detach
and trigger third-generationinstabilities. Because thisisa convective
process, second-generation instabilities grow and detach before the
thinned patch of upper layer above the initial instability can regain its
original thickness by conductive cooling and thickening. Hence, the
topographic gradient on the base of the upper layer will be greater
above the outer edges of the second-generation instabilities, relative
to the initial instability. Thus, third-generation and later instabilities
will be initiated at progressively greater distances from the initial
instability.

This simple physical model predicts that an initial Rayleigh-Taylor
instability shouldinitiate achain of furtherinstabilities, in which succes-
siveinstabilities occur at horizontal distances of about A, outboard of
theinitial instability with a periodicity of about 7,. The lateral propaga-
tion rate of this chain of events is therefore expected to scale as

Ag
U= o @
Substituting equations (5) and (6) gives
2
U=q:E L ®)

dy

which shows that U scales as b%. Typical values for U are plotted in
Fig. 3a and shown in Extended Data Table 1. The values of g’ and b
were estimated by fitting geotherms to xenolith P-T data (see below).
A viscosity of 4 x 10 m?s™ has been used previously for modelling
the basal lithosphere, including in xenolith geotherm modelling””’,
and we find that this value gives a good match between our scaling
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law, numerical models and observed migration rates of kimberlite
magmatism (Figs. 1c,e and 3a and Extended Data Fig. 3c).

Thermomechanical models

Toadvance onthe above footing, we assessed the influence of the more
complex natural geometry and rheology of rifting cratoniclithosphere,
using numerical forward models conducted with the finite-element
code ASPECT”®!, These models solve the conservation equations of
mass, energy and momentum for materials with viscoplastic rheology®.
In particular, we account for temperature, pressure and strain-rate
dependent rheologies based on experimentally derived flow laws for
dislocation and diffusion creep combined with plasticity (Extended
Data Table 2). Our model is kinematically driven through velocity
boundary conditions at lateral sides. The model reproduces the for-
mation of anarrowriftthatisbounded atdepth by steep LAB gradients
resulting in pronounced rotational flow patterns?. This flow destabi-
lizes the base of the thermal lithosphere (cratonic keel), producing
Rayleigh-Taylorinstabilities that evolve self-consistently by sequential
destabilization. In further agreement with previous models, breakup
is delayed owing to rift migration®.

We will now briefly describe the geometrical, mechanical and thermal
setup of our geodynamic model, as well as its limitations. For a more
detailed description of the functionalities of ASPECT and solution
techniques, we refer the reader to refs. 79,80 and https://aspect.geo-
dynamics.org/manual.pdf.

The model comprises adomain of 2,000 x 300 km and 800 x 120
elementsinthex (horizontal) andy (vertical) directions, respectively.
The second-order finite elements are visualized by dividing theminto
four squares, leading to an effective resolution of 1.25 km. The model
comprises four layers: 20-km-thick upper crust, 15-km-thick lower
crust, 125-km-thick mantle lithosphere and 140-km-thick astheno-
sphere (that is, beneath 160 km depth). We use a wet quartzite®* and
wet anorthite® flow law for the upper and lower crust, respectively,
dry olivine rheology* for the mantle lithosphere and wet olivine™ for
the asthenosphere. The modelinvolves frictional strain softening, for
which we linearly reduce the friction coefficient with a factor of 0.25
for brittle strain between 0 and 1. For strains greater than 1, it remains
constant. We also account for viscous strain softening by decreasing
the viscosity derived from the ductile flow law with a factor of 0.25
between viscous strains 0 and 1. All rheological and mechanicalmodel
parameters are provided in Extended Data Table 2. For visualization
purposes, we distinguish a30-km-thick layer beneath some parts of the
lithosphere as asimplified representation of variably metasomatized
thermal boundary layer of the lower lithosphere. To initiate rifting in
apredefined area, we use a25-km-thick upper crustand 100-km-thick
mantlelithosphere, representing typical mobile belt conditions™. The
above layer thicknesses gradually transition to ambient lithosphere
over adistance of around 200 km.

We use velocity boundary conditions with a total extension velocity
of 10 mm per year. For simplicity, we keep the right-hand model side
fixed, but we verified that the conclusions do not change if extension
velocities are symmetrically distributed between the lateral bounda-
ries. At the bottom boundary, we prescribe a constant vertical inflow
of material that balances the outflow through the lateral model sides.
The top boundary constitutes a free surface®..

Temperature boundary conditions feature a constant surface
temperature of 0 °C and a bottom temperature of 1,420 °C, that is,
normal-temperature mantle with potential temperature of around
1,320 °C. Lateral boundaries are thermally isolated. The initial tempera-
ture field of eachmodel columnresults fromthe 1D thermal equilibrium
defined by the boundary conditions, the crustal radiogenic heat contri-
butionand theinitial depth of the thermal LAB, thatis, the 1,350 °C tem-
peratureisotherm, which atfirst coincides with the compositional LAB.
The sublithospheric temperature increases adiabatically with depth.
To smooth the initial thermal gradient across the LAB, we equilibrate

the entire thermal state of the model for 30 Myr before the onset of
extension. All thermal parameters are listed in Extended Data Table 2.

The following model limitations have to be kept in mind when
interpreting the results. In this model, we focus on first-order ther-
momechanical processes and do not explicitly account for chemical
alterations, melt generation and magma ascent (that is, these are not
ignored but are considered separately using different approaches). For
simplicity, we assume that the initial depth of the LAB does not vary
onthe thousand-kilometre scale. Nonetheless, we conducted further
model runs with gradual changes in LAB depth and the conclusions
remained the same. Further effects such as large-scale flow patterns
related to mantle convection, theimpingement of mantle plumes and
along-strike lithospheric heterogeneities may exert local effects on
the formation of Rayleigh-Taylor instabilities that we have to neglect
inour generic modelling strategy.

Sublithospheric viscosity and, in particular, activation energy con-
stitute important parameters for the development of instabilities®®.
In agreement with observations of seismic anisotropy in the upper
mantle, shallow-asthenosphere viscosity in our models is dominated
by dislocation creep, for which we use experimentally derived wet
olivine activation energy values of 480 + 40 k) mol™ (ref. 53) that are
representative for the shallow asthenosphere. Notably, these values
for dislocation creep lie within the independently derived activation
energy range of 360-540 k] mol™ (ref. 86). We conducted alternative
modelling runsinwhich we varied the asthenosphericactivation energy
within experimental uncertainties while keeping all other parameters
identical. When we lower the activation energy to 440 k] mol™, the
shallow asthenosphere and thermal boundary layer exhibit a viscosity
thatisabouttwo times smaller than for the reference case. Thismodel
generates lateral propagation/migration rates for the instabilities that
areroughly two times larger than for the reference model, whichisin
agreement with analytical model 3 that constitutes the low-viscosity
endmember of the analytical modelling suite (Fig. 3a and Extended
DataTable1).

