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Kaapvaal Seismic Group
ii 2OO'i GV4>IC>K'̂ -II1 Sttck-iy iif South Africa

M,'ismii' aniMUrupy ol IIK- MHitliurn .Mricaii iiianik- Inim Ixiili >lifar-u.i\(.* .spliiiiii;' :ini.l .Mirlacc wavi.' nli.M.T\';ilions

i conMr.iini.s on intnlt's ol' iii;inlk- ik-loniiaiioti Ivncaih ihis amicni tdiiiinfiil. WV liiu! lli.il IIK* maiilk* ani.solropy

hciK'iiih MIUIIKTII .M'rica \s tiutiiinalt-ti by (k-loiiu.iiioiKil I'Vftiis in ,\rcln.Mn iinii.'.s iKiiirrin;; wiiliin llu' lilliivsplKTi", nilhi-'r tlian

prfM-ni-iby priKi'>M'> in ilii' suhliilmsplRTit- iiianik-. <..iinsi.'(]in-iilly. IIK- liiMriinilion LituI iiiai;niUKk' ulaniMHropy provitk* vakiahk'

tl;il;i lo lonslrain IIR' iiianik-'s rnk- in llif It'tlonii* t'\t)liilioii ot [|li^ rcjiinn.

•['IK- p.iili.Tn cil num[k' :ini>oiropy ri'Vfuls .̂ ĉ .̂•nll tn>ii'\\onliy tlutr.iili.Ti-.liis. l"irst, tnanilc anisotropy is i losdy asM>ti;iiL'tl wiili

iht- Circal Dyke ol IIK- /.inibahwe Cralon. wiiii valni-s ni ihc splitiinj; liisi polari/alion iliretUon. <l>. p.iralli.-i lo the Dyke, This

a)rres|X)iidente uiili ihe Cireal Dyke is liki-ly nol dui- lo [In.* pivsunl-tiay Dyke sirmuin* hiii in^ieaii is iiidvl prohahly due lo ihe

cinplan'tiK'Hi (ililii- Dyke p;ii.ilk'l lo preexisiin.u inanlli.' labrii- wiiliin tin- Zinihahwi.' inimn. This ileforni.iiion ihiis pretlaies ilike

eniplaiemenl ami î  no yoiin,i'iT ilun Nuo Anhi'aii in a,ne. .Scionil. ihere is a spaiially oiniinuoiis MV ot inLnitli.- .iiilsoiropy (.•\iftiilin,n

Ironi IIK' wcsiern Kaap\Li:tl Cr.iuin to IIK- iiorihi.Ms|i-rn Kaap\aal aiul l.ini|»i|X) Ilt-ll. All atoni; ilii- .\fc. </> is siihparalli-l to IIK- iri'iul

(it' iht' are, Ciiwn IIK- enisi nutiik' thronolnjjy asMH i;iii'ii with iht'M' re;;ions. ilie iinisoiropy likely n.-presenls ilerorm.ilion lli.il

(K'fiirreil at -2.9 lo ~l.(i (ia diiiin,!; iollision:il luvri-iinn ul hoili ihe weslern Kiinht-rk-y ami nonlK-rn l'ii.'[(.Tshitr,n blocks onio ihe

sci.smic.illy i.s(im>pie ea.slem sliit-Ui of ihe Kaap\aal. wiili Lieen-'lion on [lit- nonhi-rn r.niipans of ilif Kaapv;i;il ultimately tiilminaiing

in the Neo-.Nrthean Limpopo omni'ii. IIK- :ini->o[ropy inltTri'tl are nt' di-lonn.itioii reviMis diviTse z<im.-s cil" l>otli sironj: ami weak

aiupiin^ heiwfi'ii thf mist ;iiui niaiille. as ineasiiad In' llit- tolieriMnv iK-twcL-ii tiiaiilk- di'tormatinn and jjeolojiieally-inlerretl

surface (k-forniaiion. In p.iniml.ir. tliLTi' is hij.;li loliereiHv iK-lwi-fii siirlatv ami manlle deformation at the .southwestern and

northeastern (.-mis ol IIR- arc. which inipltivs sirmiii <nisi-mantk' i.ouj)lin>{ in tlu-se regions. Conversrly. :ipp.ia-iit ik'oiuplinji rxisi.s

in tile nonlnvesti'in ponion ol ihe arc. wlu-re nonlK-ast to soiithwesE [n-ndin;' anisoiropy cut.s across imrth to soulli trending;

.structures. Mich as ihe surlaie outcrop ami aLToiiiai;netic e.\pn:s.sion.s of IIR- Kraaipan GrccnMoriL- Ik'lls. Intlepeiuleiil seismic

L'viik-ncr Irnm seismic relk'ction profiling supports the lotuiusions ihat llie.-.t- north-south-trunilini; cnisial features are .su|XTficiaI

and cnntliK-il lo ihe ujiper tnisi.

Wf present cvklence that ihe inanili' labrii- proilucin,n seismic anisoiropy constitutes lo.ssil sintcturc in ihe riiamk' ihai i.s

subseqiR'Eiily reacti\aied. niticli like ihe more commonly ackno\\ledi;ed reacti\'ation ot crtisial siruciures. In panicular. we ar>;ue

that Neo-.\rthean collisional (iro^jenesis impaned a mechanical anisotropy lo the mantle that controlled the suhse[|uent luagmatic

history of eratonic southern Africa. We furtlierniore su^e.si ihal four major I'recamhrian niagiuatic evenLs: the Great Dyke, the
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X'entersdorp. Itushvekl. antl ihe Soutpansher}'. all represent e.\tensi(inal failure a|cin,n planes orienk\l parallel to the local s

fiisi polariz.ition direciion. I'ach of these evenis is interpreted to be a eollisional rifl. similar to ihe ILiikal rifl of nunhern I;urasia.

where ihe stre.ss fieki asscK-iaietl witli collisitHi prtKluces e.\tension ami riftin.n for orientatiotis at a small anjik- lo the direction of

the collision. Precise cnistal jieochronnlo^iy assiniates Innh Wntersdorp and Cireal Dyke mai;matisni with the earliest aiul late.st

phase.s of ihe Liiupo|>o lollisinn, respeciively. Similarly, ihe Husli\ekl mLiL^niatic e\enl is temporally linked to the ~ 2.1) Oa

reactivation of Ne<»-/\rcliean stniciures in the Liin|X)[>o and surniundinf* areas by the .Ma^ondi ()r<»};en. and the SoutpanslK'rj; is

related to the -1.9 Oa Kheis Ornj-en. Since the liniini; of these basaltic ininisi<ins is conirolleil by temporal variations in lilliospheric

stress a.ssoiialed witli oro;4enesis. it implies eilher that the meltinv; process is genetically reiaii-d to the e\okition of the far-fiekl

collision. f>r that there was a setni-pennanenl reservoir of basaltic majitna residinj; in the sublilliospheric manlle during die

-1 billion-year time |H-rioil spanned Iiy these ma.umatic events. The existence of an extensive mai:tna reservoir would ari;ue for

elevateil temperatures just bencMlh ihe lithosphere ilurin;; iliis lime.

Splitting tielay times. 6l. a mea.sure of the majiniliide of anisotropy, reveal j;e()k)}iically controlled variations in the slrenj;th of

anisotropy. In panicular. the .Meso-Archean Kaapvaal shield, the area that v\;is not e.\|>oseil to -2,'J d.i ami l.iler i.kfonii.ition.il

events, is elfeclively isoiropic. We observe two areas where the anisoiropii' isoirnjiic inmsiiion is relalively sharp. The notih-soiiili

Ixnindary appears to coinckk- w iih ihe easi vve.st tretldinj; 'Ihabazimbi-.Murthison l.itieameni. hi the west, the boundarv' has been

observed in ihe vicinity of Kimberley. ."^outli .Africa, near the OoleslKTI; .Mai;iR-tic l.iiKMinenl. The luistern Shiekl has been relatively

(.k-vtiitl o! ihe kitul ol riltint; and ma,^matic events seen elsewhere in cr.iumic sotuhern .\hica since ihe .\k-.so-.\ichean. sui;iji.'.siinf;

ihal the llasiem Shiekl lithospheri.' is mechanically Mron^ei tli.iti sunouiKlin}: areas. This relative stienj;th iliffereiice m.iv iti p.m be

due to the absence of the mechanical anisotrojiy inlerred lor the surnnuKlini; areas.

Introduction
What (listinj-uislies .Xrclican cratoivs from other kinds of
foniinenuil liiho.sphere?, Ihis sitiiik* [|uestinn has
otcupied Haiili Scientists tor tk'iailes. anil eonliniies to
tlo M). While we have not yet obtained a satist';ntor\-
answer lc> this (|itc.stion. tlicre is hroaci :ij;rci:tnctu tliat it
is tlie nianilc. aiitl tlie mantle s intcf.iction with ilie cru.st.
that is fuiulainenially dilfcietii. I'or e.xatnple. ihe
icctosplKTc niock'l lor the tieatioti of Archean craioas
(Jortlail. 19~S: l'JSS). [losils ihe exisU'iue of a buoyant,
highly relractoiy ba.salt-clepletetl niatille root tliat serves
to stabilize, sircn^thcti. aticl thn.s increase the
siir\'ivahiliiy of aiuient Htliospheie. Snuthern .MVit,'a is
l>aiticiilarly xatuahk* in [iro\it!itiii ntce.ss lo iliis inanlk-
component. Tlie ahutitlancc ol' kiniherlilc noclules from
the niantk" and crust has hati a (.Irainatit impact on our
uiKlcrstaiulinti olt iaionic souihern Africa. I'he Ka;ip\aal
Project, and in particuiar llie tieployinctil of llic
Soiitiiern African Seismic IlxperiiiR'iU. has allowed for an
unprecedeiitecl examination ol ihe lithospherk iiiantk*
henuatli an Atclieati cralon.

