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African Hot Spot Volcanism:
Small-Scale Convection in the
Upper Mantle Beneath Cratons

Scott D. King "* and Jeroen Ritsema =

Mumerical modek demamtrate that small scale canwvection develaps in the
upper mantle beneath the tramitian af thick catanic lithasphene and thin
aceanic [ithasphere. These madek exp lain the location and geachermnical char-
acteristics of intraplate vakanaos an the African and Sauth American pletes
Thery aba explain the presenoe of relstive by high sekmic shear weve velacities
ol dawnwellings] in the mantle traeitian zane benpeath the we=tern mangin
af African cratans and the esstern margin of Sauth American cratans. Small-
scale, edfe-driven canwvectian & an aternative to plumes far explaining in-
traplate African and Sauth Amedcan hat s pot valkcan®sm, and small-scalke can-
wvectian & cansktant wit hma ntle downwellings benaath the African and Sauth

#merican lithas phers

Cratons are egions of continents that have
not been affected by fecone momssess for
mox than one billion yenrs. Eehtively low
surface heat flow { J), diamond inchexons in
kimberlites (71, and a mlatwely cold and
thick kel | 3)with lugh seEmic velocies o
abenrt 230 Jon depth | 4) distingnih cratons
from other continental Ithos phere. Although
craons are commaonly enveionsd as stble
regions of Earth's Ithos phere, the change
lithoep heric thickness and, hence, the r=h-
trrely strong, hietal femperature and vEcosrty
comrasts af the edges of catons induce a
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smaltscale form of mnvective flow in the
mantle bensath the caton margin Mumerical
(59 and hbomtary ( & ) iInvestizgations indice
that such convective flow, commonly fermed
edge-driven onwection, comiske of down

welinggs svending, & deep as the mamtle
transrtem one (abomt 680 km) benenth the
margjns of cratons and wpwellings at abowt
500 40 1000 km detance from the marzims of
crafons. Previoms workers hare suggested
that edge-driven convecton may be respon
sible for the formation of the Bemuda Rise
(71, the Morth Athmtic Tettiary Volanics
(&), and flood Wsalt magmatem at the pe=
ripheries of catonic provinees ([ 9. Here, we
suzgestthat intraplate volanos (hotepots j on
the African and Sowth Amencan phtes (Fig,
17 ax linked 4o edge-driven convection on
the msis of numencal smulations of mantle
flooy and images of e=Emic velocity anoma
liez in the Afican wpper mamtle

Clur mode] of edge-driven convection 1s
based on the femperatme and velociy
faelds, com puted using a compressible con-
wecton formuhtion for a tvo-dimensional
Cartesion geometry (Fig 20 (J&. The m-
tial thermal structwre of an ocean basin is
calculated using the solrhion for a moving
plate, whereas the thermal structre of the
cratonic Ithosphere is cakulated using the
half-gpace soltion and asmuming that the

Fig. 1. Location of hot spots [tnangles), cratars
[gray shading|, and plate boundares [gray Line).
The boundaries of crators are defined sesmicaly:
thery craumecribe regions of S20RTS at 100 km
depth where the shear wene weloctty perturba-
tion fom the PREM model & 4% or Larger. The
hatpots are taken from the st ompiled by Seep
120 The miraplate “Aficn hot spots”™ ae denat-
edby white trangles |afrl, Ahaggar, afZ, Thestr
afd Jebel Mara afrd, Cape Verde: ok 5 Canary:
ath, Mt Careroom afr?, Vema aff Vicorix
ard a9, Comores), & are the “South Armerican”
hotspats [sal, Femando; =a2, Amold and a3,
Trindad] "Pate Boundary™ hot spots are den ated

with black triangles [pb1, fscermiort pb2, 5t Helena pb3, Tristan da Cunher pbd, Decovery; and

pbE, Afar
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Ag. 2. The termperature anormal es [adisbatc

ature prafle remowed) and velocity fields fram -
latiors with a step change n Lithespheric thickness.
The width of the ooran bes n [thin Lithosphere] B G600
&) and 1800 km [B] I each caoulation, the width af
the oosan bes'n s fixed throughout tme. Bath panels
are taken 530 My after the mitid condition. The termr
pord evdution of the clalation n pael [B] &
shown n [C] and D] at 20 My and 100 My after the
nitia condition, respect rel y. The parameters wed N
these calculatiors ae described N the text and notes.
Becare of the symmetry of the baundary cond o,
orly the left haf of the ocsan bmin & shown; the
solution cn be reflected dbout the left edge of the
rodel. Because the flow & confned to the upper
mantle, only a sbregion of the the cacodation &
showrt the width and depth of the caoulation extend
ta 2890 km
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. 3. [4] Horzonial cross sections through S20RTS at at depths of 100,
5&1 .:n:l& k. Relatre high - and hw@iﬂ.uci'l;- regios ae ndicaied by
blue and red, respectrely, with an mtersty that & poporbona ta the
armplrude of the welocTty perturbation fom the PREM. Green Lines represent
plate boundares. White Lnes croument regoms nthe mmie where he

