Kimberlitic fluid extraction from the lithospheric mantle due 1o rapid
deviatoric stress orientation changes during the Cretaceous

() Introduction The South African Context Lithospheric Mantle Structure

Kimberlite and related rocks range in age from the Archaean (evidence for e Localized feeders of the Bushveld Complex (contains Premier kimberlite)
diamonds in the Witwatersrand Basin and in Ghana; phlogopite-rich lamprophyre (e.g. Viljoen, 1999); cratonic root unscathed i.t.o. diamond potential.

in the Kuruman area of the Kaapvaal Craton; Janse, 1985; Bristow et al., 1986)
to Recent (Leucite Hills in Wyoming and the Eiffel area of Germany; Janse,
1985). Carbonatites and kimberlite occurrences become more abundant from the

e A Nb&OE-(approximately NE-) trending shear wave splitting (fast)
polarization direction evident from a closely-spaced broadband array
across the Kimberley area (Vinnik et al., 1995; Fouche et al., 2001).

Proterozoic onwards, and remarkably more abundant from approximately 600 Ma lJ 0 BASSON . S sy e Parallels “central EET high”, an “arcuate saddle-like maximum (average
onwards (Janse, 1985; Dawson, 1986; Wolley, 1989; Lubala, 1991; Haggerty, Dept. of Geological Sciences width >> 350 km, average magnitude >> 70 km) from northeast to
1989, 1994; Harmer, 1998), partly due to their erosion-prone nature and ongoing Univ. of Cope Town, Rondebosch 7701 southwest [which] dominates the EET map” (Doucouré and de Wit, 1998).
crustal uplift and evolution. ~ The most notable post-Pan-African peak in e-mail: ibasson@geology.uct.ac.za e The central EET high coincides with present-day velocity vector of the
kimberlite volcanism occurred in the mid-Cretaceous (approx. 124-83 Ma) in African plate (g.v. Vinnik et al., 1995), N40-45E at 14-20 mm.yr'1 (Online
southern Africa, North America, Brazil and Siberia, areas that display a 200 Ma H J ELSMA Goddard Space Flight Centre, VLBI Solution KB2001 of Version 01).
subsidiary kimberlite intrusion peak (Skinner et al., 1992; Haggerty, 1994). . . . o Trend coincides with the spatial (but not temporal?) Venetia-Premier-
Kimberlite intrusion events in the southern Africa region are directly comparable CIGCES, Dep’r. of Geologlcal Sciences Kimberley kimberlite trend (c.f. Hartnady and le R'oex 1985 le Roex
to carbonatite intrusion events in the same region; approximately 679-491 Ma Univ. of Cape Town, Rondebosch 7701 1986: Skinner ef al., 1992), and NE-SW lithospheric exte,nsiona’l Stro 01:‘
(essentially Pan-African) and 139-116 Ma in Angola, Zimbabwe, Malawi, T : ’ - ’ . .
e-mail: jelsma@cigces.uct.ac.za to 8 MPa at tely 125 km depth (D d de Wit, 1998).
Tanzania and South Africa (Wooley, 1989). While Janse (1985) cites ' S R R mattely 125k depth (Doucaure and de Wit, 135y
approximately 19 kimberlite-/lamproite-forming events, Dawson (1986) * Two mutually orthogonal lattice preferrgd orientations p.ervaswe
approximates 16 events or phases worldwide. A total of 4 main events are G VlOI—A throughout the Ivrea Zone (LPO) (Ben-lsmail &t al., 1998, 2001):

proposed for southern Africa (Dawson, 1986; Skinner et al., 1992; Fig. 1). Dept. of Geological Sciences 1) strongly plastically deformed and sheared with a high degree of

Univ. of Cape Town, Rondebosch 7701 deformation/recrystalIizatiorT, pgssibly only locally formed by high-

To date over 780 kimberlites have been found in southern Africa (Smith il iola@ | t temperature asthenospheric diapers and 2) c.g., commonly garnet-
’ e-mail. gviolgegeology.uct.ac.zd : - : : :

1983: Smith et al., 1985; Gurney et al., 1991: Skinner et al., 1992; White et al., bearing, without ‘microstructural signs of high temperature, stress or

1995). Mesozoic southern African kimberlites are divided into 2 groups on deformation rates; eqU|I|bra.ted at normal continental .geotherms between
60 and 130 km, representative of the Archaean cratonic root.