Despiie tiic mantle's central imporiatue to
un<.k'rst;mtlin.n cratons. the tectonic hi.stoiA of the reunion
has. of nece.ssity. Ix-en prim;irily tlcrivccl from the
.ueokjiiy of crustal rocks, (ilvcn the iinportance of
tlic matuk", it is e.sseniial to ohiaiti the tectonic liistorv'
of ihc cnuonic mantle. We .suck answers to .several
(juesiions. ['or example, we sec tcnaiie houiularies :ii
the surface. Are these litliosfilierie hountlaries or are
they .supcrncial. upper cni.stal features? .More ^-eiierally.
(.lo the cru.si aiitl tnanilc evolve atul tlL-form as a
(.•ohureiit iinii. in a way itlcalizctl b\' a tliin \iscous shcei.
or tio they hcha\e dilTcrL-iuly. tluc to compositional ;uul
niincnilojiical differences in rheolo_i>y. Do thi.-\'
have a (.lisiinctly iliflercnt histoiy? As with tin.- î e
stiitly c)f the cnist. we* .veek fossil indicators [ireseiAed in
tlie lithospheric manlle tliat may provitle coiisiraints on
thi.s histoi-\'.

'liiere are \arious seismic stntctinvs ihat could be
as mantle fossil intiitalors. One siicli indicator is

ihc presence of seismic retlcctors. tlenotini; /ones of
hi.yh impetlaiue cotilrast that can be inlerpretei.1 as
changes in eithei' mineraloyy or i'om|iosition. I'or
example ihe .Moho has been mapped betieath southern
Africa (Niiuuri li a/, i i i n l i , ;inil is clearly ,neoloi;ically
controlletl. Uelleitors interpretctl as ancieni tlippin.u
slabs h;i\e been reporteti usinj- tiaia from the Sla\e
Cniton illosiock. 199"). We ha\e larefully examineil the
disioniinuiiy siruciure of ihe upper mantle (between
the .\loho and ilOkm tieptli) henealh the Kaapvaal
Cratoti for features similar to those fouiul beneath tlie
Slaw cralon. A systumalic cxamitiation of these data,
liowcwr. ru\cak-ci a \L't"V' simple upper iinintk-. wiih no
eviileiice for ecjuivalent relleciors (tlao ct <i!.. 2002).

.•\nollK-r particularly valuable way to access tlie
tcctonk' hi.stor\" of the tnantk- is ihrouiih the study ot
mantle seistiik" anisotropy. Ihe anisotropy of the
lithospheric manlle retlects strain-inducetl fabric that.
C(»iiplt,"cl with a\al!abk' ;icoclironolo_iiy. pro\ ities
constraints on the structut-al-.u>.'olo,i'ical Iiistor\' of mantle
cleformation. One ma\' then proceed, like a structural
jieologisi wluwc field area is the mantle, by attempting
to infer tt)c- utulerlyitiij process ihat let! to the
tieformation. antl then comparing; this .structure to
structures in the cntsl. Al.scj, as with the cnist. this fabric
is not oniy an indicator of [last tk-forniation. Inn it may
also motiulate subse(|uenl deformation.

As we will .see. the mantle fabric tierivetl from
seismic anisotropy is dominated h\ the nov\-v\ell-
tlocumenteti -2.9 (la anti later Neo-Archean collision
between the I'astern K;uip\;uil Sliield and surrountlinji
cratotiic tejiions to the west atid tiorih. '!"lie patterti of
deformation is much simpler than that inferreil from
crustal rocks, aiul reveals rei^lons of coherent
tleformation between cru.st antl mantle, and lei^ions thai
tlo noi tlisplay this correspontlence. We show that this
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manik' f';tlii'ic [irocItKL'tl (irifntetl iiKrliimical wciikncss
(nicdiaiiical ani-s()irn|iy) in MIL- iiianik-. ;IIKI iliat this
labric wa.s rcacli\aiccl during lour -suli>t.-t|UL-nt lart̂ L'-stalt-

' atiii maiiMiatic c\cnt.s: tlii.* Givai Dykt-.
. Huslncki. and .Sdiitpanslvrg,

Sui.sniic \'cl()cilics :irc a iLinclion ol [iropai^aiion aiitl
p()l;irizaii()n tlircction and this tlcpL-iidctux' is rL-Ifiivtl to
a.s sci-smif aiiis()ir(i|iy. Suisniic anisotropy in tliL- mantk'
is most like-l\' due to latticc-prcrL-nvti oriL-ntatidii (I,P())
in niantk- minerals, primarily olivinL*. which is produced
by finite .strain in the mantk* (i.e.. Silver anti Chan. I9SS:
Kihe. 1989: Kaiato and \\u. IW3) I-xten>i\e knowlcd.m.-
conceriiini; the relationship hetweeii I.l'O antI strain
permits inference of the mantle tlelbrniatitiii field usiiii;
ohsenations of sei.smic anisotrop). One pariiculariy
rohuM nianilcstation ol" seismic anisotropy is referretl lo
as shear-w:ive splittitii^. With shear w;i\c- splitting, a
shear wave propa.uatinj^ [liiou^yh an aiii.sotiopic medium
is split into two (]uasi-shear wa\es with oilhojional
polarizations atitl ililTerinî  xelociiies. The orientation
and niaĵ nitucle of the aiii.sotropii- layer can then he
characterized In' a last piilariz;itioii direction. (f>. and
delay time. 5/. Iln.- plK-mnnenon is analoj^ous to the
opiical hiielrini-eiHe exhihited hy certain minerals such
as calciie or ()li\ine. I'or wrtically-propajiatini; shear
waxes, in a sitiiple anisotiofiic system, and lor a
shear How characterized b\' a horizontal Mow line
(linenlion tlirectioni. th will be orieiitetl [laiallel to the
How line. antI ^/will be pri)[iortional to the protkict of
the thickness ami intiinsic anisotropy of the layer.

There are two sources of dL-torination that are
expected to dominate contributions to mantle
anisotro[iy: litho.splK-iic ileloiniation antl astheno.spheric
tieforination. The simplest Ibrm ol the first type is
referred to as \crtically loheix-nt tlelbrmation of
tlie lithospht-re (SiKer. l9'Xi). which is itk-alized by the
i.k'1'oriiiation of a thin \i>cous sheet (luij^lantl antI
McKenzie. I9<'̂ 2i. antI characterizeti b\' a \ertical xelocity
gratlient afiproaching zero ISiher. 199()). in this case the
crust and mantle cieforin coherently. This kind of
anisotropy is most (.-Ific iently i^enerated by
transpressional delbnnation. piotlucini^ a \eriical shear
plane and horizontal How line- Asthenospheric
deform;ition may In- itleali/cd by simple asthenospheric
How. lepresentini; tile horizontal .shear Mow Ix'twx'en
two hi^h-viscosity layers: the lithosphere abo\i.- and
Mibasthenosplieric mantle below (c. .t,',. \iniiik rl iiL.
199S). it is characterized by a hotizontal shear plane and
horizontal Mow line. In the ca.se of \ertically coherent
tleforiiiation. the surface strain fiekl can be used as a
pretlictor of the mantle llekl. In simple asthenospheric
How. the orientation of sliear (anti hence <!>) is paralk-l
to the differential \elocity vector betwrt-n the
lithosphere above antl high-viscosit)' mantle bi-low
(Silver and Holt. JOOi).

Mxampk's of eaeli type of (onirilnition. as WL'II as the
presence of lioth. exist throughout ihe workl. An
extelleiit exam|ile of vertically colierent deformation is
the tnantle tlelbnnation of the Tibttan I'lateau. in

response to the Indla-Kiirasian collision (McNaniara
(•/<•//.. 1991: Sil\er el ai. 19'W: Holt. iOOO), Western
Nonh .America ct)rresponds to a reĵ ion tliat is tloininated
by simple asthenospheric How. where the
subasthenospheric mantle is nio\iiig io the east with a
\'elocity ol" about Sciii yr (McNaniara cl nl.. 199i:
Silver ct al.. 1999: Holt. 2()()0). liastern North
.America possesses ihatacteristics of both niotiels. with
a component of sublithospheric mantle How arotind a
continental keel, combinetl with a clear signature of
\ettically coherent defbrtiiation within the lithospliere in
some rejiions <i"ouch cl nl.. iOOU).

Southern /Vfrlcan ninntlc anisotropy
The Southern .African Seismic l:X[KTiinent (SASli) has
permittei.i the iinprecL'dente<l sampling of the seismic
properties ol the lithospheric mantle (c-.y.. (Carlson cl nl..
199(i: i'reybourjier cm/.. 201)1; janies cl nl.. 2001: N.miuri
cinl.. 2001; Silver el nl.. 2001: Gao el nl.. 2002: Niu and
janies. 2002: Saltzer. 2002: I'ouch el nl.. 200 la: b). In the
following;, we focus on those .stutlies that have analyzed
seismic ani.sotropy.

Shear-wave splitthi}' ohservtitifttis

.As obser\'ed by Silver ct nl. (2001). mantle anisotropy
has been obsei^ed throut^hout the Western Ka;tp\aal.
Zimbabwe (Iraton. and l.ini|iopo belt but is only weakly
present in the eastern Kaap\aal Shiekl and off-craton to
the south antI west (Fii^ure 1). The \'aliie.s of (f> exhibit
systematic spatial variations. In ihe southwestern
Kaap\aal the\- are rouj;hl\' nonii-nortlieast to south-
soutliwest. rotate to nortiieast-southwe.st further north.
anti to nearly ea.st-we.st in the tiortheastern pan of tiie
craton. inciutlinj; the Limpopo belt. Just north of
the Liinpo|io. there are sexeral stations in the \icinit\'
of the Great Dyke witii 0 \alues orientetl north-
northea.st to .south-southwest. \;ikies of </» ranĵ e from
about 0" to K()° (clockwise iVoni noiili). and 8l values Ibr
the entire rejiion are small. Where tietecteti. fil is roughly
half of the global average of 1.(1 s (Silver et ni. 2001).
aiul splitting w;is nol tietecteti at -2^"Ai of the stations.
.An assessment of the cru.stal contribution (through the
analysis of splittitii» in I'-to-S conversions from
the Molio). sugge.st.s that the contribution to 6l is
primaril)' from the mantle, with the criistal component
estiiiiatetl to be about 20"ii of the total splitting \akie
(Silver el at.. 2001),

'ihere are clear regional \aiiations in the size of
splitting tlela\- times within cratonic .southern Africa. As
noteti by SiKer cl nl. (2001). while there is obseivable
anisotropy in the north antI west of the craton. the
eastern shield î  effecti\el\ isotropic. The lateral
tran.sitioii between siroiig aiitl weak anisotropy is fairly
abrupt in some places, i'or example, there is a clear
north-south transition that is approximately coincitlent
wiih the 1A\' tretiding Thabaziiiibi-Murcliison Lineament
(TMI.) (figuie I). In atklition. in tiie central Kaa|i\aal
there is evidence for a sharp ininsitiori in fabric streiigtli,
basetl on tl:ii:i from the hi'.ih-re-solutinn Kiniberlev

.sot tti .-\1 Ktt:AN jot KN.At. Ot-
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rif>urc 1. Miip sinnvinj" oricnuilions of >luMr \v:ivv ^plillin>; Hisi |xilari/:i(i(>n t.lia-ilii)n,s. </». tnim ilic K:i;ip\ii:il .Visniii- Army (hl:ii.k l>;irs)

.IIHI tVimi lliL' lui;li-ri.'MiKiii»)n KiiiilHTk-y Si-isiiik- Arr.iy (yi-llow l);ir, army ;IVI.T.IH<,'). Only liinln.-M-(Hi;iliiy spliiliii>; miMMiK-nK'nls .in- -slmwii.