Xenolith geotherms

Toestimate the typical thickness, temperature and density of the ther-
mal boundary layer between the lithosphere and asthenosphere—for
applicationinthe delamination and melting calculations—we applied
the numerical geotherm calculation approach of Mather et al.”, which
uses peridotite P-T estimates from various kimberlites. We used the
FITPLOT program (refs. 78,87), which takes the thickness and ther-
mal properties of the crust as inputs and determines the thicknesses
of therigid lithospheric mantle and the basal lithospheric thermal
boundary layer by minimizing the misfit between the calculated geo-
therm and the xenolith P-T data. Full details of this method and the
xenolith datasets used are provided in ref. 77. Calculated geotherms
and thermal-boundary-layer thicknesses are plotted in Extended Data
Fig. 8. The total thickness of the thermal boundary layeris estimated to
be 35 km. The corresponding thickness of the unstable viscous layer, b,
thatshould be usedin the analytical Rayleigh-Taylor instability models
is approximately half this value, that is, 17.5 km, as the LAB sits near
the middle of the thermal boundary layer (Extended Data Fig. 8). The
temperature change across the thermal boundary layer, AT, is about
150 °C. Thus, the mean density contrast that drives Rayleigh-Taylor
instabilities is Ap = paAT/2=10 kg m™, in whicha=4 x10° Cis the
thermal expansivity’, p = 3,300 kg m2is the reference density and AT/2
isthe mean temperature difference relative to the asthenosphere. The
corresponding reduced gravity isg’ = 0.03 m s, whichwas used in the
analytical Rayleigh-Taylor instability models with a constant-density
upper layer (models1,2,3 and 6 in Fig. 3a and Extended Data Table 1).
Avalue ofg’=0.06 m s?was used for the analytical models with linearly
decreasing density (models 4 and 5), so that all the analytical model
results in Fig. 3a and Extended Data Table 1 have the same mean driv-
ing density. This driving-density contrast is alower bound because
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it does not include possible metasomatic density increases within
the upper thermal boundary layer, but even without compositional
effects, itis sufficient to drive convective removal of lithospheric keel
(Figs.2and 3a).

Melting calculations

Neither the analytical modelling of Rayleigh-Taylor instability chains
nor the numerical modelling carried out in ASPECT directly predict
where and when melting occurs. However, both analytical and numer-
ical models show that convectively driven lithospheric delamination
will result in adiabatic upwelling that could potentially cause mantle
melting. Inthe analytical models, the terminal velocity of anindividual
isolated downwelling Rayleigh-Taylor instability in the lithospheric
keel is expected to approximate the Stokes velocity for a sphere of
radius Ay, whichis g’}lﬁ/_’;v (ref. 88). We assume that the upward return
flow exactly balances the downwelling and occursinacylindrical annu-
lus of width 24, that surrounds the downwelling plume. With this geom-
etry, the cross-sectional area of the upwelling annulus is eight times
that of the downwelling plume, so the mean upwelling velocity will be
one-eighth of the downwelling velocity. The mean upwelling velocity
is therefore expected to be

_8 ‘Ad )
v 24y

The upwelling velocities estimated for the Rayleigh-Taylor instability
models considered here are afew tens of kilometres per year (Extended
DataTable1). The thermal Péclet number for the upwelling flow is esti-
mated using

bV
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K

(10)

in which kis the thermal diffusivity and b =17.5 km is the net upward
motion of the return flow, equivalent to half the thickness of the keel
layer that detaches (see the previous section ‘Xenolith geotherms’).
The predicted Péclet numbers are approximately 10 (Extended Data
Table 1), which suggests that upwelling will be adiabatic, meaning
that the return flow should not lose substantial heat as it approaches
the base of the thinned lithosphere. Thus, if part of the detached lith-
ospheric keelbecomes entrained in the upward return flow, it can move
toanew depthbeneath the thinned lithosphere that is shallower than
its original depth, whilst maintaining its original potential tempera-
ture. Decompressional melting can potentially occur in this situation
if sufficient volatiles are present. If rifting and continental breakup
organizes the downwelling patches to resemble a detaching sheet
with little along-strike variation, then the factor in the denominator
of equation (9) would be 9 rather than 24. In this case, the return-flow
upwelling would be stronger and still more likely to be adiabatic and
to cause melting.

The ASPECT modelling confirms the expectation of adiabatic
upwelling andindicates therelative locations and strengths of the con-
vective upwellings through time (Extended Data Fig. 9). The strongest
convective upwelling at any time is always associated with the leading
convective instability in the propagating chain. The leading cell has
two upwelling regions, one on either side of the central downwelling.
The upwelling closer to the rift is the stronger of the two, although
both upwelling regions are adiabatic and can potentially drive melt-
ing (subject to further conditions). Typical upwelling velocitiesin the
leading cellare roughly 30 km year™, in agreement with the analytical
model. Earlier convection cells in the propagating chain remain visible
to therift-ward side of the leading cell. Circulationin the older cells is
weaker thanin the leading cell but may still be adiabatic.

Another factor needed to enable decompressional melting of
normal-temperature mantle beneath thick cratonic lithosphere is

that the upwelling mantle is enriched in volatiles. We have already
demonstrated that the thermal boundary layer, which we propose is
convectively removed by propagating instabilities, probably contains
both hydrous and carbonate-richincipient silicate melts (Fig. 3b). The
ASPECT modelling shows that this volatile-enriched, metasomatized
keel detached by the downwelling limbs of the small-scale convection
cells is partially recirculated in the upwelling limbs. The upwelling
limb ontherift-ward side of the leading convection cell contains most
recirculated keel, together with a notable component of background
asthenospheric mantle. Older convection cells may also contain
volatile-enriched material but with a greater proportion of astheno-
spheric material. We note that the detailed spatiotemporal pattern of
recirculated keel material is difficult to interpret because the convec-
tion cellsinteract with the bottom of the computation box at 300 km.
Nevertheless, the ASPECT modelling shows adiabatic upwelling of
asthenosphere thatis variably enriched with recently detached meta-
somatized keel material. Thus, it is feasible to infer that migration of
the instability chain will potentially be accompanied by kimberlite
melting. The bulk of melting is predicted to occur across the footprint
of theleading convection cellin theinstability chain, and smaller fluxes
of melting in the wake of the leading instability may be expected in
some cases.