geochemical and mineralogical grounds (Smith et al., 1985); 145-115 Ma I 'I'l\/ . . . N
(mainly Group Il) and 95-80 Ma (mainly Group I) (op. cit). Group | kimberlites, O bJeC es o HEEREREE RS RRIDENEIE0S) and vinnik et al. (1995) suggest seismic

which are “normal” ilmenite-bearing kimberlites and have distinct Pb, Sr and Nd
isotopic ratios, also intruded at approximately 1600 Ma, 1200 Ma, 500 Ma; Group

anisotropy of the mantle depends on the LPO of olivine, in turn caused by

To clarify and summarize the sequence of events operative in southern finite strain from simple shear. The [100], [010] and [001] axes in olivine

|l kimberlites are highly-micaceous and ilmenite-poor (op. cit.). While carbonatitic olinfezt bjule2atlis Uil s Blinespaliny [pR By el Ui become a|i.gned Wit_h the longest, s_horte.:st and intermediate strain ellipsoid
activity increased with time, it is episodic and temporally & spatially associated of these events. axes; maximum principal stress direction (0¢) sub-perp. to 010 faces of
with major orogenic events (Woolley, 1989); ie. the “localization of To merge recent data on a nhumber of apparent[y unrelated features, olivine crystals (q.v. Waff and Faul, 1992); similar to oceanic crust, [100]
carbonatitic activity over time / several periods suggests lithospheric such as plate motion vectors, lithospheric mantle fabrics and axes oriented sub-parallel to spreading direction in the upper mantle

(Christensen, 1984; Silver and Chan, 1988).
e Pearson et al. (1995) and Shirey et al. (2001) suggest no major

control”, furthermore, “the location and genesis of carbonatites [and preferential mantle melt accumulation within these fabrics, with a view

carbonatitic activity] is determined in some way by the physical and/or to explaining the mechanism of unusually abundant, geologically _ . : o
chemical properties of the lithospheric plate”; supported by van Straaten . ) ) ] ] . thermotectonic event since Archaean times. Vinnik et al. (1995)
instantaneous kimberlite emplacement in the southern Africa region

(1989), “carbonatite magmatism is related to recurrent reactivation of older ) ) suggested that the present “flow” or shearing of sublithospheric mantle

structures and argues for a control by crustal rather than mantle during the Mesozoic. of the Kaapvaal Craton (e.g. Ribe, 1989) is inherited from Precambrian

processes.” or related to consistent plate motion the Jurassic period; a situation similar
to the North American Craton (e.g. Ribe, 1989; Ruppel, 1995).

