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ABSTRACT

Tin.' CT:!]̂ l̂l"<l̂ K'lt̂  kimlx'rlitu coiiLtiii^ a suiU- of liiie-^LiijiiK'i.! xunolilli^ i.liiniin,in.-(.l by inlliDpyrnxiL-tie, ami toniitiniriL;

plilojiopik-. and ciccasional j;;trtifl. with tninur quatitirit.s ot oiix'iiu- anti siilphidt.-. btnicllar inlcrjirowlh.s of orthi.)pytT)xt.'nc^ ;tnd

IhnetTite wcvv ohsened in une sunipie. The fitiu siniincd otlliopyroxfnite ;t,ssemhlaj;t'.s were i)b.sei-\'ed as distivlL' XL'iiolith.s. a.̂  a

\ein in lliei/xtlik'. antl a-: a y.ttnvd niari;iti .sLn'rutinding a nK't^atiT^lii.' (.Itmilf. "I'hf miner:d.'^ arc chLiraLlfri/t-Ll l")\" itilra- anti inier-graiii

(.•lieinical lielerugeneity, i>Lil arc nn iht; whole compl)^itl^nally similar to lho.se in ihe ahundanl. liijjhly L'volwd C]'-[ioor tnej^actysl

.sititc at Gan.sloniein. Htnvever, they difier to X'utying ck*,£irees frotii mej;aciysls in ihc foncen Ira lion of mincjr clcmenls such as

Cr. Al antl "11 MinutLiI (.(inijju.siuons in a pyroxeniK- \c'm in Iheiynlile are higher (j- antl .M.i;-. anti lower in Fe^' than in ihc tiisnvle

line-grained pyroxenites. itidiLaling chemical inleiaclion \\ illi jieriLiolilc. A single zircoti-huaring niira-rlinopyroxenile has mineral

c(>mpo.siii()n.s similar to MARID xt'iiolilh.s.

l-'inc-grainei.i orthciiiyroxeiiilc-s. n-rogni/ei.] pre\ ioii.sly Iroin iln' W'eliex reden and Mzntigwaiia kimherliles and inieriirc'led as

rapidly eiysialli/ed magmas, are here siiggeslcd lo re.siili frum a ieai.lioii helween megaciyst tiiagnia atid solid tnanlle peridolile.

Mica-clinopyroxenJle may tL'presenl ihe lic|ui(.l end-prodiKl ol ihi.s re:tction. C^hetniatl arid modal tlifferenees of onhofiyroxeniie.s

liom megacr\.sls ru.sull hom reaclion with periLluririL- (.(imponenls. lack ol hulienng hy lypiial megaciy^l mineral a.ssemhiages. aiiJ

possibly sliallov\er origin.s. Tex lures and fine-scale chemical diseiiuiliiiriiim intlieak- dial reailion posldates some epi^od^.^s of

megaerysi lormalioTi and was probably Lmi.ierv,'ay when the xenolilhs were satnpled In a.scenciing kimherlite. Orlliop\-roxene-

garnet thermohmomL't!-)' intliiate^ an origin of one ^pa^^lonlein pyioxetiite M ~i2IS-<.~ and ~3..^ (d'a. .similar lo tlie locus of

niegat nsi ciystallization under East Griqualand.

'HK' (.'lan.slontein pyroxeniles indicate iiitetaelion nt magmas ai shallow le\els wilhin ihe siibcontineniai Iitho^pheric nianlle

and provide evidetice for meli-peridolilL' reaction that includes a po.ssible reaction relaiionshi|i hetv\een Ti-rirli mult antl oli\ine.

Similar ph;t.se rclation.s atid ptoce.sse.s tiiay also j">ki\' a role in iiiL-gaciysi peirogenesi.s, lor wliicli ihese pyrcjxenite xenolilh.s could

represent a small-scale, initial '-tage analogue. Tlie licjuitl en(.l-|")i'O(.lucts of sticli ruaction may he impor[:tnt cotnjionenl.s ot

LttuI mantle metasonialic lluitls.

periclotite anti occasional eclogile and pyt-oxenilc

XL'noliths. as well as rare lowei' crtislal mafic garnet

granulitcs. (),s isotope studies ol ]X'rido!ites ga\e Re-

depletion ages of - l . l ' i to -1.2 Ga. confirming the [losl

Archean (/.c. ••off-cr;ttiin"] age signatme of ihe manlle in

this region (Janne>' el clL. 1999: 20t)l). Tiie peridolile

xenolilhs record evidence of a high temperaiure

perturbatitjn to a lypical shield geotherm (Janney cl dl..