To determine whether this inferred mechanism of melting can explain
kimberlite occurrences, we estimated the characteristic volume of
melting associated with convectively driven upwelling of mantle at the
base of thick lithosphere. We assumed adiabatic upwelling of normal
mantle temperature (potential temperature of 1,300 °C) and calcu-
lated the degree of melting as a function of depth to the base of the
rigid lithosphere (thatis, mechanical boundary layer) and also the H,0
content of the primary melt, for adiabatic upwelling of mantle with bulk
water contents of 0.1, 0.15 and 0.2 wt% (Fig. 3¢). We used the hydrous
decompressional melting parameterization of Katz et al.*’ for these
calculations, as (1) itis a well-known parameterization underpinned by
alarge database of experimental petrology results and (2) itisa param-
eterization of volatile-rich melting, whichis relevant to the kimberlite
mantle source, which most agreeis enriched in volatilesincluding H,0
(refs.1-3,15,41,45,46). The calculation and plotting scripts for all the cal-
culations described below are freely available (see ‘Code availability’).

Wefirst calculated the degree of melting to agiven depth for an adi-
abatic melting column with various bulk water contents (Fig. 3c). We
used the MORMEL package (https://github.com/smj75/mormel) as a
convenient implementation of the chosen hydrous melting param-
eterization. Our calculations predict that convective removal of keel
followed by adiabatic upwelling up to depths between190 and 150 km
of akeel/asthenosphere mixture with bulk water content of 0.1-0.2 wt%
yields low-degree decompressional melting (<1%), which is consist-
ent with expectations for kimberlites*>. We also plotted the associ-
ated cumulative total melt productivity for such melting (Fig. 3c), to
compare with kimberlite magma volume estimates based on surface
observations. We assumed an upwelling rate of 30 km year™ within
the adiabatic melting column, whichis typical of the upwelling limbs
ofthe convection cellsin our geodynamic models. Melt productivities
of upto 0.15 km year™foralD vertical upwelling columnare predicted
when mantle source with bulk water contents of 0.1-0.2 wt% wells up
to 150 km. Thus, we infer that, if decompression generates amean 1D
melt productivity of 0.1km year™across a footprint comparable with
that of a typical Rayleigh-Taylor instability, with diameter 50 km and
footprint area around 2,000 km?, then a total magma volume flux of
200 km?year™ could result. This flux is broadly consistent with esti-
mated volumes for kimberlite clusters* and demonstrates that the
system is not limited by magma production at depth. The predicted
melt flux could be higher if melt from convection cells in the wake of
theleading cellis also considered. Our calculations also show that kim-
berlite melting can occur in the absence of plumes; yet, more melting
would be expected in cases in which plumes are present.
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Where hydrous, carbonate-bearing peridotites areinvolved in melt-
ing, H,0 is expected to be present above the reduced solidus, within
the thermal boundary layer of keel (Fig. 3b,c). We calculated the total
water content of the melt for the decompressional melting scenarios
above (Fig. 3c) using the equation in ref. 47. Our calculations predict
between 9% and 14% H,0 in the melt (Fig. 3c), following partial to full
convective removal of lithospheric keel. This range overlaps the esti-
mated compositions in Table 1 of Sparks et al.*®, but we would expect
our calculation to provide an upper limit rather than an estimate for
H,O contentin the erupted melt. The composition of the primary melt
is expected to evolve substantially during ascent and is not expected
to match the composition of the erupted magma: some H,O will be
lost from the melt by exsolution and by reaction with wall rocks and
xenoliths as the melt ascends over 150 km through the lithosphere*.In
general, the high volatile contents and low melting degrees predicted
by our simple calculations arein line with more detailed compositional
calculations and petrological experiments on model systems*>*°,

Phase diagrams and phase equilibria
Weinvestigated phase equilibria to determine whether the conditions
expected in the thermal boundary layer (Fig. 3b,c) should give rise to
melting, specifically in cases inwhich thelayeris disturbed by a migrat-
ing convective instability (Fig. 2 and Extended Data Fig. 9). Because
our principal motivation here is to establish the P-T/chemical condi-
tions immediately before melting onset, we do not focus on melts of
kimberlite-like composition; in our framework, these represent the
net product of melting induced by convective instability. Rather, we
consider phase equilibria for peridotites (Fig. 3b), which dominate
the cratonic keels. We consider experimentally determined solidi
for peridotites under oxidized and reduced conditions®. Because a
large body of theoretical and petrological evidence supports high
CO, and H,0 contents for erupted kimberlites' >**¢%° we include
the oxidized solidus for peridotite in the presence of CO, + H,O, first
defined by Wallace and Green®° (see refs. 91,92 for further discussion)
and subsequently extended to higher pressures by Foley et al.” and
Pintér et al.”*. We also incorporate the reduced solidus for peridotite
in the presence of CH, + H,0, which was experimentally defined by
Taylor and Green® (see refs. 91,92). We plot the graphite-diamond
phase boundary experimentally defined by Day**. The phase equilibria
show that, at P-T conditions considered typical of the thermal bound-
ary layer, and under expected conditions, incipient melts containing
both CO,and H,0 are expected tobe present. Thisis supported by fluid
inclusionsindiamonds, which show that some hydrous and carbonatitic
fluids may be in equilibrium in the diamond stability field*®.

Although we are primarily concerned with melting of carbonated
and hydrous mantle peridotite, for completeness, we also consider
the Ca0-MgO0-Al,0,-Si0,-CO, model system of Dalton and Presnall”,
as this system is commonly implicated in generating melts of car-
bonatitic, kimberlitic and melilitic composition*. Using several rep-
resentative experimental melt compositions (that is, JADSCM-7 and
JADSCM-14) from Gudfinnsson and Presnall*}, we can confirm that the
carbonate-bearinglherzolite solidus falls within the thermal boundary
layer of the lithosphere, demonstrating that, for the CaO-MgO-Al,0;-
Si0,-CO,system, generation of incipient carbonate melts is expected
to occur in the thermal boundary layer.

We plotted estimated P-T conditions of Iherzolite/peridotite nodules
from Baptiste et al.”® in Extended Data Fig. 7; here we converted some
depths from published compilations to pressures, using

P=pgh (11)

in which p is the density of the lithosphere, gis acceleration due to
gravity and his the depth. In our calculations, we took p = 3,200 kg m>,

based on an assumed lithospheric thickness of 180 km, comprising a
crustal thickness of 45 km and crustal density of 2,750 kg m™ (ref. 99)

andalithospheric thickness of 135 kmand density of 3,300 kg m™ (using
amiddle value from ref. 100).