Cretaceous Events Kimberlite Emplacement Rates Mantle Melt Accumulation

Upper mantle-lower Transit speed within the Fluidised intrusion

¢ Increased mid-Cretaceous mantle convection (“superplumes”; Larson crust transit upper crust as dykes as diatremes Th d effective dihedral les for basalti It i tact with
19914, b; Ricciardi and Abbott, 1996; Haggerty, 1994). Reference Basis quiﬁzve:ch]c?i?-Kk)nlmr* Aﬂii: ng';cli(tm ﬁi:\;&;{n e |e jlisasure fe eczlc\)/oet ! gogafang es.dor asa |9 me ltmf CO?. act wi )
mins transii mins transit mins transi olivine range trom (0] . Tor a wide range in me ractions an
e Accelerated plate motion coincided with the arrival of the Parana, hoursttranstit hoursttranstit hoursttranstit dihedral an%le R L el forms an interconnec?e d network
Fluid dynamics, Bernoulli ’ -
Etendeka, Gondwana and Ontong Java Superplumes, representing a McGetchin (1968) Model M |  equation. Newtonian flow in %) - - | ; S ) ) 1 -
deep-sourced heat pulse from the CMB and coinciding with a “Normal” . o dyna:?; B (669) iy .ncreasmg nr:et . 2 mcn:eas;ng Igraln k3|ze resu"ts . ITnI
geodynamo field orientation between 120 and 80 Ma (Haggerty, 1994). e Sl ] (0.8) :nc::asg 1'3 e f'Tefand asfp ecl:.t .rat;o et p(;c eths ’ t(us:a y pda?tr'a E
: : : o the crystal faces of olivine); occurs under hotspot conditions
o Higher mean mantle Potential temperatures (PTs), temperatures MeGetchin (1968) Model m | 7114 VEEUEE, Bermodtl : ' o (Daines and K;yhlstedt 1996; Crough et al., 1980; Haggerty p1 994).
- - el pocket spet et (o - short s ) s et t v
convection and plate motion (q.v. Sharp, 1974; Hartnady and le Roex, MoGetchin (1968) Model F | 7144 dynamics, Bemoul _ % ) ILactions (Ot..01 tczc (l)(:OZb: c?:c/urs t\)Nlth :Ptle partial melt frac;f;(:cns Eroposeq fodr
1985; le Roex, 1986; Larson, 1991a, b; Hill, 1991; Haggerty, 1994). A e : _ e f e 5g:o?eraf ion .o blm ;’:rl_lc ctar bona| ;: rdn.ag.r?tis Ord rr;(e hlr?cd|:)n1 ;egq5u|reb.
more regular potential mantle temperature resumed after ca. 73 Ma or just Sy (i) d Rlparaln boun larles 0rbe wetied, ', RO S? ’ a, b,
after the end of the mid-Cretaceous (op. cit.). Ferguson (1970) Flow in kimberiite dykes ;ls ) Joh.n-s-o-n et al., 1990 Riley et al., 1999) & at hlgher m.?lt fractions (>0.18).
SRR ESilie eipiediprior to 90 Ma (nominally Group Il types) sampled —p— N er—— = o Me|l|ltltlc.:, nephelinitic and c.arbonatltlc.: (and kimberlitic) melts are highly
P g ysis, propag ! . ;
mainly harzburgitic material from depths between 180 and 140 km (1970) of lamprophyre dykes 7.5 mobile in the upper mantle/lithospheric mantle at very small melt volumes
! ; : 0/.- . ; .
within a 210-220 km thick lithosphere with a geotherm of 34 mW.m e sy Al g 560 ' ' e - onzto, 1965 amer, 1995).
(Smith, 1983; Smith et al., 1985; Brown et al., 1998). e 2 T - —— e Ave LgllemarmIt and Carter (1970) not.ed.preferred orientations of melt !n
e Post-90 Ma kimberlites sampled a highly metasomatised lithosphere, Uirch (1069) | relations of carboric and 3957;2557 an anlsotrospltially deformed lIherzolite:melt system, deformed at strain
raised geotherm of 40 mW.m™, from shallower depths (170 km; op. cit.). Preservation of diamond and IR R el Caniining prossures of 2.5 GPa
Smyth and Hatton (1977) o 0 e T e Several hours - - 9 g . . . ,
e A mid- to late-Cretaceous spike in sediment volume in the offshore e Bussod and Christie (1991) found preferred orientation of melt ‘slots
Natal-Mozambique and Orange Basins (Summerfield, 1996; Brown et al OHara e al (1971); Mori | e e % along recrystallized grain boundaries at 30° too 4 in partially molten
’ ’ ) ard S (1979) minerals 124 Iherzolite deformed under hydrous conditions at confining pressures of 1.5
1998; 1990; Botha and de Wit, 1996). :
Recrystallization rates of strain- 40-70 GPa, 900-1100°C and differential stress of 100-400 MPa.
e Extreme thinning of the MBL, significantly raised geotherms and uplift Mercier (1979) ff;fa?ﬁgg'jfy‘;g{i‘:;hr;j;'gge 150-85 Daines and Kohlstedt (1996): samples deformed at differential stresses
driven by buoyancy, resulting from a decrease in the density of the material e 3 =
. . i i . 1125 greater than 100 MPa exhibited more melt in pockets at 15-20° to o 4;
Ighospherlc rlogtsl (q.vl. Blr zwr;‘ - dal(., 19898’ 19:20)"(1 CS;SBI;IQ 2 mid- MEESES R B Excalitionlin clinopyroxene B melt pockets oriented parallel to o1 were also a factor of 2 larger, longer
retaceous global sea-level highstand (e.g. Summerfield, . 9.1-4 . ’
¢ Uplift and denudation, constrained by apatite fission-track (FT) dating. A Kinetic diffusion calculations on Ll B e e thaniifiose amanged perpendicular to 6.
’ ' Ganguly (1981) pyroxenes and Ca-poor pa e Shear deformation of olivine-basalt results in a preferred melt
101 £ 10 Ma FT apatite age for rocks outcropping at Luderitz (Namibia), amphiboles 144-8544 ; - . ) }
96 + 7 Ma and 103 + 8 Ma FT apatite ages 50 km east of the western ichel rflﬁif)hgggi)" vt ﬂﬁlﬁir:"rigtzrfl(%%ﬁe%agﬂet 16160 orleontatlon. a differential stress. of 170 M.Pg ando a total strain of over
southern African margin, a relatively poorly constrained age of 140 + 16 Rup s o e 160k thick ithosphers of 375-38 230% produces melt preferred orientation within 20° of o4 (c.f. Bussod and
Ma at Aus (approximately 100 km from the western margin) and an age of — el S B = == Daines and Kohistedt, 1996).
83 + 6 Ma at 200 km from the western southern African margin e Daines and Kohlstedt (1996): the degree of melt-preferred orientation