1999; f5ell el ciL. 2003).

.^mong ihe Gansfonlein mantle xenoliths occur a

number of samples v\ ith niinetal compositions similar to

ihose of ihe Ct-poor megacryst suite (Eggler e! ill.. 19"'9:

Introduction
•fhe Gansfonlein kimberlite. situaiCLl in ihe Karoo north

of Beaufori WeM, South Africa, is one of ihe southern

most kimberliles in S<.)Lith Africa. "-t70km west of the

inferred boundary of the Kaapvaal cralon (Figure I).

'I'hotigh a small anti historically little-studied pipe

(Rogers, 1910: Wagner, 1914; Kickwood. 19691. it

contains abundani inan[le-(.ieri\ ed xenoliths. Most

prominent is a suite ol" variably-deformed, Fe-

richmegacrysts of oli\ine. ilmenite and jjhlogopite. and

LiniisLialK abLtntiant. coLUse-grained zircon (Doyle,

1999). The kitnliedite also contains relatively abuTulant
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286 FIKE-GRATNFD PYROXEMTES FROM THE GANSEONTEIN KliMBERLITE

Table 1. Mincmlogical composilion t>l .sanipk'S examined in thi.s

study.

Sample No, Minerals and modal percentages

Figure 1. Ixication and iccuinic sctlinji of ilie Ganslbnioin

kiiiibcrlirc and the kimherlice yotirctrs of other xenoliths discussed

in [lie tcxr.

Gurney et al.. 1979), but exhibiJing unusual, finf-grained
textures. The samples are iUiienite- and phlogopite-
bearing orthopyroxenites iluil are texturally and
compositionally heterogeneous on the thin section scale.
Similar samples were previously reported by RawUnson
and Dawson (1979) from the Weltevreden Mine (Barkly
West area) and Boyd el al. (1984b) from Mzongwana in
the East Griqualand kimberlite province (Figure I).
In both previous studies the samples were interpreted to
result from rapid crystallization (quenching) of a magma
related to the discrete nodule (Cr-poor megaciysO
association.

Idenlifying the composition and origin of melts
parental to the Cr-poor megacryst suite has been an
important problem, because these inclusicjns arc widely
distributed in kimberlite xenolitli suites and it has been
suggested ihal they play an important rule in mantle
metasomati.sm and kimberlite petrogenesis ie.g. Gurney
and Harte. 19S0; Harle. 1983; Jones, 1987). There is
increasing evidence thai interaction between megaciysl
magmas and their mantle wall-rocks can be an important
aspect o'i megaciyst compositional evolution (Jones,
19S7; Neal and Davidson, 19S9: De Bruin, 1993: 2003;
I5ell and Moore, 20()'i), Previous studies have
demonstrated the general importance of mugma-mantle
interaction in petrogenesis and compositional evolution
of mantle-derived magmas, us well as in the
modification of mantle lithologies and compositions
(Kelemen elai, 1983; 1992; 199^; Kelemen, 199S; Wyllie
el al.. 1989; Wagner and Gro\'e, 1998). There is also
evidence ihal interaction v\ith megacn'Si magmas has
played a major role in the chemical evolution of ihe
lower parts of the continental manile lithospliere
beneath southern Africa (Gurney and Ilartc, 1980:
Burgess and Harte, 1999: Griffin et til, 2003).

In our interpretation, certain of the Gansfontein
samples pr(.)\ ide new e\ idence for the sctiing and nature

Di.screle fii

PMr>9y-(")48 opx (45%), phi (38%). ilm (17<Mi), oliv dr.)

PMD99-056 opx (50%), ilm (30%) , phi (20%). <-<l\\ (tr.)

PMD99-098' ilm (-l=i"<il. phi i-l()';<i). j^ar t~^=,'h,)

PMIWy-DW opx (S5"i'), ilm ( iS%l. gar (-2S'f'ol, phi (]S%), oliv

(ir), sulpii (Ir)

Addiiinnal samples eonsi.sring ot" opx, ilm. phi: I'M1>99-II25.