o

seumic velocity at a depth of 100 km & Larger than in the PREM by 2% or
rore. These reghions oughly ot ne the location of Precambrian oators [B)
& 140 -wide crom section through SA0RTS across Sauth Amenca and
sathern 4fica The green crdes ndicae locations of eathquaes n he
Harard Centroid Morment Tersor catalog,
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cratan & nniformly 500 million years { by}
ald (JJ) The model also contins saolid-
solid phase transformatons at 410 and &0
km depth (12), which confine edge-driven
caonvection to the npper mantle (f3) The
viscosity of the fluid depends on presswe
and temperature, fallowing, the creep prap-
ertes of olrine { J4). The location of the
craton with respect o the sdges of the
computatom] domain 1s fixed in each cal-
culation. The distince betoeen the edge of
the craton and the ocean ndge 15 vaned
from 400 o 1800 km in a series of calcu-
lations to stody the pattern of the small-
scale flow as the width of the ocean basin is
IncTea sed

When the ocean basin is mrmow (Fig,
2AL anupwelling forms along the edge of
the computational domain, which repre-
sents the ceniml spreading axve of the acean
basin A downwelling forms beneath the
cmaton, shghtly on the craton side of the
craton-ocean margin. As the width of the
ocean basin increases wath hme (Fig. 2B,
the upwelling moves off the spreading axis
while the dowmvelling remams fived with
respect ©o the cratorocean boundary. The
resulting edge- driven convechon cell 15, at
mest, 300 to 1000 km wide regardless of
the lacation of the craton. Edge- drwen con-
vecton reaches a peak welocity of about 30
mm'year at an elapsed time of about 50 to
100 My, After 100 By, the wigor of the
flow slowly decreases. The cratonic oot in
our model is cold and hence more viscous
than the surmounding mamtle. This & suffi-
cint to stablize a cratonic root for wp to a
billion years (/5) We mfer that the in-
traplate African and Sowth American hot-
spots (denoted by o hite triangles in Fig. 11,
which are located 600 40 1000 km from the
margins of the African and Sowth American
cratons, are the swrface manifestation of the
upwelling flow seen in the edgedriven
canvection model (Fig. 2}, and not deep
mantle plumes. Bacamse Africa is thonght
to have rmmained nearly statonary with
respect fo the deep mantle (18 1, edge-driv-
en convection may be saser to detect nnder
African than at moving cratons, whens the
plate-scale flow could significantly alier
the pattern of edge- driven flow

Although previows studes of edze-driv-
en convection have focused on the hot,
upwelling flow, downwelling flow dizectly
beneath the margin of the cratonic litho-
sphete is also a chamacie st component of
edge-driven convection ( 5—5). Thess down-
wellngs form beneath the marzins of the
thick cratonic Ithosphere and have a simi-
lar magnrude thermal anomaly {althoungh
of opposite sign) %o the upwellings. Evi-
dence for downwellmg flow associated
with edge- driven convecton is mow avail-
ahle throngh the recently derived seismic
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tomographic model, SXNRTS (Fig. 31 (17
At 350 km depth, model S20RTE yields an
ehngied, | to 2% highvelocty anomaly
benesath the Aflantc ccast of Afica and,
albeit with a lower amplitnde, a high-ve-
locity anomaly in the tansiton zone, locat-
ed beneath eastern Brazil and the central
Atlantic Ocean These anoma lies are nearly
equally as strong as hghvelacity anoma-
lies seen in SI0RTE beneath subduction
zane rezions 2z, Sonth America and the
western Pacfic) High shear velocrdy
anomalies are kcated at the eastern and
western flanks of the Sowth American and
African cratons, respectively, and they ex-
tend to about 600 ko depth (Fiz. 3). Res-
olution #ests indicate that the depth extent
of shear velocity anomalies m the tansition
zane & poorly resolved However, we can
rule ont the possiluldy that, doe %o incam-
plete data coverage, high-velocty struc-
tures m the nppermost 200 km of the man-
tle beneath cratons have been projected into
the tramsition zone [Web fig. 1 (18] Be-
cause subduction beneath Africa has mot
occwred since the Trnssic, we infer that
the high-velbcity structure reflects mantle
downwellngs bensath the western margin
of the West African, Conge, and Kaapvaal
cratons associated with edge-driven con-
vection The magnitude of the high shear
velocity anomalies are consstent with the
magnitude of the cold thermal anoma lies in
the numerical modek (abont 200%0% (1
It is imtrigning that in the Morth Atantic,
the youngest and narrowest part of the Athn-
tic basin, hot spots ocowr on the ridge avi
(Ieeland and Azores), while 1n the Central
and Southern Atlantic there are a significant
num ber of o ff- ridge hot spots | Bermuda, ka-
derma, Camry Ishnds, Cape Verde, Fernanda,
Amold Ssamount, Trndad, Mount Cam-
eroon, and Vema) Ths is also consistent
with the predictions of edge-driven convec-
tion. SXETS (J Tialso mdicates the pressnce
of a high-velocity anomaly in the 300 km
depth mange beneath the eastern TTmied
Sntes, which may be relited to the Bermuda
hot spot Although the anomaly is signifi-
cantly wealer than the African anomaly, ot
suzzests that edge-drven convection may be
responsible for other hot spots as well
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