New seismic model of the upper mantle beneath Africa

Jaman Ritsama
Handrk van Haijs
Seimmolopical Laboratory, Callornia reiLte of Technology, Fasackr, Calionia 91125, LSA

ABSTRACT

We present a seismic model of the upper 400 km of the mantle beneath A frica and sur-
rounding regions. This mode is constructed by invene modeling offundamental mode Raylegh
wave phme velocities (30-200 s ifor about8000 propagation paths. Among the most pronounced
anomalies are high shear velocity structures (m much m 6% higher than in the Preliminary
Reference Earth model ) beneath the Wat Afrimn, Congo, and Kalahari aratons that extend to
about 250 Km depth. Thesestructures have nearvertical margins acmas which the shear
velocity changes by s much m 6% over 300 km distance. Anomalous low shear velocities
(3%—4% lower than in the Preliminary Reference Earth hodel) structures are o bse rved
benenth the East African, Red Sea, and GulfofAden nfl, and beneath the northwestern I ndian
Ocean. Thess structures extend ton depth ofot lemt 250 kny Qur medel cannot be reconcled
with modek that invo ke a lnrge number of plume that have impingsd on the bnse of the litho
s phere, nor does owr sekmic model indicate that high-tem perature, kow-density material
benenth the lithosphereis respons ible for the uplift of southern Africa.

Foeywords: Africa, crvionic strcte, Easl Africon Rift, sesmic tomography, Ray leigh waves, shear

wave velocity.

[MTRODUCTION

The de ploymeni of new s=ismic stiions in
and amound Africa in the pasidecads has resu Had
in 2 sthslamial incease of high-qmlily recond
ings of semic wave propgation throngh the
mamle beneath Africa. These new s=ismic daty
emb b o improye modek ofseEmic simotune
bensath Africa. In this papst we pressnia new
thr=edimemsio ml mode] of ssizmic shear veloc-
Iy in 1he npper manile beneath Africa and swr-
rounding regions 1that has been constrocied by
tomographic imemsionof Rayleigh wave phase
velocily datr. Becanse om model area is only
one- minth of the Exrih’ssurfice ane, we can affod
fomse 2 significanily denser model prameter-
ization than globaliomographic imvesions (=g,
Li and Bomanowicz, 1995; Fhstems edal, 1995
Hence, we resolve shear velociy variations in
1he mamle beneath Africa with nnprecedsni=d
hieral tesohrion.

Although omt model is sctremely valmble 1o
relate diverse grologic femin and feckonic
processes with seismic structones in the des=p
mam ke, we imi onr inferpretatio nof the madal
with thefo llowing poims in mind: (13 the exciani
1o which Mesceoic and Cenczoic rifling proc-
esges in cental and easiern Africa (Fairhead,
1992 ; Frod=h] s1al ., 1994 affecied A rchean and
Prodeio zoic fermins that occupy lame regions of
waziarn and semthern Africa (Fig. 1y (2) the
thickne=s of cratons ; and ( 3) whet het anomaloms
thinning of the cratonic 1ihosphers & a viable
explamation for the nplifl of sonthern Africa
(o2, Drown and Girdler, 1980; Mybhde and
Robinson, 1994 ).
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SEIEMICSHEAR VELOCITY MODEL
FORTHEATRICANUPFER MANTLE
Raylrigh waves are ofen ns=d 1o det=rmine
semmic simcinne in the npper manile (=g,
Cichowicz and Graen, 1992 Van dar Le= and
Maled, 1997; Elstrom and Doiewonski, 1995;

Weovin et al, 19990 bacanss they propagais
emtirely within {he cmst and np p=r mamle, have
brgeamphindes compaed o body waoves (Fig, 21,
and are gene mlly well recorded 21 f2lessizmic
distances (>-3000 km ) aven when they ar= genet-
aled by modemte-size earthgqoakes. Forover,

Figure 1. Tactonic map of Africa. Cratonic prov inces are shaded lightgray; dark
shaded regions outline volza nic regions . Das hed lines indicate boation ot rifts,
triangles an= hotspot lboatians .and focal mechanisms are plotted ot = piceni=rs
of African =arthquakes thatoocurred in past20 yr.
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Figure 2. ¥ertical oo mpa ne nt reco rding s of July 23,1583, South Shetland Islands
marthquaks atstation SLA inSouth Africa. R=cording is kowpass filtersd =o that
anly signals with s=ismic periods longar than 30 = are retained. S=ismic
phas=s P. PP and & a re body wave phases  Rayleig h waves are large-amplitude
surface waves that po pagate along Earth's surao=and are reco rded well after
bady wave signals. Long-period Rayleigh wave signals pro pagate faster than
shorier period signals, causing dispersion af Ray lzigh waves into relatively

o ng wave tfrain.

the dispersion of Fayleigh wxes, camsedby the
fact1hat Ray leigh waves with diffarent fraquen
cies propgate with ditferent speads, provides
excellem consimims onthe variation of ssEmic
velocity withdepith.