Statistical analysis of isotope variations

We compiled existing data to assess whether any temporal changesin
kimberlite geochemistry are detectable during the abrupt reduction
inlithospheric thickness in the Kaapvaal Craton ataround 117-108 Ma,
suggested to be a consequence of lithospheric delamination*°, Here we
firstanalysed whole rock (¥Sr/%Sr),, (**Nd/**Nd),and (***Pb/?°*Pb),from
Smith et al.’®, updating the radiometric ages of the kimberlites where
necessary (note that the subscriptidenotes theinitial isotope ratio, that
is, at the time of formation). It has already been noted that the group
Il kimberlites are restricted to the main phase of Pangaea breakup'®’.
Because kimberlites are particularly susceptible to syn-emplacement
and post-emplacementalteration by crustal fluids, whole-rock Srand Pb
isotope datamay not provide avery accurate record of mantle-source
compositions'®, Therefore, we also studied the temporal variationin
perovskite initial Sr/%¢Sr ratios'®® and whole-rock "**Nd/**Nd ratios'**
in Cretaceous southern African kimberlites (Extended Data Fig. 10).
The plots show the Srand Nd isotope compositions of the mica-amphi-
bole-rutile-ilmenite-clinopyroxene (MARID) endmember defined
fromkimberlite xenoliths and is thought to derive fromalithospheric
mantlesourcethat hasbeen variably contaminated by recycled crustal
components, possibly during a subduction event at about 2.9-3.2 Ga
(ref. 105). The plots also show the composition of the kimberlite melt
endmember of ref. 105, largely defined from analyses of phlogopite-
ilmenite-clinopyroxene (PIC) kimberlite xenoliths. Thisendmember is
interpreted toreflect amantle source that has been metasomatized by
kimberlite melts'® and it is interesting to note that thisendmember has
very similar Sr,Nd and Pbisotope compositions as average Cretaceous
to Cenozoic African carbonatites'.

We next used conjugate partitioned recursion (CPR) to evaluate
the potential presence of step changes in the above isotopic datasets
(Extended Data Fig. 10). This iterative algorithm uses binary parti-
tioning by marginal likelihood and conjugate priors (CPR) to identify
an unknown number of change points'”. If the marginal likelihood
favours a change-point model, then the algorithm defines a change
point and two-sigma uncertainty bounds of the two averages before
and after the change point'”. In applying the CPR algorithm to the
perovskite (¥Sr/%¢Sr), and whole-rock (¥’Sr/%¢Sr),, (**Nd/**Nd), and
(%°°Pb/?**Pb), datasets, we identified a prominent change point occur-
ringat 114 Mafor all of the isotopic proxies, except (**Nd/**Nd),, which
occurs between 114 and 100 Ma, and eNd, which occurs between 118
and 114 Ma (Extended Data Fig. 10).

Finally, to test whether this step change in kimberlite composition
can be identified on other continents, we repeated the above proce-
dure using kimberlites from the North American Craton (including
Greenland), which contains numerous kimberlite fields (Extended Data
Fig.3a). Here we compiled isotope data for age-constrained kimber-
lites from the GEOROC geochemistry database (https://georoc.eu/).
For binned data (Fig. 4b and Extended Data Fig.11), eNd;and eSr;from
samples with the same emplacement age were averaged. We find that
these data reveal a similar step change from predominantly enriched
to predominantly depleted kimberlite compositions. The CPR analy-
sis identifies a step change in both eNd; and €Sr, for these kimberlites
between 105 and 102.5 Ma (Extended Data Fig. 11)—very similar in
both tempo and magnitude to the observed shift in southern Africa
(Extended Data Fig.10). The geochemistry of these Cretaceous kimber-
litesin North America has been explained by hydrous decompression
melting of an OIB-type mantle source®.

The step changes in isotope composition of kimberlite at about
114 Ma (South Africa) and about 105 Ma (North America) are compat-
iblewithinitial melting of metasomatized lithospheric mantle before,
and during, detachment of the cratonic mantle keel, as predicted by our
geodynamic models (Fig. 2 and Supplementary Video 1). This is then
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followed by eruption of melts exhibiting a stronger asthenospheric
signature, but that nevertheless retain a sufficient carbonate burden
to generate diamond-bearing kimberlites.

Data availability

All data generated and analysed during this study are provided as
Source Datafiles and as Supplementary Datasets 1and 2, available inthe
online version of the paper. All associated files and georeferenced data
are available from the Zenodo open repository (developed under the
European OpenAIRE programme and operated by CERN) at https://doi.
org/10.5281/zenodo0.7849141. Source data are provided with this paper.

Code availability

The input file, custom source code and ASPECT installation details
for the thermomechanical simulations are available from the Zenodo
repository at: https://doi.org/10.5281/zenodo.7825780. The software,
calculation and plotting scripts for the decompressional hydrous melt-
ing calculations in Fig. 3c are freely available at https://github.com/
smj75/mormel. The input files, output files and source code for the
kimberlite tectonic analysis are available at https://doi.org/10.5281/
zenodo.7849141.

55. Hanson, E. K. et al. Cretaceous erosion in central South Africa: evidence from upper-
crustal xenoliths in kimberlite diatremes. South Afr. J. Geol. 112, 125-140 (2009).

56. Stanley, J.R., Flowers, R. M. & Bell, D. R. Kimberlite (U-Th)/He dating links surface erosion
with lithospheric heating, thinning, and metasomatism in the southern African Plateau.
Geology 41, 1243-1246 (2013).

57.  Stern, R. J., Leybourne, M. I. & Tsujimori, T. Kimberlites and the start of plate tectonics.
Geology 44, 799-802 (2016).

58. Faure, S. World Kimberlites CONSOREM Database (Version 2006-2). Consortium de
Recherche en Exploration Minérale CONSOREM, Université du Québec a Montréal,
Canada (2006).

59. Merdith, A. S. et al. A full-plate global reconstruction of the Neoproterozoic. Gondwana
Res. 50, 84-134 (2017).

60. Miller, R. D. et al. Ocean basin evolution and global-scale plate reorganization events
since Pangea breakup. Annu. Rev. Earth Planet. Sci. 44,107-138, (2016).

61. R Core Team. R: a language and environment for statistical computing. http://www.
R-project.org/ (R Foundation for Statistical Computing, 2013).

62. LightTwist Software. Uninet standalone and UninetEngine library. https://lighttwist-
software.com/uninet/ (LightTwist Software, 2021).

63. Kurowicka, D. & Cooke, R. Uncertainty Analysis with High Dimensional Dependence
Modelling (Wiley, 2006).

64. Guarino, V. et al. U-Pb ages, Sr-Nd- isotope geochemistry, and petrogenesis of kimberlites,
kamafugites and phlogopite-picrites of the Alto Paranaiba Igneous Province, Brazil. Chem.
Geol. 353, 65-82 (2013).

65. Felgate, M. R. The Petrogenesis of Brazilian Kimberlites and Kamafugites Intruded Along
the 125° Lineament: Improved Geochemical and Geochronological Constraints on
Magmatism in Rondonia and the Alto Paranaiba Igneous Province. PhD thesis, Univ.
Melbourne (2014).