(Summerfield, 1996; Brown, 1992; Brown et al., 1990). Ki m ber“_l_e Tre n dS 2 relates to the duration of a (relatively high) differential stress, rather

« “Vertically coherent deformation” (Silver et al., 2001) wherein changes than strain rate/total cumulative strain (recall the NE-SE oriented 8

MPa found by Doucoure and de Wit, 1998). Surplus melt pockets

in the lithospheric mantle are reflected in the overlying upper lithosphere. Trends from Verncombe & Verncombe (2002) : i )
primarily occur and may be expelled where the semi-molten rock
. e I - Aol contains more than its minimum energy porosity, a situation that
’ and Falkland Fracture Zones KwaZulu coastline, - - - . .
( re'l'O C e O U S P | G '|'e M O '|' | O n 4 selected Karoo dykes arises during the deforming/non-static or non-hydrostatic case.
e Data summarized in Summerfield (1996), in turn based on data from S e U e n Cin
Duncan (1981), Morgan (1983), Hartnady and le Roex (1985) and le Roex 7 Norhem Provinge Greensions bl Limpopo Shear Zones, élaa q g
(1986) dep|ct a “U turn” between 150 and 50 Ma Wherein plate motion Pt L gnETriong\e shear Zones Zoetfontein Fault, possibly some Proterozoic
) . f 2 et ykes
swung from W (relative to present African aZimUthS) to SW (qv Online .\::: _______________ 100 On-Craton Archeaan, Proterozoic and Karoo - .50 Directions of Spreading on African Plate (Degrees from Narth)
Goddard Space Flight Centre, VLBI Sol. KB2001 of Version 01). i Crmandion b e ot e Boe o] [
X 1 i i . '|| ~\ cmq Limpopo belts, the long axes of the Transvaal i |
e Recent summaries of African Plate motion spreading vectors (Mdller et al., ] s el s LU n7ele) ez i 2101 210
. . ! . ! Xy 1 - Adapted from Muller et al. (1993),
1993, Da|Z|e| et al., 2000, Un|VerS|ty Of Aust|n, Tean data; Lawver et al., 0 130 On-Craton and Off-Craton Mid-Proterozoic and 1904 c ’-190 Dogigleef J/_Ogogg)gned chJni\(/ersiT)Z of
i i P~ H Xerie - et Bt Wit U oe e (e 1 I Austin, Texas data (used with permission)
2001 ), calculated from mid-ocean rldge studies: 140 Ma to 60 Ma showed G hic Illustrati ] Botswana, mixed" element magnetic lineaments 170 Li7o
unusual characteristics, compared to pre-145 Ma and post-60 Ma i rg o ' : 1501 150
’ f | -I- 1- 175 On-Craton Archqeon, Off-Craton f’roierozmc olnd L
. q - o - O p O e mo IOﬂ Karoo - Kalahari Lineament and mixed magnetic
motion (Figure 1a). The direction of spreading (degrees from north) of : iineaments n fhe Orange Free State and 1307 130
. X o o (U AUSTln dGTG Ond Transvaal, the Lebombo Range and the Amalia T — — — I
the plate oscillated greatly; approximately 220° at 135 Ma, 140° at 125 Summerfield, 1996) Greenstone Bel 1107 ® @ ® ® |
o o (o] o
Ma, 219 ?t 11.5 I\./Ia,”145 at 100 M?, 195° at 90 Ma to 160° at §O Ma (.op. - f e, T T T T T T T T T T
cit.); this “oscillation” overlapped with a 135-100 Ma low-velocity period, ° f%,o N 47 a o Half Spreading Rate (mm.yr') »
. ) ) % & 4 % ] T :
with an average half spreading rate of about 6 mm.yr™, followed by a 95- S <, Ky OV/ 035 o Periods of constant/regulor spreading
. ] X %\\°J (7 . H g . i direction or plate velocity or consistent
60 Ma period wherein the half spreading rate doubled. h s direction of change or plate acceleration
v T AL RREER Y