I'lirpk- ilots rcprcM-iir ini.'asiir<.*iin.'iiis wiih /t-ri) or near-zero .splilliii}; (k'lay limes. Also sliown art- rek-vaiil •̂(.•<i!iii;ii.al kMlurtw Ahhrcviaikiris:

TML: niah-i/iiiihi Muriliisoii l.iiuMinei^l. C:i,: c:<)k*>lH.TH Lincami-'ni. KtlM: Krajjpan Greenstone Itells. SZ. >lie;ir /one. Major rifl systems willi

h.is:i][ii.' m:iKiiiaiism: Cireai Dyke, X'enlerstlorp Isiirlaie ex|X)siires NIIOWM), ItiisliveM anil SoiilpaiislxTj; ^llo\vn in reil. Tin.* splillin^; reveals

several inlereslin^ kMliires: (1) an are of values ul *f> from tlie souilmestern Kaapvaal iratoii to the Litii|>opo am! northern Kaapvaal Oaton,

with <}> parallel lo the trend of the are. (2t Vakii-s of tf> that are parallel to llie llreat Dyke iti llie Ziiiibalme tralon. ( 3 ' Hii-" contrast Ivtwcvn

relatively weak anisntnipy within the eastern Kaap%aa1 sliielii. anil Mronjjer aniMitn)py in MirnnimiinH area.-, to tlu- we.M anil tionh.

(afler Silver cl til.. 2lKl| I.

Scistnif AtT.ty (KSA. Foiich cl ul.. 2(K)-iI>), which coiisi.sis
of ,11 M;iliotis wiih ati apL-tiutv of ;ili<>ut fiOx-iOktn. As
showti in rijitirt' 2. ihcrc is :t rctnarkahly .syslciiiatic
variaiicJti in SKS splinitii" delay liiiu- across ihc array,
from tiorthwfsi to siniilic;isi. ilccrcasitii; tVotii ahdul O.K
1(1 0.2 s oxLT otily <̂)0 kiloiiK'ifrs. Ik-caiisc of the- stnall

of ihc army, ihcsc \ariali(>ti.>i in s[>liilinj;
tiuisi rusull iVoni tlitYcrenccs in Mihosphcric

tnantlc lahric.

Surface tvave nuisotropy
A simly ol nuMal anti azitiuiihal atiisoiropy in .surHicc
\va\fs rc\'cals ihc followitii; characlcrisiics. lirst. the
tiiaj^nimtics of anisolropy inferred from llie surfiice imd
IicKly \v;t\e data sets are cotiiixitilili* (t'.i^.. I'reyhoitrjier
(•/ ///., 2001; Salizer, 2002). Ati itiie^ral of llie surface-
wave tiiodel yickl.s a sitrface-wave-ilcrived esiiinaie of
the spliltitij; delay lime ol O.Os. wliich is essentially tiie
•satiie as llie averaye spliiiiny tlelay litiie. Ihe average
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I-lgurc 3. Omiparisdn nf Kaainaal Seismic Array Nliear wave spliitiiiH results vvilli absolute plaie niolinn (afler Silver (•/«/.. 2001), Ohserved

values (cl(x.'kwise from nnrlli) of t/» (filled circles) for stations shown in Fij»urc 1 (liighesl (|ua[iiy). exdudinj; lliree ninlliTs |salO. sa2S, and

sa77 willi (lalitiide. </>) - (-3'>.97,-i2), (-27.90.-67) and (-20.76, -3U res|>eeti\elyt. and prediaetl values of r/» from abM)lnte plaie nioiion

(AI'M) itimlel II.S3-Nt'\'I!L1A (tower open circles) and newer HS,S-NtA'l̂ M.X (ujiper O|H'I) cirtlesl, AI'Nt-prediciitl \aiuc•^ .ilso >liow

systematic latitudinal dependence, Init wliicli is ili.stincity different from llie ilata. Note lliar Ixiih plale-motion iiiinlels provi<.le a poor Cn to

the data.

subastheni)S|iheric mantle, I'or e.\ample. we can assume
tluu [he sul)as[hen()splieric mantle is fixed in a hotspot
teference frame. l*"igure 3 shows the ()bser\ed \alues of
(/> as a function of latitude, as wvll as the predictions
from two models for this case: \l'\i"I,-HS2-lA (Gripp
and Gordon. IWO). and a newer mode! NUVFL-1IS3-IA
(Gri[>p and Crordon. 2002). The ear!ier mode! tna!<es
prec!icti()ns that are consistent witli .sonie of [!ie
()Iwer\'ati()ns (where the two trent!s cross, at !atitudes of
-2K° atui -20°), but it fai!s to account for the overall
trend in (/». 'Hie tnore recent plate-motion model is an
even poorer fit to tlie o!iser\a[ions. It is itnportant to
point out t!iat t!ie alisoliue \eU)ciiy of Africa is ti<)[ we!!
con.strainet!. sitice Africa pta[e velocities are ver\' low;
these two model.s are no[ sigtiificantly t!ifferetit from
each other, nor are they significantly diflerL-rii from a
\'elociiy of zero for the African plate (Gripp aiid Gortion.
2002). However, virtually any [ilaie-motion model would
yield a !inear trent! in I'igure 1. aiu! t!ius lit the t!ata
poorly. Another possiiiility is t!iat t!ie subastlienosplieric
tiiant!e beneath soLit!iern Africa is no[ fixeti in a Iiotspoi
reference frame, !iiii iii motion, hitieed analysis of
splitting for oceanic stations surroutiding southern Africa
reveals the intliience of a !arge-sca!e lower-inantlc
up\\e!!itig (Behn ci a!.. 2003). H()we\er. [he inferrett

extent of IIK* anisoiropy inferred from surface
waves intlicate.s that ii is pritiuirily of mantle ori^iti and
is localized wiiliin the litliosphere to depths no j;re;uer
ihan 22()km. 'I'liere was no c!e[eci:ihle azinuiihal
anisoiropy when avenij>ed over the entire data set. This
ohser^alion is consistent with ihe larjie ranjje of splittinj^
fast polarization directions founti throuj^liotit the regions
that liavc likely heen avenij^etl out in ilie siirf;Re-wa\e
analy.sis.

Physical process responsible for mantle
anisotropy
We next seek to cleiennitie tlie physical process
(or processes) responsilile for tiie mantle anisotntpy.
In order to use the anisoiropy to study ancient
lithospheric deforiiuttion, we first need to cletertiiine
wheilicr [his is indeed the dominant source of
anisotropy. Ibward this ^oal, we Hrst evaluate the
alternative niotiel tliat the ani.sotropy is due to simple
asthenospheric How, whidi would correspond lo
preseni-tlay tieformation within Uie a.stlienosphere tliai
is the result of ilie motion of the African plate (ner ilie
deeper mantle. We can lest the simple asilienosphcric
flow niotlel hy making a prediction of (/» using inoUels
of lioth plate motion and the \el()city of the

n tl At !<I<.:A.\ lOlKNAt. OK <it:()t.OC.Y
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AlVicii. Approximate laiiliKk-s ant! iirifiii:iiion.s of proininvni itcologic tVaiurcs ;iiKi iKiuntLirics, j i iwi i hy horizontal lines [Colcslvrj;

l.iii(.';inicni. Kr.i;iip:iii Greenstone Helts tKCiii), Liiiipi>|in Hell. Great Dyke. \'>.n[er.-;(.lorp|. tilled Ixixe.-; ( Tluih.izinihi-Miirelii.'ion I.ineaEiieiU.

Biisli\fid, Snulpjnsbfrj;). N'cnital tiii.slieil lines jiive approxirnaie latitude r.injie of IIK- Liinpopo Hell. Noie ihat tbtJ exliihil .siriMiy latitudinal

dependeiKV ihai ilo.-iely ir.ieks these jjeolojiie feaiures in nio?.!. Init not all. ureas. A notable exception is in nonlnvestern Kjapvaal cniton

(Lniliide raiij;c' i^'S lo 2"°.'̂ ). where splittini^ fasi ]i<i|ari/.atioii ilireiiioiis are at a liiijli anjile In KGM am! CMI. Uenieal jjreeii arrow).

.'i approxiniaifly iitiilbriii hcnL-atli stnilhcrn
Africa and predicls northeasi-scnitlnve.st v:ilues of 0
(.similar lo that prcdicicd hy [IK- NUVKI.-HS2-1A") and is
al.so a poor fit to the daia. These comparisons tluis
suĵ î L'St ihal simplt* asthcno-sphcric flcjw is not the
dotiiinani soiirtX' of tiianllc atiisoiropy hcncath souihcrn
Africa.

Another possible model i.s thai both a lithospheric
and deeper asthetiospheric cotiiponent exist in the
rejiion. 'I'his tiiodel j^eoiiK'tt^' would lead to two
anisotropic layers, whicli have a predictable effect on
the liack-azimuthal vatiations in splittinji tSiKer and
Savage. 1991; Kumpker and Silver. 199S; Salt/.er el al.
2000). We have in fact searchetl for two anisotropic
layers but ha\e found no e\idence for such structure
(Silver et«!., 2001). Thus, we conclude that the splittitig
observations argue for a lithospheric source that is
unrelated to present-da\' tectonics. We note that a
litliospheric source for the atii.sotropy is corroborated by
regional surface wave .studies as noted abo\e
(I'reyboiirger el ni. 2001: Salizer. 2002). high-resolution
measurements in the Kimberley region of the KaapvLial
Craton (I'oucJi et til.. 20()-ib). and an extensive
examination of tiiantle xetiolith petrofabrics. clearly

documenting tliat the Kaapvaal Craton lithospheric
mantle is seismically :inisotropic CBen-Isniail c/ al..
2001).