66. Conceigéo, R. V., Carniel, L. C., Jalowitzki, T., Gervasoni, F. & Cedefio, D. G. Geochemistry
and geodynamic implications on the source of Parana-Etendeka Large Igneous Province
evidenced by the 128 Ma Rosario-6 kimberlite, southern Brazil. Lithos 328-329, 130-145
(2019).

67. Fernandes, P.R., Tommasi, A., Vauchez, A., Neves, S. P. & Nannini, F. The Sao Francisco
cratonic root beneath the Neoproterozoic Brasilia belt (Brazil): petrophysical data from
kimberlite xenoliths. Tectonophysics 816, 229011 (2021).

68. Carvalho, L.D. V. etal. An exotic Cretaceous kimberlite linked to metasomatized lithospheric
mantle beneath the southwestern margin of the Sdo Francisco Craton, Brazil. Geosci.
Front. 13,101281(2022).

69. GPlates Development Team. GPlates Open-source Plate Tectonic Reconstruction Software.
https://www.gplates.org/ (GPlates Development Team, 2021).

70. Mazrouei, S., Ghent, R. R., Bottke, W. F., Parker, A. H. & Gernon, T. M. Earth and Moon
impact flux increased at the end of the Paleozoic. Science 363, 253-257 (2019).

71.  Pebesma, E. Simple features for R: standardized support for spatial vector data. R J. 10,
439-446 (2018).

72. R package ‘geosphere’ for spherical trigonometry for geographic applications. https://
cran.r-project.org/web/packages/geosphere/geosphere.pdf (CRAN, 2021).

73. Evans,R.L.etal. Electrical lithosphere beneath the Kaapvaal craton, southern Africa.

J. Geophys. Res. Solid Earth 116, BO4105 (2011).

74. Eagles, G., Pérez-Diaz, L. & Scarselli, N. Getting over continent ocean boundaries. Earth
Sci. Rev. 151, 244-265 (2015).

75. Pasyanos, M. E., Masters, T. G., Laske, G. & Ma, Z. LITHO1.0: an updated crust and
lithospheric model of the Earth. J. Geophys. Res. Solid Earth 119, 2153-2173 (2014).

76. Afonso, J. C., Salajegheh, F., Szwillus, W., Ebbing, J. & Gaina, C. A global reference model
of the lithosphere and upper mantle from joint inversion and analysis of multiple data sets.
Geophys. J. Int. 217,1602-1628 (2019).

77. Mather, K. A., Pearson, D. G., McKenzie, D., Kjarsgaard, B. A. & Priestley, K. Constraints on
the depth and thermal history of cratonic lithosphere from peridotite xenoliths, xenocrysts
and seismology. Lithos 125, 729-742 (2011).

78. McKenzie, D., Jackson, J. & Priestley, K. Thermal structure of oceanic and continental
lithosphere. Earth Planet. Sci. Lett. 233, 337-349 (2005).

79. Kronbichler, M., Heister, T. & Bangerth, W. High accuracy mantle convection simulation
through modern numerical methods. Geophys. J. Int. 191, 12-29 (2012).

80. Heister, T., Dannberg, J., Gassmoller, R. & Bangerth, W. High accuracy mantle convection
simulation through modern numerical methods - II: realistic models and problems.
Geophys. J. Int. 210, 833-851(2017).

81. Rose, |, Buffett, B. & Heister, T. Stability and accuracy of free surface time integration in
viscous flows. Phys. Earth Planet. Inter. 262, 90-100, (2017).

82. Glerum, A., Thieulot, C., Fraters, M., Blom, C. & Spakman, W. Nonlinear viscoplasticity in
ASPECT: benchmarking and applications to subduction. Solid Earth 9, 267-294 (2018).

83. Brune, S., Heine, C., Pérez-Gussinyé, M. & Soboley, S. V. Rift migration explains continental
margin asymmetry and crustal hyper-extension. Nat. Commun. 5, 4014 (2014).

84. Rutter, E. H. & Brodie, K. H. Experimental grain size-sensitive flow of hot-pressed Brazilian
quartz aggregates. J. Struct. Geol. 26, 2011-2023 (2004).

85. Rybacki, E., Gottschal, M., Wirth, R. & Dresen, G. Influence of water fugacity and activation
volume on the flow properties of fine-grained anorthite aggregates. J. Geophys. Res. Solid
Earth 111, BO3203 (2006).

86. vanHunen, J., Zhong, S., Shapiro, N. M. & Ritzwoller, M. H. New evidence for dislocation
creep from 3-D geodynamic modeling of the Pacific upper mantle structure. Earth Planet.
Sci. Lett. 238, 146-155 (2005).

87. McKenzie, D. & Bickle, M. J. The volume and composition of melt generated by extension
of the lithosphere. J. Petrol. 29, 625-679 (1988).

88. Turcotte, D. L. & Schubert, G. Geodynamics 2nd edn (Cambridge Univ. Press, 2002).

89. Wyllie, P. J. & Huang, W. L. Carbonation and melting reactions in the system CaO-MgO-
SiO,-CO, at mantle pressures with geophysical and petrological applications. Contrib.
Mineral. Petrol. 54, 79-107 (1976).

90. Wallace, M. E. & Green, D. H. An experimental determination of primary carbonatite magma
composition. Nature 335, 343-346 (1988).

91.  Green, D. H. Experimental petrology of peridotites, including effects of water and carbon
on melting in the Earth’s upper mantle. Phys. Chem. Miner. 42, 95-122 (2015).

92. Foley, S. F. &Pintér, Z.in Magmas Under Pressure (eds Kono, Y. & Sanloup, C.) 3-42
(Elsevier, 2018).

93. Foley, S. F. etal. The composition of near-solidus melts of peridotite in the presence of
CO, and H,0 between 40 and 60 kbar. Lithos 112, 274-283 (2009).

94. Pintér, Z. et al. Experimental investigation of the composition of incipient melts in upper
mantle peridotites in the presence of CO, and H,0. Lithos 396-397, 106224 (2021).

95. Taylor, W. R. & Green, D. H. Measurement of reduced peridotite-C-O-H solidus and
implications for redox melting of the mantle. Nature 332, 349-352 (1988).

96. Schrauder, M. & Navon, O. Hydrous and carbonatitic mantle fluids in fibrous diamonds
from Jwaneng, Botswana. Geochim. Cosmochim. Acta 58, 761-771 (1994).

97. Dalton, J. A. & Presnall, D. C. The continuum of primary carbonatitic-kimberlitic melt
compositions in equilibrium with lherzolite: data from the system CaO-MgO-Al,0;-SiO,-
CO, at 6 GPa. J. Petrol. 39, 1953-1964 (1998).