Waamlyze fundamemal mode Ray leigh vave
data for pericds tanging from 40 40 200 5.
Ray kigh wave data for this period mnge con-
sirain s=ismic velocity stmctures 4o 2 depth of
abom1 400 km. We measure Rayleigh waves
phass velacili=s with the mode-branch sripping
mathad of Van Hedjz1 and Woodhonse { 1997 1.
1In this procedute, frequency-dependani phase
valoclies are measmred by cross-correlating
verlical camponen kbng-period srismograms
withsymhetic ssismograms. Thess recordings
are from digital broadand seismic instrmmenis
in Africa, Europe, and the Kliddle East. In order
{gmaximize the sampling of the npper manile
beneath Africa, we have analy=d racordings of

T=62s

134 paths

earthqmabes as small = ¥, =52 Datx for these
relitvely kny magnitds sarhqmakes are often
vary nseful and havebeen carsfully processedio
ez that only reliable phas ey slocity measme-
ments are retrined. Fuhermore, we have col-
lected a1l avaibble daty from global networls
(Global Setmic Metwork, GEQSCOPE ), ne-
gioml networks | Medblet, German Regioml
Semic networkland emporany semic deplay-
memsin Tanzniz and Smdi Arbiz. We cbtain
1he large sl numbet of phase velociy measune-
mems for the sharles! sesmic periods (40-62 51
when thesignak o noise ratio of Rayleigh waves
genemiad by small, shalkoy sadhqmbes i best.
Tanetheless, =ven for the =hibvely long period
of 150 =, we oixin mor= than 3600 high-quality
measuremeams 1 sonrce- receiver puihs thal are
wel | digtribured orver A frica (Fig. 30

The Earih’s c st has 2 streng inflnence on
Rayleigh vave popigation even a1 melatively

kong petiods. We account for the effects of swr-
face 1opography, ocean bathymetry, and hi=ml
variations of crstal 1thickness nsing 1he glokal
crusial mode] CTRUSTS. | derived by Mooney
el (1998 ) Corredlions for the crust are impar-
tant do acconm for the lage variation in crustal
thickness between oceans and continems. Lincer-
1ainty in the crustal thickness of as much as
10 km, as expecied for Africa, does nod signifi
camly affect 1the modeling of Rayleigh waves in
t=rms of s=izmic velocity strmcture (Van Heidjst,
19971 We imver! the crst-correcisd Rayleigh
wave phase velocity dda fora thee-dimensional
model of s hear velocity B llbwinga regiomalizad
varsion of the global imersion procedurs deval
oped by Van Heijsl (19970 Inthis procedunie, we
ammume {hat Ray leigh waves propagate along the
greatcitcl path between sonrce and receiver,
and that shear velocity varations are 1w times
stronget than P wave velocily variations. The
variztion of shear valocity with depih is paome-
erizad by 10 cverlapping spline functions 1hat
exiend 1o a depih of 400 km, and hisml shear
valocy varations are prameterizad by sutface
hatmaonic functions thal span 2 model regjon
between 6F 5 and 65 M and between 35°W and
T5°E. The seizmic mode] pesems sheaar velocily
variations with a latenl resohtion of abow
500 km. Depth resalmtion in the upper 250 km &
on the cidetof 50 km, bl 1 is considerably lower
a1 larger dapths.

Fignre 4 shows horizonfal and vertical cwss
sactions tThromgh fhe shear velocity model thatis
obdained afier inversion. A1 100 km d=pih, the
model mo=t clearly reveals the major geologic
provinces. Prominem high velocity velocity
simcttes am ez had beneath 1he West African,
Congo, and Kalahari cratons in Africa, and 1he
Baltic shield in northern Enrope. Faximom

3663 paths

Figur= 3. Path distribution of Ray l=igh waves forwhich phass velocity measurements at s=iz mic periods of 82,100, and 150 = hawe be=n mads.
Supsrposed kernels indicate Rayle igh wave s=nsitivity o s h=ar ve lboity (thick line] and P wawve velocity (dashed line] in upper mantle. Rayl=igh
waves with periods shorter than 62 s are primarily s=nsitive to s=ismic structure shallower than 250 km depth, whereas Rayleigh waves with
periods ko nger than 150 s a re == ns itive to seismic structu re well below 300 km depth.
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Figure 4. L=ft: Horizontal cross sections through s hear vekoity model ot 100 km, 150 km, 200 km,and 250 kmdepth. Thin lines
repres=nt plale boundaries and white fria ngles are hots pot boations. Right: Vertical cross sections acoss greatoircle pths fom
=a uthwestern Atlantic Ooc=an to southern Iran and fom cantral Atlantic Oo=an to c=niral Indian Oo=an. Scale ofseismic veloo ity
perturbation fom Preliminary Red= renoe Earth Model ranges from 6% o +6%. Dark cincles ae plotted at =arthquaks hypoo=ni=rs
prov ided in Harvard Centroid MomeniTensor catakg.

shear velocily permbations from 1he Prelimi-
nary Refarence Exrih Modsl (Dziewonski and
Anderson, 1951510 these stmcintes are abowm
@%. Low shear velocily stmeiures (3—4%
lowet than in 1he Prelimimry Refetence Earth
Flodel) are associated with mid-ocean ridges,
the Afaririple junction of the East A frican, Red
Sea, and Gulf of Aden ifs, and baclkare volcan
Emin the Mleditermnean. With increasing depth,
the amplilndes of thes= anomaliss diminish
quickly. Ala deapth of 250 km, shear valocity
permibations from 1he Praliminary Refetence
Earth Wodel ane < 195 —2%.