Characterizing the mantle lithospheric
deformation fleld and its relation to surface
geology
Tlie pattern of anisotropy mentioned alx>ve implies a
pattern of ancient mantle lithospheric ciefoniiation
lieneath .southern Africa. There are three .striking
chantcteristics of mantle tieformatioti acro.ss the regioti
that may be inferred from the seismic anisotropy
(Figure I). I'irst. on the largest scale, we observe a
spatially continuous arc of matiile tieformatit)n tliat
extends from the southwestern Kaapvaal to the
northeastern Kaapvaal Craton. Limpopo lielt and
soutliwesterti Zimbabwe Craton. Alotig this region, (/> is
oriented subparallel to the arc. This pattern of
defomiation is typically obsL'r^ed in modem convergent
margin settings dominated by transpressional
deformatioti. such as Titiet CMcNatiiara et al.. 199i;
Sandvol et ul. 1997. Holt, 2000). The inner edges of this
arc of defomiation are cleariy delimited in the southwest
by the Colesberg Lineament (.CD :md in the northeast by
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lliL' Tlialiazinilii-Murcliistin Linaiinciil (T.MI.) on ilic
K;uip\;uil Clratcin. while llic oulcr ccliit' ol' llic arc lo
iliL" iionh is tiL-niaRaiL'tl hy ilic "riianjjlc slicar /one ol the
l.inipopo Bcil (I-ii;ua' 1). llic arc is primarily associalcci
wiili ~2.9 to -2.6 Cia con\cr_uL'iii margin processes tiaietl
in hoih [he crust aiitl mantle (tie W ii c/ dl.. 199.-̂ : Carlson
('/ III.. 2(K)i); Kroner el ill.. 2000: Foujol cl dl.. 2002:
Scliiiiiiz. 2002: Schmiiz ('/ (//.. iOO.-̂ ). and lluis likely
recortis an Archean mantle tlelurmiitional e\ent. Second.
Ihe okler ~3.1 to ~.^.~ G.i eastern shiek! OI'IIIL' Kaap\a:il
Craion is characierizeti h\' weak lo neglij'ililc anisotiopy.
I'inalK'. there is a tlisiincth' clitTereni mantle (.lelormation
tiekl. orienteil approxinialL'ly nortli-northeast-soiiih-
souihwest in northeastern Zimbabwe, that is
geographically associated with anti oricnteti parallel to
ihe Cireai Dyke. As we will .see. dreat-Dyke-relatetl
taliric is also likely Archean in age (l"igure I).

One of ihe importani issues in understanding
litho.spheric evolution in ihe Archean is whether ihe
criisi and mantle componcnls of the lithosphere tlelnrm
coherently. The esiensixe seismic coverage ol cratonic
souihern .-Mrica licim ihe S.\SU has allowetl us to
examine crusl-manile coherence in unprecedenieti
tk'tail. In many parts of souihcrn Africa, coherence ol
mantle anisotropy with large-scale cnistal siniciiues is
()bser\eti. lligures 1 and i). with splitting directions
jiaralleling the norih-northeasi irentling tlolesbetg
Magnetic Lineament in the southwestern Kaap\:ial. and
the east-norlheast irentling structures Clrianjile anel
Palala Shear Zones antI the Thaba/.imbi-Murchison
Lineament) in the northeastern Kaapvaal and Limpopo
helt. which represent tlie ends of this large-scale
tieformaliona! arc. However, in the mitklle region,
namely the northwestern Kaapvaal craton. cnistal
deformation (as infenetl from limited geologic fabric
data) has a tlistinctly different orientation, compared lo
defnrmaiion inlerreti from mantle anisotropy. hi this
area, the arc of mantle deformation exhibits northeast-
southwest trending fabric (I-igure I). In contrast, the
surface geology reveals noiih-south trentliiig structures.
in i^anicular the Kr:iaipan Clreenstone Melts, which at
face \alue wouki suggest signilicani cru.st-mantle
decoupling in this area. Although it is adiiiitletlly difficult
lo itientify the dominant cnistal fal̂ ric of the region.
gi\en the paucity of hLisement exposure aiul ihe
significant over[')rini of Veiiterstlorp exlensional tedonics
in the region, such an inference i.s .supjiortetl hy a receni
reexamination oi' seismic reflection profiles. concliRling
that these north-souih trending features are probably
sufierficial and limiteti lo the iip|ier trust (de Wit anti
Tinker. 200 t). "fhe structural complexity of this region is
unsiirfirising. gi\en that it was the syntaxis of
.synchronous ta. 2.9 da tieforiiiation antl collisional
accreiion along both the northern antl western ramparts
of ihe Kaapvaal shield (de Wit I't ill.. 1*W2: Poujol li ill..
1996; Kroner c/ iiL. 2()0ti: .Schmitz. 20112; .Schniitz rl dl..
2003).

One of the most intrigLiing features of the splitting
tiata .set is the anisotrops' antl inierreti mantle

tleformation associatetl with the Great Dyke. This locale
is particularly \aluahle to our analysis because the close
correspoIulenee between the Great Dyke orientation
antl (/» ensures that the mantle anisotropy is
unambii;iiously retleciing Archean stiuctures in ihe
mantle. As arguetl by SiKer cl ol. (20011. it is highh'
unlikely that the Great Dyke structure it.self would gi\e
rise to the anisotropy. M' one attempts to explain, for
e.xample, the shear-wa\e splitting patterns with shape
preferred orientation (Sl'O) geometries, tlue to the
compositional tliffercnce between the D\ke antl
Mirrountling rocks in Uie mantle, there is simply
insufficient seismic \elocity contrast in generate the
obsened anisotr()|>y. Dikes coukl only generate such a
splitting signal if there existetl a .significant melt fraction,
which is unlikely for the Great Dyke at present.

.•\ much more probable ex|")lanation is that the Great
Dyke was extrutletl through pre-existing lithospheric
mantle fabrit' that possessed this particular orientation.
This jilaces a minimum tlate for the fabric of -2.SS Ga.
the emplacement age of the Great Dyke (Mukasa ti ill.,
199S. Wingate. 20(10). The relationship between this
mantle fabrie antl the local gi-ologic histoiy of ihe
surface rocks of the Zimbabwe (.jaion. however, is
unclear. Thure ha\e been two priiiiar\' cnisl-lbrming.
delormation-intlucing episotles in the Zimbabwe craton
at -.•̂ .S Ga aiiti -2.9 Ga. There is no obvious relationship
between this mantle fabric antl the -2.'J tia e\eni. The
-.-i.s Ga e\eiit ina\' have been witlespreail ai one time
(Horstwootl ('/ ((/.. I999>. The largest reinnanis of ihis
earlier episode are founti in iwo lotale.s with nearly
itlentical ages: ihe Tokwe .segment antl the Midlands,
just east antl west of the Gteat Dyke resjiectively.
However, the tiominant orientation of enisial fabric in
these remnants is unclear. The manile fabric thus
appears unrelated lo the ~2.9 Ga event, antl may or may
not be relatetl to the ~,̂ .S Ĉia event. In either case, it
appears that there has been signifitant tiecoujiling
between the iipfier ciii.st and upper mantle from ihe
time of this fabric formation lo ihe ,M[b.se(|Uent
einpiaceinent of the Great Dyke. (irust-mLintle
tlecoupling has also been infenetl from the geology,
based on the tlistribution pattern of primaiv accretionaiy
shear zones (Dirks antl Jelsma. 2003).

mantle fabric ami
crolutioti
'Ihere is a well-known axiom in geology thai the sivle of
crustal tleformation is often controlletl by pre-existing
structures, or in short, "old faults never ttie\ hitleeti. a
trustal fault can be reactivatetl many times within the
context of differing stress regimes. The T.ML. active from
-2.9 Cia to the Meso/oie. is one of the worltls best
exampk's (GootI antl tie W it. 1997). Application of
the same concept to pre-existing structuies in the
lithosfiheric mantle is less commonly tiiscus.seti. but no
less important. Intleeti. if tleformation invokes ihe entire
lithos[ihere. and if ihe mantle represents the strongest
[lortion of ihe lilhosphere. then such structures couk! in
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tiici play ilic tlnminanl rok- in tlciLTiiiiiiing ihc siylc of
liiliosplKTii.' tit-'fonnation. It lias Uinî  bcun noted iliai
conlincma! {litliospliuric) breakup ot'icn occurs whurf
collisions lia\c prc\i<His|y occurrcc!. 'I'hc opcnin.y of ihc
Ailaniic liasin in Xnrih Amciica near IIK- Mituiv ol'
ilie tlnsiiiji (JI" ihc lapaius Ocean is a classic example.
Keienily. ii has been artiuetl that ihe clelniniaiion-
iiiilucetl laiiiie pivterted orientation (I.l'O) thai protUite.s
tiKinile seismic anisotropy, also proilutes a mechanical
anisotropy. The suiily of meihanical anisoiropy in
oli\ ine aiigieiiaies (olivine is the weakesi of the manile
miiieral.s aiul iluis controls strenjiih) sujy^ests that shear
lailure is ino>l probable alony the i^laiie (010). I'or
transpresNional ilelonnatioii. ilie (OKU plane is eNpectetl
to be orieiiietl \eilically \\\\\\ stiike parallel to the tivntl
ol the colli.sional belt anti to ihe .splittini^ ta.st polarization
tiireitioii, ih. Thi^ hypoilie.sis thus pretlift.s that lormer
collisional zones woukl be weak in .sheai' antl tension
for \crtical planes oriented paiallel to the treiul of ihe

belt Croiiiniasi aiul Vaiiche/. J()t)l). We
K' exieiHl the oki jieoloi^ica! axiom to ihe

manile: "old tabiii." ne\er tiies". In the case ol Southern
Alrica. we pro|iose ihat the manile labric. ac(.|uired
throuj;h ct)llisional cleforiiiation in the Neo-Archean. has
played a major role in conirollinti the .subsequent
exiensional and mai;maiic exolution ot the rej>ion.