98. Baptiste, V., Tommasi, A. & Demouchy, S. Deformation and hydration of the lithospheric
mantle beneath the Kaapvaal craton, South Africa. Lithos 149, 31-50 (2012).

99. Artemieva, |. M. & Shulgin, A. Making and altering the crust: a global perspective on crustal
structure and evolution. Earth Planet. Sci. Lett. 512, 8-16 (2019).

100. Xia, B., Thybo, H. & Artemieva, . M. Lithosphere mantle density of the North China Craton.
J. Geophys. Res. Solid Earth 125, €2020JB020296 (2020).

101. Skinner, E. M. W. in 4th International Kimberlite Conference: Extended Abstracts Vol. 4,
202-204 (1986).

102. Pearson, D. G., Woodhead, J. & Janney, P. E. Kimberlites as geochemical probes of Earth’s
mantle. Elements 15, 387-392 (2019).

103. Woodhead, J., Hergt, J., Phillips, D. & Paton, C. African kimberlites revisited: in situ Sr-isotope
analysis of groundmass perovskite. Lithos 112, 311-317 (2009).

104. Nowell, G. M. et al. Hf isotope systematics of kimberlites and their megacrysts: new
constraints on their source regions. J. Petrol. 45,1583-1612 (2004).

105. Fitzpayne, A. et al. Progressive metasomatism of the mantle by kimberlite melts: Sr-Nd-
Hf-Pb isotope compositions of MARID and PIC minerals. Earth Planet. Sci. Lett. 509,
15-26 (2019).

106. Bell, K. &Tilton, G. R. Nd, Pb and Sr isotopic compositions of East African carbonatites:
evidence for mantle mixing and plume inhomogeneity. J. Petrol. 42, 1927-1945
(2001).

107. Jensen, G. Closed-form estimation of multiple change-point models. PeerJ Prepr. 1,
e90v3 (2013).

108. Goodwin, A. M. Principles of Precambrian Geology (Academic Press, 1996).

109. Woodhead, J. D., Hergt, J. M., Giuliani, A., Phillips, D. & Maas, R. Tracking continental-scale
modification of the Earth’s mantle using zircon megacrysts. Geochem. Perspect. Lett. 4,
1-6 (2017).

Acknowledgements T.M.G. and T.K.H. were supported by The Alan Turing Institute under the
EPSRC grant EP/N510129/1. T.M.G. gratefully acknowledges funding from the WoodNext
Foundation, a component fund administered by the Greater Houston Community Foundation.
T.M.G. and R.M.P. received support from the Web Science Institute Stimulus Fund. A.S.M. was
supported by the MCSA Fellowship NEOEARTH, project 893615. W.L.G. and S.Y.O. acknowledge
funds from Australian Research Council grant CE110001017 and AuScope NCRIS. This is
contribution 1736 from the ARC Centre of Excellence for Core to Crust Fluid Systems (http://
www.ccfs.mqg.edu.au) and 1505 in the GEMOC ARC National Key Centre (http://www.gemoc.
mg.edu.au). The authors gratefully acknowledge the computing time granted by the Resource
Allocation Board and provided on the supercomputer Lise at NHR@ZIB as part of the NHR
infrastructure. The calculations for this research were conducted with computing resources
under the project bbpO0039. We thank J. VanDecar for his invaluable editorial support. We are


https://doi.org/10.5281/zenodo.7849141
https://doi.org/10.5281/zenodo.7849141
https://doi.org/10.5281/zenodo.7825780
https://github.com/smj75/mormel
https://github.com/smj75/mormel
https://doi.org/10.5281/zenodo.7849141
https://doi.org/10.5281/zenodo.7849141
http://www.R-project.org/
http://www.R-project.org/
https://lighttwist-software.com/uninet/
https://lighttwist-software.com/uninet/
https://www.gplates.org/
https://cran.r-project.org/web/packages/geosphere/geosphere.pdf
https://cran.r-project.org/web/packages/geosphere/geosphere.pdf
http://www.ccfs.mq.edu.au
http://www.ccfs.mq.edu.au
http://www.gemoc.mq.edu.au
http://www.gemoc.mq.edu.au

very grateful to S. Tappe for providing the kimberlite database from ref.6. We also appreciate
helpful discussions with R. Huismans, S. Sparks, Z. Pintér, R. N. Mitchell and L. T. de Oliveira.
T.M.G. would like to acknowledge the kimberlite research community for many lively and
thought-provoking interactions over the past two decades. T.M.G. also wishes to acknowledge
and pay tribute to the late M. de Wit, whose visionary and inspiring leadership on geodynamics
and the evolution of the Gondwana supercontinent has left an indelible mark on this field.
Maarten’s contributions will always be remembered and appreciated.

Author contributions T.M.G. conceived the idea, interpreted data and prepared the
manuscript. S.M.J. conceived the analytical model of Rayleigh-Taylor instability and
performed geotherm and melting calculations. S.B. developed the thermomechanical
simulations, with input from A.G., who contributed expertise in ASPECT modelling. T.K.H.
carried out statistical and geospatial analysis (R, QGIS, Uninet) and modelling, with input from
T.M.G. D.K. and R.M.P. contributed geotectonic interpretations and A.S.M. provided support
with plate tectonic modelling software, GPlates and pyGPlates (https://www.gplates.org/).

M.F. contributed expertise on kimberlites. S.Y.O. and W.L.G. helped analyse and interpret
xenolith data and lithospheric processes. J.C.S. contributed expertise in phase diagrams,
phase equilibria and thermodynamic data, using the open-source Perple_X software (https://
www.perplex.ethz.ch/). M.R.P. and C.J.S. analysed and interpreted geochemical data. TM.G.
and S.M.J. wrote the manuscript, with input from all co-authors.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-06193-3.