2 :\\ _.——':,' \::'mwoo VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV
M O d e | ’%;A i e Y e Velocity of African Plate (mm.yr', after
s England and Houseman, 1984). Note the
(f.hen) Igck of resolution for the Cretaceous
c.f. Movement of U. Austin Data y ] M
e Consistent plate motion direction and velocity; development of preferred ® < h Ve
olivine alignment (g.v. present Kaapvaal Craton Ivrea zone fabric/LPO), e 4 ors oo 20 20 30! 70 0 Jeo vo 14 1o 10 'm0 | & 120 o Chrons
: ) ) 3 AL - N D LaeetE Event/Duration
melt orientation parallel to o4, coarsening of melt pockets, esp. from 184 . ; . -
. 3 . B Onset of Karoo Basalt intrusi 1 v. Haggerty (1994)
Ma onwards (Karoo Basalt event). Precursor stresses to “U-Turn”/slowing & . S ab.127 "
] ) ] . ] | - 35 > %)//%\ Onset of drifting/rifting 1 q.v. Haggerty (1994)
down/rapldly Varymg plate mOtlon dlreCtlon (60/30 Myr per|0d|C|ty)- (9Q\ \<,§ g - % /001/ %/ Ag:‘@ > %/70//9 Group Il Kimberlites 200 I (10 Smith (1983), Smith et al. (1985)
. . . o \QQ (<) :ol— Z > S \‘5 g % Lr’ly = % a . . .
‘ e Phase of relatively poorly constrained motion, wherein plate vector W = 2 2 FSUE % R CieSh[mbertics N Sl S L
2 = L 9 5 General Cretaceous Peak
oscillated (or continental U”-Turn”, imposing o4 at high/obtuse angles on = B g (incl. majoriic, gamet-bearing) 124 M 53 smith (1983} Smith ef a. 1985), Haggerly (1994)
pre-existing melt; rapid (Incremental? Staggered?) readjustment of Potential for dilation along frends & repeated kimberlite/carbonatite intrusion Gl L s Heoy {ize
effective dihedral angle and expulsion of low-volume Meliites 80 T 60 de Wit (1999)
carbonatitic’kimberlitic fluids from thin mantle layers, necessarily e e — .
accompanied by very rapid deformation of the lithospheric mantle Sameing of metasomgtzed fin ' A
(OSCIIIatlon Of <1O Myr perIOdICIty) NOte VelOCIty “kICk” at 100 Ma (Cf . . . . . Ezsfgmgl‘?\:]G(?\fT;‘eN?ermggvr/éfuergu‘ar’v 73 I Sharp (1974), Hartnady and le Roex (1985), le Roex (1986)
Plate still-stands, relative plate still-stands and plate motion velocity or Larson (1991, b, Hil (1991). Haggery (1994
changes in lithospheric mantle at approximately 90 Ma). Possible ’ P P y A Pgiio S e - o N
- - - - - - - . _ ummertiel
imposition of rapid deviatoric stress at high/obtuse angles to trends vector changes provide for rapidly oscillating deviatoric stresses, which oo Nandferenedl) | » — g .. N
H eomag. Super/Subchrons -_1 N | aggerty , Cande and Ken
defined by Verncombe & Verncombe (2002), providing repeated/long-lived have a F_’r°f°u"d eff_ect_ on mantle _ fabrics and preferred melt
hosts for kimberlite/carbonatite intrusion (fluid expulsion in < 3 hours). accumulation. Transmission of stress into the upper mantle must be xampiesof : ‘
. . . extremely rapld to overcome graln_scale recrysta”lzatlon (“otswald fluid expulsion periods gl I | le 2|2 1401 | | | | | léo Smith (1983), Smith et al. (1985) [2=This Study]
‘ e Resumption of constantly changing plate motion vector and more regular

ripening”) rates, especially in the case of CO,-H,0 fluid:matrix systems.

plate velocities. Re-establishment of mantle fabric in <10 000 years —
LPO currently evident from seismic studies.
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