While the clreal Dyke represents the ck*aresi case ol'
a dike swarm passing throuiih lithospltere with
preexisnn^i; manile fabric, tliere are three other cases
where ilie same plienornenon appears lo be taking
place, namely ihe \entersdorp Rilt and Hood basalts
(2.715 to i.~U9 t;a. Armsiron-; ('/(//,. IWi). the liusliveld
Compk-x (2.05y-2.0Si C.a. Walraven and Ilaitinjih. l 'W:
Buick i-t (fl.. 21101). and the .Soutpansber.y Irou.uh (-1.9
Cia. Humby c/<•//. 2002) (I'i.yures 1 anti i). In the case of
the \entersdorp. recent aiiaUsis ot seismic relleciion
profiles sironi^ly sui^gesis that the (.iomiiianl oiieniation
of \eiitersdorp ritt.s is northeast lo southwest (Tinker
('/ (//.. 2002: de Wit and Tinker. 200i. wiili the notable
exce[itioii ot east wesl ucnilinj; taults jusi xiuih of llie

'IMIJ. Throughout this zone, the a\eni,ne \alue of (/< is
about -0°. parallel to these faults. Similarly, the lUislu'ekl
is localized along the easi-wesi trentling TMI. (tlu Flessis
antI Walraven. 1990). and its kkatioii conespontis to a
latitutle where there is an abrupt change in fi> tVoiii •n°
lo a \aliie closer to easi-west. The Siba.sa basalts were
erupted into the Sout|Xinsberg Trough, a half-graben
boundeti on the south b\' reactivation of the I'alala Shear
Zone as a noiih-dipping normal taiilt (Biimby cl a!..
2002). The axis of the trough is aligned noi only with the
Palala Shear / o n e but ;ilso with the easi-wesi uenti of
tnantle anisotrop\- in the (^entntl Zone of the l.inipopo
Bell. It thus appears ihat all four of these magmatic
exeiits have passetl ilirough antI exploited preexisting
fabric iti the lithosplieric mantle.

Ct>Uisi(>niil rifts
Not o[ily are the orientations of the tlike intrusions
controlled by mantle labric created by previous
tietormational events, but it also a|ipears that in all four
cases the magmatic episodes themsehes are closely
relaieti to contemporaneous ileformational events
Ciable I). The Neo-Archean \eniersdorp rilt is
tcmporalK linketl with cornpressional tieforrnation and
crustal thickening in the (x-ntral antI Southern .Marginal
Zones of Ihe Limpopo Orogen (liarton cl al.. 1992:
Kroner tV til.. 1999: Kreissig c/ al.. 2()()I). Similarh. the
(ireat Dyke was ernplacetl during the exhumation of
the Nortliern Marginal Zone of the I.impopo Orogen
over tlie Zimbabwe (aaton (.Mkweli cl al.. 199^;
.Mctlourt and Armstrong. 199.S: IVei vl ai. 1999). In the
Paleoproterozojc. emplacement of tlie Bush\eld-.Molo|io
I'arnis (lomplex was nearK' synchronous wiili the
.\tagondi Orogeny along the Norath-west margin ol
the Zimbabwe-Kaaiivaal CJatons (Majaule el al.. 2001:
Mapeo (*/ al.. 2001: McCouii ft al.. 2001). Significant
tiextral trans|iressional reactivation of the Triangle and
I'alala Shear Zones of the I.impo[io Belt are also
recorded at this time (Kamber cl al.. 1995: Schaller cl aL
1999: Bumby cl a!.. 20011. Sub.setjuent exieiisionai

s o t 111 |<jrK\Al. cit:(M.<)(;v
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>3.0Ga 2.95-2.85 Ga

PSZ

\

2.72-2^7 Ga 1.9-1.8 Ga

Figure 5. A stcnario bLi.-icil on llic aniMiirnpic MnKluri.' of tin." [liaiitlk- ;IIKI iis ri-liilion to tin.- Mirl;m,' ^folofiy of cniKmic ."̂ diilliLTii .-Mric:!.

Arrows show coniprcssiun direction of orogen. (i) ruriiuiiun of the prc-2.9G:i iKmh-ntmhtMsi-souih-soiiihwcsi iiunilc tubric in Zimbainvc

Cr.iuin and tMablLshiiiL-ni of lln." isotropic slnittiirf nf tlif oasa-rn sliiflil of llic K:iapv:ial Craion, (ii) DcvclnpiiK-nt of notili-nonlKMSt-soiilli-

suiilluvcM 1(1 cast-nunlii'.isl-wv.st-.sumluvcsi arc of lil^lo^pIlt'ri(.• iiiantli.' fabric hv ca. 2.9 Oa (.ollhinnal aivrcliiin of icrrani.-s alonj; IIK-

norihtTn and wt-sicrn margins of UK* Kaapvaal Craion (iii) Coniiiuicd casiwcsi Ki casi-nonhcast-wL-sl-.soulInvest maiitk* fahric dcvclopmcni

dtirini; anil within llic ca. 2."̂  da l.itn|K)p(i Ori)i;i.-n aiul its marginal zones within tin.- K:i:ip\aa] and Zimbabwe CniKins. Also during [his

linii:. ciiiiilacciiK-nT of the drcit Dyke and Veniersdorp .supergroup, 'llicsi.' are boUi coUisional rifls responding lo far-Held .stresses CLiiiscd

by tile laiesl (nonli-northwe.st-soiith-.s(nilIiL'a.si directed colnpre.s^ion) am! earlie.M (nortli-soiuli directed compre.s.si(m) phases of the

l.iin]Topit Orogen respeclively. with rift orienlations controlletl by nianile fabric protlticetl ca. 2.9Ga. (iv) Reactivation of l.inipopo .sinicturcs

hy Magondi Orogen and ihe crealion of a coUisional rift that prodticetl the Hushveld Insinision. Intrusion orientation (ea.si-we.M) controlled

hy prcexisiins mantle fabric, (v) I inally. creation of the coUisional .'soutpanslx'rR Rift (SR) by the Kheis Orogen at I.HH Ga.

reacli\ati()n of the Palaia Shear Zone atul Ibrmatioti of
tlie .Soutpan.slitTg Trouj>li coincided wUli comprcssional
deforiiiLition in the Kheis Bell alotig the we.sierti
Kaapvaal Craton (Cornell et al.. 199S: Bunihy et cii,
2002).

A plausible explatiation for this teiiiponil
correspondence is that they ;ire al! coUisional rifts or
itiip:ict()i;ens. sitiiilar to the Rhinej;rahen atul Baikal rifts
(Sengor et <il., 1978). These rifts form at a hii;h itnijle to
coUisional belts and are due to the far-field stresses
associated with the collision. .Such riftinj? is possible for
any vertical plane orietitation for wliich the collision

produces tensional nortiial .stre.s.scs. ihis corresponds to
orientations that are within 45° of ihe collision direction.
The correspondence between rift orientation and mantle
ani.sotr(jpy arises because the actual rift tiricntation is
locally controlled by the pre-existiti^ mantle faliric.

Thus a coUisional rift is expected to fortn at a high
anjile to the coUisional belt, and he synchronous with or
precede the tiiajitiiatic epi.sode. Indeed Burke et al.
(19H'i) and Wilson (1990) ha\e made such a prt)posal for
the Great Dyke and Ventersdorp respecliveK. Rejjarding
rift orientation, in all lour cases the angle between belt
and rift is less thati or ec|ual to iS°. anti consistent with

AlKICAN lOURNAI. Ol- C.UOI.OCiV



PAl'L G. SILVHK. MATTIIHWJ. I-Ol'CH. STFIMII-N S. GAO. MARK SCHMITZ
AM) KAAPNAAL SHISiMIC GROUP

55

tlii.s nK*ch;ini.';ni (Table 1). Ru^ardinii IIIL- liininj^, [IK-IV

lire precise ajics hoUi tor ihc oroĵ i-'nic L*VL.'III.S. in IIIL"

Ibrm of iliL* ajic of iiij;li temperature inctaniorpliisiii, ant!
for tlie onsL-t of rifting. I'or IIK- rifis. ihese are Great
Dyke: ~2.SK Ga (WinHiiie. 2()()(): Miikasa ct ai. 1998).
Nentersclorp: -2.72 Ga (Annsironj; cl ai. 1991).
lUishveld: -2.06 to ~2.O5 Ga (Walniven and Mattin^h.
1993: Huick cl ai. 2001) and SouipanslK-r^: -l.HHGa
(Bumby cl ai. 2002: Hanson cl ai, 2004). The
a)rre.spt)ntiinj^ ajje.s of orogenic liij^h-teniperaturc
metaiiK)rpliism are -2.S8 to -2.56 Ga for tlie CWT.
(Kroner el ai. 1999). -2.69 in -2.70 Ga for ilie SMZ.
-2.0.i Ga for the Maĵ ondi Oroj;en. and -1.9.^ Ga for the
KhcLs (Cornell et ai. 199S. Table 1).

While tliL'se iwo sets of ajje.s arc \er\' close, we noie
that in 2 of ihe 4 cases, the Ventersdorp and Bushvekl.
the oroj>enic ai;e is aaually younger that the rifting aije
by 20 to .iO .Ma. At fir.st i;lance this woukl appear to be
inconsistent witli the collLsional-rift hypothesis. Indeed.
'I'inker et al. (2002) matk* this particular point in art̂ uinî
th:it the \enterstiorp is not a collisional rilt (and
proposing an alternative model). It is. ho\ve\er.
important to point out that the rift a^es and orogcnic
aî es are fLindaiuenially tiillerent. \"< hik- the rifting ages
most likely repre.sent the true onset of rifting, the
orogeiiic ages, being high temperature nietamorphic
ages, repre.sent either ihe mitklle or the end of the
orogen\\ a.ssuming the mctainorphisni is due piiniarily
to cru.stal thickening (rather than magmatic athectitin).
This means that the nietamorphic age may be \()unger
than the onset age by 20 to 30 Ma (Hngland and
Thomp.son. 19H(: Huerta ct ai. 199S). which is
approNimaiely the obser\ed difference between the
rifting and orogenic ages. Accounting for this source of
bias, we conclude that. gi\en the presently a\ailable
data, the onset ages of rifting and orogenies are
consistent with the collisional-rifl hypotheses. This is a
testable hypothesis, in that a more accurate measure of
the orogen onset age should yield an age that is ecjual
to or greater ihan the rift age. If the ages are indeed
indistinguishable, it suggests that the rifting begins at the
onset oi the orogen tor these two cases.