Correspondence and requests for materials should be addressed to Thomas M. Gernon.
Peer review information Nature thanks the anonymous reviewers for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://www.gplates.org/
https://www.perplex.ethz.ch/
https://www.perplex.ethz.ch/
https://doi.org/10.1038/s41586-023-06193-3
http://www.nature.com/reprints

Article

a 20 -
Kimberlites

Pangaea
stability

Frequency

(o
E
=
[
o o]
g &
2
15} N
E &
£ &
[}
o ol
S .
S Fragmentation
e @_
@Q’/
K:
©
IS}
<

Perimeter/area (km™')
9 Myr

© A Fragmentation
(9 Myr window)

| [ Cenozoic |
7 T ; i
-500 —~400 -300 ~200 -100 0
Age (Ma)
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Extended DataFig.2|Relationship between fragmentationand
kimberlites. a, Spearmanrank correlation and conditional rank correlation
(‘refer to equation (2) for definitions) for AF (slope over 9-Myr moving window)
and kimberlites for 500-0 Ma, calculated using a Bayesian network'®
(Methods). Here the inputisa5-Myr-resolutionseries, in which kimberlite
countisthetotal number of eventsineach 5-Myrinterval and AFis the slope of
theregression line for fragmentation estimated every 5 Myr. Using a simple
saturated Bayesian network (inwhich eachnodeislinked by anarctoevery
other nodeinthe network), we computed the correlation of AFand kimberlite
countcorr(AF, K); thenthe correlation of AFand kimberlite with a lag of 5 Myr
(inwhich AFprecedes kimberlites) conditional on AF (unlagged), that s,
corr(AF,.s, K|AF); then the correlation atlag 10 Myr, conditional on the lags at
0and 5 Myr corr(AF,,, KIAF, AF,5) etc., up to alag of 50 Myr. Thisremoves the
effect of shorterlags and thus the effects of autocorrelation. This test confirms
that the maximum correlationbetween AFand kimberlites occurs roughly

25 Myr after fragmentation (with uncertainty of +4 Myr). b, Cross-correlations
between kimberlites® (n=981) and AF (9-Myr window) spanning abillion years
(Methods), showing dominantlagsat-26 + 4 Myr (thatis, fragmentation
preceding kimberlites); dashed blue lines show 95% confidence intervals.

¢, Cross-correlations between kimberlites and AF accounting for potential
preservation bias by weighting the number of kimberlitesinversely according
tosurface preservation (inset, fromref. 108). This analysis does not change
the dominantlag (-26 Myr) relative tob. d, Cross-correlations between
kimberlites® (n=665) and AF (9-Myrwindow) from 200 to 0 Ma (Methods),
showing the strongest correlation (p = 0.52) atalag of 28 Myr; dashed blue
lines show the 95% confidence intervals. Note the different scale on the x axis
relativetoa-c.
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Extended DataFig. 3 | Kimberlite distributions, lithospheric thickness
and migration characteristics. a, Global map of kimberlites younger than
500 Mafromref. 6 (n=860) plotted on amap of lithospheric thickness

interpolated using data fromref. 75 (COBs shown in white are from GPlates?>*°).

Kimberlites are coloured by their radiometric ages®; the global kimberlites
(n=4,287,black diamonds) are fromref. 58. b, Lithospheric thickness, sampled
from two different global reference models™7, for kimberlites younger than
250 Ma; note that kimberlites predominantly occur onlithosphere >150 km
thick. ¢, Estimation of migration rate (slope) using distance and time lag from
continental breakup for African kimberlite clusters, using standard linear
regressionand Theil-Senregression. AMonte Carlo simulation (5,000 runs)
was performed to capture uncertainty in kimberlite age, breakup age and rift

distance (Methods). Black circles denote the median distance and lag from all
5,000 simulations for each kimberlite cluster and bars denote the standard
deviation. Regression lines for each individual simulation are shown in blue and
theblackline shows the regression for the original dataset. Results are broadly
similar for both the standard and Theil-Sen regression models, and the
estimated migrationrateis consistent with analytical and geodynamic models
(Fig. 3a).d, Histograms showing the distribution of lags (time in millions of
yearsrelative to breakup) for kimberlite clusters in Africaand South America.
Thefirst histogram uses the original dataset and the second (normalized)
histogramincorporates age and distance uncertainties by Monte Carlo
simulation. Note the peaks around breakup and approximately 25-55 Myr
post-breakup.
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Extended DataFig.4 | Minimum distances and time lags of kimberlite
eruptionsrelative to continental boundaries. Probability density plots for
twoendmember rift association models, associating kimberlites with the rift
section with either the minimum lag (blue) or the minimum distance (red). This
provides an estimate of the upper and lower bounds of the migration rate, for
each kimberlite or cluster. Uncertainty in kimberlite age, breakup age and rift
distanceis accounted for by Monte Carlo simulation (see Methods). Results are

presented for all threelocations (North America, South Americaand Africa)
combined. a, The density plot for kimberlite clusters, giving amedian of10.6
(shortestlag) to 30.4 (shortest distance); dataare available in Supplementary
Dataset2.b, The density plot for individual kimberlites, giving medians of12.8
(shortestlag) and 37.7 (shortest distance). Inset table summarizes the number
of kimberlites and clusters by continent.
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Extended DataFig. 5| Temporal distribution of kimberlitesinNorth

Time lag relative to breakup (Myr)

Americarelative to continental breakup. Histograms showing the

distribution of lags (time in millions of years relative to breakup) for kimberlite

clustersin North America, focusing on kimberlites closest torift sections,
using the original dataset (no uncertainty) (left) and shown as anormalized
histogramincorporating uncertainty inkimberlite age, breakup age and rift

0
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distance (right). Using the clustering method (see Methods for details), we
obtainatotal of 65 clusters. Peaks occur around 55-25 Myr before breakup and
35-75Myr post-breakup. Breakup in North America (thatis, rifts of the Central
Atlantic, Greenland-North Americaand Arcticregion) is diachronous and
estimated to occur between 10 and 76 Myr after rift onset?*.
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Extended DataFig. 6 | Relationship between continental breakup and
plumesover1 Ga.a, Cross-correlations between AF (9-Myr window) and
plumes over1Ga, using the well-established ages of their surface expression,
LIPs* (n=104). This analysis shows a strong peak at +7 + 4 Myr lags, indicating
that LIP magmatism most commonly initiates about 7 Myr before continental
fragmentation. b, Results of a Bayesian networkinvestigating the link between
LIPs and AF, and configured for LIPs leading AF (asshowninato be dominant).
Theinputisa5-Myr-resolutionseries, in which LIP is the total number of LIP
events withastartdate fallingin each 5-Myrinterval and AFisthe slope of the
regression line for fragmentation (over a9-Myr window) estimated every 5 Myr.
Critically, this analysis removes the effect of shorter lags and thus the effects of
autocorrelation. The maximum conditional correlation (0.25) occurs atalag of
approximately 10 + 4 Myr (inwhich LIP leads AF); dashed blue line show
estimated 95% confidenceintervals (threshold for the 95% confidence