Smaller scale and kbwer amplitnde sxizmic
anomalies inchide the relatively high shear
valocily stmctures bansath Ezypt and beneath
Somakia adjpcem o the 6f regions of norhest
ern Africa. The progressively increasing shear
valociy from the somihwest 40 the norheast
ben=ih Sandi A nbia follows the dect=asing =ls-
vation of the A rbizn phie. High shear velocity
sirmnctne baneth the Zagros oogemic beHin Tran
i probably telded o subduction ofoceanic litho
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sphereduring the comvergence between the Afre
Ambianand Eurasizn plates ( Takin, 19721 High
shear velocily structnre is ako evidem hen=ath
Ttaly and Creece associzted with subdnction of
Africa under Enrasia (Spakman, 19911 Rela-
tively low shewr velocity strociunes coincide with
Creacecns 1ifs along the Beme Trongh 1hat
extend imo Migerand Chad (e g, Binls and Fair-
head, 1992, markinga clear s=pamiion betw=en
the Wasi Africin and Congp cratons. Al a depth
greatet than 100 km, ke shear velocity strociune
beneath the northwestern Indian Oosan exdends
far fram the mid-ocean ridge and possibly con
neck with low-velocity stmcinre beneath the
EasiAfrican ifland the Red 5Sea rifi.

Wertical crom sections demonstrate that the
margins of 1he high shear velocity strnciures
beneath cratons are st=ep and that the chear
velocily changes acoss these margins ame a
least &% over 500 km distance. The Tanzania
craion is aboui 50-80 km thinner than the
Congp and Falahar cratons. Low shear velocity
maierial from 1the Easi African rifl may have

pensimied beneath 1he base of the lithos phete
nundet the Tanzania craton. However, complede
ercsion ofthe beelof Tanznia craion by the East
African rifi can be mled o, in accond with the
sindy by Rilsema etal (1998

DISCUSSION

The presence of high velocities benzath
crioms in om suface wave mode] is comsistem
with tegioml body wave modaling resmhs (=g,
Thao = al,, 1999% and with mesulis from the
sindy of mam e xenoliths (Rudnick =1 al, 1998},
dizmondiferons Limbetlies (=g, Boyd et al,,
19253, and surfice head flony (M yblade =t al, 1990)
thal suggest that cato mic mamle femperatnes ane
anomalomly low. We sstimie that the thickness
of the Wes1 African, Congp, and Kakhari cra-
s & abont 230 km, simikr o the thicknass of
cralons in other 1agions of 1he warld (=g, Van
Hedjst, 1997; Elztrom and Dziewonski, 1996,
This indicates 1hat the African lit hos phere has not
been sigmificanily smodad by rifling processas
duringihe past 200m . Furthetmore, we conclnde
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1hai the elevation of seuthern Africa (Hybhde
and Robimson, 19941 is nod snpporied by warm
and low-density material in the npper manile
ben=ath the craton. Chir dala canned add ness
whether the uplifl i cansed by 2 boad thetmal
anomaly in the lower manile (e g, Lithgms-
Dertelloni and Silver, 1998

Excepl for the active tfl regions in noth-
eazizin Africa, wedo nol reso e anomalons low-
velocity stroctntes bensath the hosphers. 1 is
thewetor unlikely thai spreading pome heads o
1he base of the lithos phete are res ponsible for
plate-wide hotspot volcamism in Africa (Burke,
1995 ). The anly significam broad bw-velcily
sirnctures in The upper mamle are located baneth
the Afar region and 1he East African ifi, which
extend imo the nodhy e tern Indian Ccean. This
ohssrvation & comsistent with the modeling re-
:ulﬁn:-'EEb'ing:r:.n:lElepl: 1968 ), whio sngpestied
that hod material o rigimating froma single plume
ben=dh Africa flows along the stiff Africancr-
tonic boundaries into the Indian Ocean and ima
the African confinem. This material reaches 1he
Earth's surfaceby popagating through the litho
sphet= along weak (prerified) zones.

COMCLUSIONS

From mote than 8000 surface wave phase
valocily memuremams wing stations in Afica,
Enrape, and the Kliddle East, we comstmcisd a
shaar velocity model of the upper 400 km of 1he
mam e beneath Africa and suronnding regjons.
High-velocity stricmres (as much as 6% higher
thanin the Preliminary Refewnce Exrth Models
benzath the cratons and low-velocity structne
benedh mid-ocan ridges, sowhern Enrope, 1he
Red Sea rift, and the A fur region 39— 4% lower
thanin the Preliminary Refewnce Exrth Models
ar= the mos1 anomalons feamres of the model.
The cratons are ~250 km thick. Significam kow-
velocity stmotures ai depths greader than 130 km
are prasem only bensath nordheasiern Africa and
the northwestiern Indizn Cosan.
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