Isotropic strength
As is clear from I'igure 5. the teciono-thermal activity
in the anisotropic zones to the west and north is in
dniinatic contrast to the relati\e trancjuility of the Iiastern
Shield, during this .same period of time. This appears to
be a contrast in strength, in that the Eastern Shield was
subjected to comparable stresses, especially with respect
to the Limpopo collision. In addition we note that the
distribution of kimberlite eruptions, which we take as
another measure of litlu)spheric strength, is much more
prevalent in the west, compared to the east. There may
be a multitude of factors that could control lithosplieric
.strength. Lithosplieric thickne.ss differences are often
invoked as a potential factor, for example. There is
presently. howe\er, no e\idence that the eastern
Shield is .systematically thicker than regkins to the west

and north by the present-day .seismically-inferred
lithosplieric thickness, presumitig that it is an intlicator
of Precambrian thickness as well (see Fouch et ai.
20()4a). Tliis strength difference may be attributed to
mechanical anisotropy in the mantle. .\v\ anisotropic
aggregate will have a weak orientation that will
always be weaker than the strength of an eciuivalent
i.sotropic aggregate. We thus speculate that the
difference in strength between the eastern shieki antI
elsewhere is in pan tkie to the absence of a mantle
fabric in the east.

Discussion and conclusions
A .suminar\' of tlie Precambrian liistot^' of .southern Africa
from the viewpoint of the anisotropic mantle is relatiwiy
simple, as is shown schematically in Figure 5 and
Table I. We define five major delormational pliases. tied
to major ort)gens that control the liistor\' of this craton:
(i) an unknown pre-2.9 Ga orogen that imparts a mantle
fabric to the Zimbabwe craton, (ii). a collision at -2.9 Ga
along the western and northern boundaries of the
Kaapvaal Shield, impartitig tnantle fabric to the Kimberly
anti Pietersburg terranes. (iii) Ihe I.impopo orogen. at
-2.6 to ~1.~ Ga, w hich impans mantle fabric to the three
Limpopo zones, and which protluces collisional rifts to
the north antl .south, namely the Great Dyke and
Wtiterstiorp. (i\), the -2.0 Ga .Magondi orogen. both
reactivating shear zones in the Limpopo and producing
the IJushvekl as another collisional rift, and finally (v)
the -l.H to 1.9 Ga Kheis orogen. which produces the
final collisional rift, namely the Soutpansberg trough. In
all of these cases, the rifts formed at an orientation that
is parallel to preexisting mantle labric. as inferred from
mantle anisotropy.

An important conclusion of the work tliscussed here
is the realization of the dual role of orogens, both
in creating strain-induced fabric in the mantle, and in
subsetjiiently generating far-fiekl e.Ntensional stresses
that reacti\ ate this mantle fabric in the form of
collisitinal-rifting events (e.g. Tommasi and Vauchez.
2001). The lour collisit)nal rifts discussetl here are not
superficial shallow crustal features, but instead represent
rifts through the entire lithosphere. given both the close
correspontlence with mantle deformation, and the fact
that their basaltic-compt)sition magmatic products
represent primar\' melts of the sublithospheric mantle.
As such, these rifts constitute useful constraints on the
properties of both the lithosphere and sublithospheric
mantle. In particular, it is necessar\' to account for both
the stHirce of these basalts, as well as the sur\'ivability of
cratonic mantle lithosphere. in the fate of these
magmatif e\ents.

A significant consec|uence of a collisional-rift
interpretation of these magmatic events is that the timing
of rifting and magmatism is ctmtroUed entirely by
temporal \ariaiions in lithosplieric stress, rather than,
say. the transient ascent of plumes ri.sing from the deep
mantle. The apparent ready availability- of mantle-
derived melts during each of these rifting events raises
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two inlrigiiinii bypoibcses. 'I'lie tlrst re(|uiivs :i lempoial
rclalionshijT helwccn orojienesis and suhlilhosplieric
upper iiianik' ineltini^. naiiiL-ly. could melting in ilie
siiblitliospheric upper inanlk- lie primed in sonic wa>' by
ihe prc-liisior\' of plate C()nvcr,iience and siibduttion
lieneatli the cninmic lilliDsphere? Alternati\e!\'. ciiti tliure
exist a senii-perinancnl reser\'oir of panial nicli bciK-ath
the litliosphcrc that was tapped whenever lith()S|jlieiic
stresses were fa\()rable to ilie creaiion ol rifls? M .so, the
liming of ilic i rifts we have discussed would necessitate
the sur\i\al oi tliis reser\()ir for nearly one billion years.
CoinplL-tcly L-\akiating liie.se iwa alturnati\e.s Is beyond
tlie scope of this contribiiiion; liowewr we may
spetulaie on mechanisms for cstatilisliing supL-r-solidiis
temperatures in the subliihospliL-ric mantle. l\stinia!es ol"
tlie poteiiiial teiiipeniture required for melts tt> tKX'ur in
the .subcontinental astlK-nosphere are approximately
lnO lo 1SSO°C { While and .McKoizh: IWS). .some 200
to ,̂ OO°C; holler ihan lliose iotla\\ li is well known tliat
iliick (.onlinenial lithosphcie has a thermal blankciing
eilect on ilit- mantle below which result in hi.uher mantle
tempenitures (t'..i;». Guillon ami Jaupcm. I99S; Cinf>nc'
and Uihrossf. 2001) if ihe rate of heat i^enenition is
greaiL-r than ilic rale of lieat loss. More geiieialK'.
beneath large continents ilie motlu of convection locally
behaves more like sia.unant-liti comection. raiher lliaii
plate tecionics. 'I'his incxle of convection is much less
efficient al removing lieai, wliicli can ICIKI to a gradually
increasing potential lemperaturc (c. ,y. Sleep. 2000). to
ihe point that ibc geotherm could CTOS.S ihc solitlus of
fertile peridotite. wliile at llie .same time Iea\ing the
refracior)' tieplcted lithospbere iniaci. 'Ihis molk-n ba.salt
is llien able to rise lo ihe surface whenever colMsional
rifts are formed in llie lithospliere.

While we presently lack ilic evidence to fully
cvaluaie ihe mechanisms for melt generation associated
wiili these Archean and I'roterozoic rifting e\cnts in
souilicrn Africa, we believe ilic highligliied correlations
with okl mantle fabric, collisional orogenesis and
clianges in plate stresses reveal a path of future sludy
toward a belter understanding of the role of continental
lilln)splK're in upper manlle dynamics. Similarly v\liile
fillther data arc necessar)' to tlrnily esiablish the
collisioiial-rift intcr|")retation of Archean anti Palco-
i'rotero/oic tecionomagmatic events, this iiypoihesis ba.s
the atlvantage of making .several testable pretiictions.
from the chront)logy ol orogens. lo the petrology
of basalt magmas, lo the mechanical strength of
lithospheric mantle. We look forward lo this evaluation
in future stutlies of llie souihern .African liiliospliere.
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of tlikk^-m-it lomiiifnlal i nfi. JonnKil uf I'llmh-i^y, 25. -S'li-^JS.

louih. M.J.. lis,|u-r. K M . l'.i[iiii-nin-r, i: .\|., V\\st--.si.,n. \l i:. antl Cl.iiki-.'I".J.

ijiHtin l̂Ll-.l̂  \\.i\t- spli[iin,u. iimtmrnial ki-i-K. .iml p.iik-rnsol inanik- How.

Ji-iniiiil I'fdiy If liny II11/ /i'l-Miiii/i. 105. (tJ^^i (iJ-T

Knutli. MJ . J.inifs. [>1-:.. VanlKvar. J.(!.. xan tk-r t.tv. S.. ami K.S. Cinnip

(JlXHal. .Manik- st.-i>nii(.- MnuKin- tx-ni*aili i!u- Kaapvaa! ;intl Zinilialiwv

cr.Hun>. .Siiiilh Afmutt,[iiiiriinl ofd'ttiliiny. 107, .A.V 11.

I'oiuli. MJ.. I'C>. Si!\i-r. IT... fk-ll. I) H.. and Lt-t-. J . \ . (2ixi.ll>). ^nl.lll•sl;l|^.-

vari.iiions m soismu .misoitopy lvnvalli Kitiiln-rk-y. S0111I1 Alriva.

ini'lihy^iait .h'linuil liiit-nuHu'iuil. lii.li It |,l.-lio-2 i'>\.i)Hn.tPjJ.<(..\.

l-ri'i. H.. lik-nKinsop. I.C, ;irul SilumlxTK. '*• 'I'^WI i;t<«.lin>n..lo;;y .if ihi-

lak- Ardii-.in Ita/i antl (iliiliman/i sniu-s nf ^ranik-s in /iinhahwr:

iinplkaiions lor llu- lak- Artlu-.m lt\Uink> nf llu- t.iiiijxiji> llt-ll antl

/iiiiii.ilmx-Cralon. .^itith AfiiaiiiJiHiriml tifdifito^v. 102. SS-M

in.-ylioiirj;t.'r. .\l.. Clatii-rty. J.IV, Jordan, r j l . and T.K.S droiip iJiMiU

smuiiirt-of ilif Kaapvaal tralim from Mirlatv wavt-s, (;ii,f>liisiail/ii'sciinl'

Itllviy. 2«. iiH'^2('>2.

(iao. S,S..Silvi-r. l'.(i . l.ni. K.lf. anti K.V (ironp [ Jimji .M.iniit- iliMoininnitk-s

Ix-m-aili M)iillit-rn Afrit.1 (•O'l'In^Uiil Ki-Miinh Iclh-iy. 29. 1 J<) 1 i

(WHKI. \ . and In-Wii. MJ. 1 ['f)~). I lit- Tli.il>.i/iinl)i\tiiftliisoii l.iiit-.iiiu iit nl

llu- Kaa|naal <:r.iton. .Souil) .Mrita: 2~(M> Ma ot qiisinlu tk-foini.iiinn

J"iirntil iif ihf fnt'liifiWtilSiAifty of hiiieliiti, I5-i. *).^•'^.

Ciripit.-. (!. amt Uihros.sc. S. I2()<)l I. I'lffi-d.s ot' t.'oniiiicni.s on llanli ciHilin};;

ilit-rnial hiaiikclinj; ami tk-pk-lion in r.ulii'.itliw iltint-nls. (Ui'jihysHiil

h'iSitinh lflUi\ 8. J~ir-2~|ii

tlripp. A r and Cortlnn, RC. r I';"*"! (airrtni pl.ik- \t-lotilii-s rtl.iiivt.- lo ilu-

ill )i spills iniorporaiiiiH iht- Nr\'t*l.-I nl<il>al pi.ik- iiioiion nioik-l.