interval = 0.143 for the 5-Myr-resolution time series of length n =188).
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Extended DataFig.7 | Compositional and P-T characteristics of Southern b, Olivine forsterite content (Fo%) versus modal % clinopyroxene (cpx) + garnet
Africanxenoliths, showing the effects of refertilization. a, Pressure versus (gnt) (asameasure of fertility); note the negative correlation of Fo with fertility.
temperature estimates (from thermometry/barometry) of peridotite xenoliths ¢, Pressure versus Fo; note the concentration of low-Fo xenolithsbetween 4.5
from the Kaapvaal Craton (data from various sources summarized inref. 98); and 5.2 GPa (approximately 22 km thick layer), interpreted torepresent a dense
note that most low-Fo xenoliths lie above the geotherm defined by high-Fo boundary layer.d, Pressure versus modal % cpx + gnt; note the general high
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P-T-based geotherms of Mather et al.”” for four different kimberlites:
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Extended DataFig.9 | Thermomechanical simulations of continental breakup. a-i, Generation and propagation/migration of sequential Rayleigh-Taylor
instabilities (labelled 1-7 at different time slices), which migrate at velocities of 15-20 km Myr™.
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Extended DataFig.10|Changing chemistry of kimberlites in the Kaapvaal
Cratonfrom150to 85 Ma.a, Interpolated Ti contents of garnet xenocrysts
(modified after ref. 40) at 117 and 108 Ma, showing the effects of heating and
chemical refertilization of the lower lithosphere by asthenospheric melts,
thinning the lithosphere by 30-40 km (vertical grey field). Below this are the
chemical compositions of group Il kimberlites (orangeites/lamproites) and
group I kimberlites, specifically whole-rock (¥Sr/%¢Sr), (b), whole-rock
(*3Nd/**Nd); (c) and whole-rock (**Pb/?**Pb), (d); these data are revised from
Smith*®. e, (¥’Sr/*¢Sr), of kimberlitic perovskites from Woodhead et al.'®,

The plot shows the MARID endmember defined from kimberlite xenoliths and
thoughtto derive fromalithospheric mantle source'®, and akimberlite melt

endmember'®largely defined from analyses of PIC kimberlite xenoliths.

f, Whole-rock eNd calculated from the data of Nowell et al.’*. The lines on the
plots show the statistically defined change points (using CPR; Methods) and
two-sigma uncertainty bounds of the two averages (thin red lines) before and
after the change point. Step changes occur at 114 Ma (dashed vertical line) for
allvariables, except (**Nd/**Nd), which occurs between 114 and 100 Ma, and
eNd, which occursbetween 118 and 114 Ma. Continent-scale metasomatism
occurred before 114 Ma (ref. 109), raising the possibility that migrating chains
of convective instabilities (Fig. 2) partially stripped and melted the lithospheric
keels, drivinginfiltration (thatis, melt metasomatism) of carbonate melts that
caused further destabilization.
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whicharealsoreflectedinareduction of eSr;. This transitionis nearly identical
tothatseeninSouthern Africa (Extended DataFig.10) and isinterpretedin
similar termstorepresentan early peakin lithospheric removal followed by
upwelling of asthenospheric mantle.



Extended Data Table 1| Rayleigh-Taylor instability models applied to lithospheric keel delamination

Key Model Scaled Scaled Growth Instability Instability Lateral Upwelling Péclet Reference
Wavelength Rate Wavelength Growth Time Propagation Rate Number
g qa Aa Tq ) 14 Pe
km Myr km/Myr km/Myr

1 Layer over half-space of same viscosity 3.7 0.097 65 2.6 25 39 22 33
2 Layer over layer of same thickness and viscosity 2.6 0.077 45 3.3 14 19 11 88
3 Layer over much less viscous half-space 3.0 0.160 53 1.6 33 26 14 33
4 Layer with linearly decreasing density over half- 2.9 0.037 51 3.4 15 24 13 33

space of constant density and same viscosity
5 Layer with linearly decreasing density over half- 2.4 0.059 42 2.1 20 17 9 33

space of constant density and much lower viscosity
6 Plastic layer over plastic half-space 2.8 0.610 49 0.4 118 23 13 33

Six analytical models (see Fig. 3a) describe two fluid layers in which the upper layer has the higher density (Methods). The models differ in the relative layer thicknesses, viscosity and vertical
density gradient. Each model is specified by a scaled dominant wavelength A} and a scaled exponential growth rate g for convective instabilities. Actual wavelengths and e-folding growth
times (determined using equations (5) and (6)) are shown for the typical lithospheric thermal-boundary-layer properties we estimated by fitting geotherms to P-T data from kimberlite xenoliths
(see the section ‘Xenolith geotherms’ in Methods). The lateral propagation rate for a chain of instabilities is determined using equation (1), which we derived from scaling analysis (see the
section ‘Scaling analysis of Rayleigh-Taylor instability chains’ in Methods). The characteristic rate and thermal Péclet number for vertical return flow confirms that asthenosphere will well up
adiabatically to replace the removed part of cratonic keel (see the section ‘Melting calculations’ in Methods).
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Extended Data Table 2 | Geodynamic model parameters

Parameter Symbol | Units Upper Lower Lithospheric | Asthenospheric
crust crust mantle mantle & thermal
boundary layer
Reference density (at 3
surface conditions) Po kg m 2,700 2,850 3,280 3,300
Thermal expansivity o K 2.7-107° 2.7-10°° 3.0-10°° 3.0-10°
Thermal diffusivity K m?s’’ 7.72:107 | 7.31-107 | 8.38-107 8.33:1077
1
Heat capacity G 259 | 1,200 1,200 1,200 1,200
Heat production H Wm3 | 1.0-10°° 0.1:10°° 0 0
Cohesion Pa 5-10° 5-10° 5-10° 5-10°
Internal friction coefficient . ) 05 05 05 05
(unweakened)
Strain weakening interval - - [0,1] [0,1] [0,1] [0,1]
Frictional weakening factor | ar = 0.25 0.25 0.25 0.25
Viscous weakening factor ay - 0.25 0.25 0.25 1.0
. Wet Wet o 53 iio 53
Material quartzite® | anorthite® Dry olivine Wet olivine
Stress exponent (dis) n - 4.0 3.0 3.5 3.5
Prefactor (dis) Auis Pa"s' | 857102 | 7.13-10" | 6.52:107° 2.12:10™"
Activation energy (dis) Edis Jmol" | 223-10° 345-10° 530-10° 480-10°
- - 3
Aetivation volume it I I 3810° | 18-10° 11-10°
(dis) mol
Prefactor (diff) Adir Pa's' | 5.97-10" | 2.99-10% | 2.25-10° 1.5-10°
Activation energy (diff) Eay Jmol' | 223-10° 159-10° 375-10° 335-10°
3
Activation volume (diff) Vaig moI* 0 38-10° 6-10° 4-10®
Grain size (diff) d m 0.001 0.001 0.001 0.001
Grain size exponent (diff) m - 2.0 3.0 0 0

Model parameters used in ASPECT thermomechanical simulations (see Methods for details). diff, diffusion creep; dis, dislocation creep (creep property values from refs.53,84,85).
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