(ii-<'/'l>\yittil h'l-^fiinh Ifiias. 1 7 . I H C M I I J

(iripp. A.i:.. aiul Ciordon. R.(i. iJiHiJi, ^'oiin;; ir.uks ot liiiis|ioi> .md tnrri-ni

plak- \t-liHilifs, (ntifili\sittilj'iiiriiiil hilfniiilioiuil. 150. .12l-.Vil.

(itiiiloti. I... and Jaiipan. C (IW'il. On llu- t-fft-ii of iiiniiiK-ni> on nianik-

a'n\\\ii<yn.Joutntilnf(iii^il'}siciil/\'i:<fiii-tl'. 100. p 2 i . j r-Ji . i .^S

Hanson. R.I-;. IJfHt.ll. I'nik-m/oif >;t-iitliroiintii.i4y aiul itvlonit iMiiuiion of

siiuilu-rn Afriia. /H. .M. ^o^llkl.l. il. 1" Wititlk-y ami S l).isj;n|ii.i (liiiinrNl.

I'mk-ro/oit' liaM Coiuluana: sii|H'r(onliiioni assnliMy and liri-akup

(iiiifofihtll SiiU-ly <ifl.initl"il S/kiiill /'lihtuilH'iil. 206. ll"- I'l.l.

ll.inson. U.r:.. (•os^-. W.A.. Crowk-y, J I.. Raint'/ani. J.. Ikiwrinjj. S.A.. !liitti-n.

t).s.. Mall. R.t'.. Tantaki-. J.A. and Mukw.ikw.imi. J. I2*HH). t;f<Klininolcij;y.

patcontinni-lisni antl ni-nilu-iiii-lry of 1 'J ti.i tlolvriK- immsioiiN in itlc

W'ak-rlKT;; f.roup. Soiiih Alrit.i antl Hoisw.m.i. Siiiith AfrUdU /••iiniiit ••/'

c;<i./<..t;v. 107. 2.^.Vi>(

lloti. W.K. (iiKdll. Com-I.iii'il triisi antl in.inilt- sir.iin fit-kis in Tiivi. (iii'lof^w

28. <r--i}.

HorslwiMH.!. .\r. V-s|)iii. KW.. \ol.k-. SR ami WilM.n. J.I. I I'̂ iWi. r I'li

/irtxiii I'vittt-nn- tor an v.xlt-nsi^i- t-;ir!y .AriluMn tr.iioii tn Ziml>.il>\\t-

.'\ riM-st-Nsnit-ni of tiiL*liinin};of tr.ilon formaiion. si.ilnli/.iiiun. aiul KIOWIII

(«-r'/(«l-. 27. 7 i r - H l

nti<.-na. A.l>.. Royiitn. I. :iml liotlnt-s. K i|''''S» liu- liu-nn.il Mnuiiitt- nl

lollisioiKil iirofjt'iis ;is :i ri-sonsi- in ;Kiit-lion. t-rosinri. .iiul ratlio;;fnit

hewing. Jnunuil of (iti-filnyniil Ix't-si-anh. 103. I^.2N~-|S..^()J

Jaiiu-s. l).i:,. Toutii. .VIJ.. \':iiil)i.-tar. J C . \an tk-r l.t-i-. S. antt K.S. f.rniip

I JOOl}. 'IWiosptu-rii siriitltirf Ix-nt-aili >iniilu-rn :\frii*a, (nf>[il>i^iiiil

/ii-siiinh l.trh'i>. 28. J. (S>-i. iKS

Jiirtlan. l.li 1 V)~^l llu- (ontim-nial kviospiitri-. A'I77I-HMI/(/iV'/'AiMn i;;/i/

S/MUf J'hfSliS. 13. 1-12-

Jort!iin. T. II. 1 !*W«). Slnutiin- am! formation of llu- loniint'iiial k-iKisplu-rv

fotinutiof Pciriil. S{Kxiiit /.ill'iu^iihciv /S.M(I-. I l-y.

K.inilvr. tl.S.. Uk-nkinsop. l.li.. \ilt.i. 1 .\| LintI l).i!i!. I'.S. (IW^i I'mit-rn/ok

tr.iiisprt-sMw i.lftoriiiLilioii in ilit- \<)nluTn .Marj;inai /ont'. l.im[>o|>o Ik-ti.

'/.\t»h.thwi:. Ji'iininl I'/'dii'loiif. 103. iVVSUS

Kar.iio. S.-I anti I'. Wii ll'/J,l) RlR-oii>;;y of llu- tip[H-r in.inik-: .\ syntht-Mv

Sck'iiii: 260. ""I-""K.

Kn.-i>si;j. K. llot/t-r. I.. . Vvvt. H. Vilki. I. .VI.. Kraiiu-(s. J. | ) . . Krom-r. .A.. Smii.

C. A. and \ati !kvncn. tX !>. (2i)(l)>. ('•t'(K!ininiik>>;y of ihi* l!oiil Rivi.-r

Slit-ar Zont- .iml itu- nu-lainorphlsni in ilit- sniidit-rn Marginal Zoiu- ot" ilit-

l.iin|>o]>o Ik-ll. Soiiiiitrn Alma I'nxiimhrinii h'l-M-iinh, 109. 1 n-P.<

KriHK-r. .A,. J.itikfl. I' ami lir.mtll. (i. IJCMNII. >iiijik- /in on .tjn.-" tor fi-|sjt lo

ink-rini'diak' nnk- Ironi ilii- i'it'lt-r>lnir>; and (iiyani }.:[t'i'nsioii(.- IK'!IS am!

Imrtk-rm}-Kr.iniioiil onlioHiitissfs, imrilu-rn kaapva.i! Cialon, snniii Africa.

Jimniiil of.y'nitiii Ijiiih SLWHHS. 30. .*-~'A .̂

Mai.iiilf. I.. Han>on. Rl!.. Kvy. RM. Sinj;kiar>. \\.. M.inin. MW .im!

!lowrint;. S.\ (2I><P!I Hit- M.iKondi IkH in iinriht-aM Itorsw.in.i njiioii.ii

ri-ialioiiH and rit-w jtt'iHliroiiolopi.il tl.n.i trmii liu- sii.i I'.m .in-.i Jfiii-iiiil "f

.\fnaiii /Uiiih Siiriiiis. 32. 2'•~•2'^~.

Mai.iuk-. r.. naiiMin. H.I;.. Kt-y. U.M. Mn>;!tiat\. s j . M.miii. .VIW and

!!owrinj!. S.A. (itHH 1. llu- \l.i};ontli iMl in non!u-.isi Hni-.\van.r ri-jjmnal

rrl.iiion> and I K « (.;t-iK!u-iiik.il tl.da Inuu llu- Mi.i I'an art-.i Juuniiil of

.yiiniiii I<li1l' Silfiit.\->. 32. l'''''2.h~.

.\i.i|>to, t( It \1 . .Vrinstroiij;. K.A. ami K.inipun/u. A.It (iiHHi. SIIRIMI- 1 -I'h

/irton }:t'iH-lironnloHi of KIIU-SSVS trom ilit- tiwfta i>ou-lu.li-. imnlu-.isi

!loiN\vana: iniplitations for ilu- !'a!at-i>|)roU'ro/ok Manoridi Ik-ll in MiiiiliL'rn

.\frica. (if-lo}ikiil .lliifniziiii: 138. iW-.sns.

,\tit:(iiiM. S. and AriiiMronj;. K.A. (!'WK) M!R!.\!!' n-!'l> i-iaon ji<.-iKlironiitiit;y

ot };ranik-s !n)iii I!K' (Icntral /om-. !.iiii|ioo lk-!l. soui!u-[ii .MVit.i

intp!ii*.iiions for i!u- a^f of ilu- t ini[Hi[io ' )roi;fny. Snuih.y'ruiuiJ'liinttil••/

^-o ./-..•! i; 101. .Si'> VW

.NtiCoiirt. S,, nilli.irtl. F'. .Vnnsironj;. It,A. .iml Muriy.inyi".i. II. (_''«•! 1.

SlIKlMi' I -l'l> /irion ^t-i>tlironoloj{\ <it' ilu- Ittinin^jwi.- };r.imii' noillittt-st

Xiiiiiiaiwt.-: .-\f;i- toriMrainis on ilu- tiininj; ot" iht- Vb^ontli oni^vny am!

iinp!ualion> t"oi i!u- torfv!.ilion !x-l<'Vivn llu- Klit'is antl .Vkî omli Ix-llv

Smith AfiiiriniJminiah'f difiliijiy. 104. ,W-ift.

. \ kNamani . I>.H.. Owi-ns . I J . . Silvi-r. ! '.(;. arul Wii. I.T M'Wii . s!u-.ir-wait-

anisotri'py !ii-m-aili tlu- !ilx-ian VVMKWW, J'liininl of (niil'ln^iiml h'isciinl'.

99. !.«ni-!.^>(i^.

.V|kwt-li. S.. Kariiln-r. H. .im.! lkTHi.T. .VI, I i';'>Si WVMward lonimii.ilion of ilu-

tr.itnril.iin|>oj)<> !(t-ll it-tionit" iirf.ik in /iiiil>.il)\\t- .iml new aj;t- tonsiniinis

on i!u- liming ot ttii- ilirii-iinn. /'•uriiiil nflhc (iiiiUixiiail Si-iwiy if l.niuluii.

152. ~~-tiy

.\lukas.i. s.H. Wilson. All . anti Cartsoii. RAW (IWK). A imi!tit.-!i-nK'iil

jii-oiliroiiotoKu stutly nf llu- <ircal Dyke. Zinil>a!iwi-: >iKnifit-amv <if llic

folnisi and rt-ŝ -i .ij;t-s. I'inih niul I'liim-liiiy Scivim- li-iu-'x lfri. .<r^-.«)9.

\Hiuiri. !.. C«>rt.-. J.. Janus, IH-, Wdih. Sj . Wnjjlii. C . A-rij;i-ni. !<"...

t'lvv.ivava. o . . Snokt-. J.A. am! K S. tiroiip iJtMil) Criisi.il sinuuiri-

)vm-al!i Miiiilu-rii .Virira and i[s iniiilitMiions t'lir tht- tonii.iiion anti

•.-\oliition of llu- K.i.ip\.i.il .im! X.iiii!>.il»vt- ITLIIOHS (iv<'l>l'\><itil h't-^amli

l.flli-17: 2H. JiOt-JSlll.

Niii. r. aiuljaiiu-s. l).l-. (2(KI2). l-'inf.Mnumri- of itu- lo«i-rniosi iriisi kiuMili

llu- K.iapvaal tralon ami ils iinp!itaiioiis lor i.nis[.i! fonn.iltoti .itui

i.'V<i!iiiioii. liiiiih iiiiif f'/eliiiliiiy Siii-iin- lilli-i\ 200. l_'l-l.*ii.

rnujol, M.. Rnlii). u . Hvspaiii. J.-l'. ami .AnliafuvstT. CM. 1 !'r«il. S.ir-J.T

li.i HtfL'nsinm- Ivll Ininiarion in tlu- nonlu-aMt-rn Kaajna.i! i:raion-

iiiiplit.itiiins tor tlu- oii^in of ihc Wiiu.HfrNr.im! Hasjn. iXi'inmiu (iitju-^y.

91. 1 i^'^-lid!

I'otiiol. .M.. .\n1i:u-iivst-r. C.R am! Arnisironjt. K.A. t2fH)2). IlpiMHlit' ^r.iniioid

L-inp!at.viiu-ni in l!u- Arc!u-an .Vniatia-Kraaipaii k-rraiit-. Soiiili Africar

i<infiriiialion from Miintf / i ram f-l'!i nt-iKliioruiiony. Juiiriuil "fAfiiiiiii

liiiiihSiU'iiav. 35. I r - l 6 1 .

R.iitiokai<-. l.,\.. ^!a|X-o. R.II..M.. Corfu. V .intt K.iniptiii/n. .V H. IJIKKJI

I'rok-ro/ou Kt'o!oi;y .IIH! ii.-K>onal lorrt-l.ilion nt ilii' (ili.iii/i-.V|.ikiind.i area.

wi-su-rn H<iis«ana Jfiiniiil o/.\fniiiii i'liiih Siifihi-^ 30. iM-!'•<'.

Hi!>i-. .\..\|. ' IVWI Si-tsriiu Linisniropy .intI rn.inik- llo\\. Juiiniiil "/"

(.'^•/it'iskiil A'i,V(-i(jW». 91 . (21.*-122\

Riiinpkii. it .nui Siiwr. I'.Ci. (!yjH>. App.irt-ni s!K-ar-\vaM.- s|i]iiiin>:

l>.i[anu'k-r> in l!io prt-sciuv ot it-nitally \.iryiiij; .inisoiropy, CU-i-lihwunl

JoiinitiNiilfr/iiiliiiiiiil. I.*5. " ' H I S I K I

Sali/i-r. R.I.. i2'Hl2>. fp|x-f nunik- smuiiiri- ol liu- K.iapva.it ii.iton from

Miit.ut- wavi* an.ily\is - a -i-tniu! !iHfk (•'••o/ihtriiuil h'lfainh lcllri\

29. t~ ! iliroMj;!i P -1 .

S.iiu!vol. !:.A.. \ i . J.!-;. Kind. R .nu! /li.io. W I IW"i ViMiiii Linisniropy

lii'iit-.illi lilt- MJiidiiTri !iiriia!a\.is.'|'ilH-t tollismn /nilf. /"iiriiiil nJ

(i,-o/'ln->iailh-iVi-tinh. 102. !-.si.i-r.s.M

silia!lfr. S\.. Miirur. ( ) . Miult-r. !,. Uot/i-r. !., tki>\t-i;li. Vt atui Kr.iiiu-rs, J | ) .

t I'/W). !-:.\luinialion of !,im|)o|vi (\-nir.il /out- >;ranii!ik--. ami tltxiral

Loniint'iil-M'-ak- ir.insttirrt-nt movt'invni al 21) (ia .tkm^ tlu- E'al.il.i >lu-.ir

/<int-. Noiilu-in I'roiitut-, Sotilli .Vtrit.i /'iviiiiii'nitiii h't-<riinl'.

96, Ji>,^-i^

St!iiii|[/, ,M. <2t>{>2'l (it-oli>Kit.il ami llit-riiirK!iroiiiiln^U.il Miitlit-s of ilu-

f\oliiiion oi liu' louvr iMisi of sniiilu-rn .Vlni.i f ii/itihli<hfi/ /'h />. //KMX

.Miis:<iiil<ii.-iih hi^iiliilf of l\\hii<'l'<!i\: (.'iiiiihiii(iii: \hi<^iuhii.-tlK / .V..-1..

1-2-1.
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SF.IS.MIC AMSOTROPY. MANTI.H FAHRIC. AND Till- MAG.M.-\TIC HVOLUTION OF
PHI-CAMBRIAN SOITIII-RN AFRICA

Stiiinii/. Nt.tl.. liowrinn. SA.. tk- W'll. M.J. antl Cart/. \ ' iJC'O, Milnltuiion
antl it'rraiit.' tollivion sialnli/i- ilu- wi-sk-rn Kaapvu.i! traion itvtosplu-rt-
i.9 hiMion yoar. a;;o. Sti!)iniik-d lo lumh tiiuWhtiu-uiiy Scifua- Iriuis. in
prt.-ss.

St-nnor. A.M.C. lUirkc. K. anti !)t-vvvy. J.r. l lT.Sl. Rilt> al lun!i ailnlf.s u>
oroKi-nif IK'IIN: Tests for llu'ir orij-lii and tlu' I'pi'K.T Kliiiio (iralvn as an
vxanipk-. .•\iiicriiinilouriiiili'fS(ifini: 278. ii-iU.

Silvi-r. I'.ti. andC!ian. V\.W\ i I'JSW) Iniplii^itions for tontim'nt.il stnutnn- and

i-voliitiiin !rom st'ismu' aniMitropy. .\iiliiri: 335. .^t-5''.
Silvt-r. !'.Ci. aiui Savage. M. UWi) . l iu - ink-ri>rt.-iali<in of >lu-ar-w.nf spliititig

par îinok-r> in llic prt.'st.'ntf of iwo atiisoiropit !ayvr> (^ifjilnsuiiljniiniiil
hiu-nitilhititil. 119. yi9-96.V

Silvi-r. I'.Ci. (I 'Wil. Sfismic anlMitropy !>L-nL-ail) tlic toniint-ni.s: !'rot>iiin ihi-
i!cpih'i of j;t.'o!oj;>. Auittitil Ri-ticw of hUitih iiiul I'linwKin Scii'iicv.

24. .•WS-1.12.
Silvt-r. I'd.. .\l.iinpniv. !).. !smait, W il , Tmtiinasi, A., antl H.irni'il. ( i , I I'WJl.

.\T.inik- stnutnral j;foloj;y from -t'ismii amsotro|)y. In V iVi. (". IWnka ant!
H. O. .My-t-n U'ltiiors). .\lani!v !'ftroloj;y. t"it-k! Obst.-nali<in> and Hi^li

I'rcsMiro L-iiX-rinK-ntaiion A Trilnik- H) Ixaiuis R (J(K-1 Itoytl. Chfiiiiail

Siiclely. .Spi-citil I'lihliaiiioii. 6. 7y.U)3.
Silver. !'.G.. Gao. .S.S.. Uu. K.H. and K.S.Group. (2lK)t). .Manik- dcftirination

!>t.-m-atli siiiii!R-rn Africa. Cki'plnsiailKiwiinh l.ftti-i\ 28. 2-t'>.'<-2i*Xy
Silvt.-r. }',(;. antl l!oli. W.K. (JiHlJ) llu- nianik- How tu-ltl tx-ncaili wi->k-rn

Nonli Aiiu-rita. Siwiia: 295. lo^i-Hl^-.
Stt.-t-|). N.H. tJ'MHI). I-Aoiiition of itu- iin«k- nf tonvi.vti<in wittiin tt-rn-strial

ptant-|s Jiiiiniiil if (iiii/ihysimt Kcsiumh. i:,irih mul J'linirl.y

105. r.>(<.vr.^-n
Tink<.-r. J.. tif W'li. . \ t j . .im! (•roi/in^t.-r. J |J(MUI. St-i?.mu' straiinraptiit"

Kiiisir.iintN on Ni.-oaa!u-.in-l'.ilfoproit-to/oic t.-\iiiniion til ttu- wv.sit-rn
itiar>tin of llu- Kaapvaal tr.itoii. Soiiili .Alrita. .s'liiilh .-Ifiioin /niinitil of
CniAoay. 105. !(r-I.Vl.

rDniitiasi. A., am! \aiidiL-/. .'\ I21N>1). Coniint-nial ritiiiiK pani!!t.-l [o anticnl
tollisional !K.-It.s: an t.-ffL-L't of (!u.' itit.-dtanicat anisoiropy of ilu.- !itho>p]u-rii.'
manikv iMiil'inuHiiiiiftnnSiiL-iici-U-iifr.. 185. IW-il"

Tn-loar. !*J. (!')««). Tlu- >;fnloj;uai t-vti|niion of itu- M.inondi .\|ol)ilf Ik-il.
Zimtvilnvt'. I'nxiimliiiiiit Ri-scaixh. 38, ^^-".^.

Vinmk. 1.1'. (irot-ii. KW E! .ami Nico!.iysi-n. I.O ( I W T ) Kin-iii dvforiiwlions
of lilt- tlt-op toniint'iiial ri>ol !>fm-.itli MHUIU-HI .M'tua. Siiluiv, 375. (̂1-52.

Watravi-n. K am! Maitinnh. K. (!'W.^). (k-iKtiromikij;y of tlu.- Ndxi Cir.miic.
Hiislivdd (J>niptt.*.\. Siiulb Africiiit Jiiunuil of iliMlof^y. 96. 3 l - i l .

Whilo. US amt N!tKonirit.-. tJ. d W i ) Mantk- pliinu-s and tl<x>tl hasa!is.
Jiiiinial ifdiiijihysiail lii'Siimh. 100. l'','i|.l- l-.SS .̂

Wilson. J. !' U'/N)), A tr.ilon ami ii.s tr.uk?.: sonu- of tlu- Ix-tiiiMiiiir itf ihc
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