-lii>. PMD99-153

Discrete, cnaise grainedpyroxenitc.

PMD99-054 opx (74%). ilm ("2S%). phi (rv,j). coarse,

granoblasiie lexuire

vein in peridotite

Hosi; oliv (S(l"'ii). o p \ IH'-Vii), cpx (^"A^)

Vein: |ilil (lU'Ki). opx (3(l'4>), ilm (20%),

sulphide (ir.)

Fine-grainedpyro.xejiitic a.s'sciiihinges as.'^dcialed uilh uiegacrysls.

PMD99-()57 Core: oliv (100%),

Inner ("granoblastie") zone: opx (-88%). ilm

nO"/iO. phi (2%)Outer ("thsciculate") zone: opx,

pill, ilm (modal zoning).

PMD99-(122 Priniar>- delormeLl iiiegaeryst: oliv (=S()"ii). ilm

Fine-grained assemlilage panially enclosed, in

ilm: opx. phi. ilm.

l. oliv (tr.).e p \ (5()".i>i. p\)\ M S '^ii),i

zircon (tr.)

I'eriik'lili'

PM1)99-1 I oli\ . opx. sp, <.oai.se j;ranulLir texriire

oliv, opx, coarse granular texture

I'.Mhyj-O'W strdnjjiy iillcrt-d. priinar;' mod-ai prnportions

of such interaction. The utility of samples retaining
evidence of mantle-magma interaction in the form of
intra- and inter-grain chen:ical disec|uilibriutn in
constraining the nature and timing of mantle-magma
interaction has been demonstrated previously (Smith
and Boyd, 1987; Burgess and Harte, 1999; Griffin c! al..
2001). We therefore present here a description of llie
petrographic and some chemical features of these fine
grained pyroxenite xenoliths, comparing them with the
Gansfontein tiiegaciyst suite, and with the Weltevreden
and Mzongwana pyroxenites described by Rawlinson
and Dawson (1979) and Boyd et ai (198^ib). We also
describe a single clinopyroxene-rich micaceous sample
that has petj'ographic similarities to the "MARID" suite of
micaceous xenoliths, compare ils chemical composition
to MARlDs elsewhere, and speculate on its mode of
origin. Finally, we explore sotiie possible implicatiotis
of our obseivation.s for understanding petrogenesis of
Ihe C'r-poor megacr\st suite anei of kimberlite.

Samples and analytical techniques
Satnples were collccletl in 1999 from s[X)il heaps of past

.SOUTH AlklCAN JOt. RNAI. OT Cit'OLOGV
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'^^^Wr^^\m.f^''-

Figure 2. Petrographic

A ZOML-CI, line-f^rained m

fS ol Clansfontc'in hyhrJcl -{ | ^~ , a cnarM,' (i l i \ ini. ' sLirji>LinclfLl I n

iM.T jiriiinc-d, w i t h Mil)L'(.|LKinl. b l o c k y

onhopyroxL-ne. TIIL-SL" two

k's (a) Low inagjiifiairion \ it-w of I'

'I'IK' JniiLT tine <;r:iinc_-tl nmi.- lai.ljacL-nt lo o | j \ in f ) is mica-ixior. LLLHI

Drllmpyrnxenes. Thf oiin.-r /.tinv is niica-ricli and conUiins sht-al' like a^jrrej^aie.s ol' Hnc-j^rain

coLTCspnntl u> lUc "jiianiilolihistic' antl 'fa.scitiikik'tr' textures described liy Boyd tV c;/, II9H-)1-)) frotn pyroxenites from the Mzonguana

kirnherlite, liast (Trii[Li:ilani.i. (bl Low iiia^niticalion \ievv of .sample l'iMD99-ll7S, ;i line j^iained \e in Loinprisin.t' phlo,L;npite. ilnu-niie ani.i

onhdpyro.Kene, lra\'er,sin,i; a coarse Iherzolile. (c) Biotky-textiired ("jiianoblastic") inner zone in .sample l'M!>99-i)'S"' showinj; siibroundetl

ori l iopyroxene (opx) aiul irregular shaped ilmenile (ilm), with interstitial, irregularly shapetl i.sotropic serpentine parches (,serp) .soiiietinies

with calcite Ucl cores, (d) Magnified vit'w n{' re.sidiial \dlatile-rich mineral pati he.s lielween blo tky or thopyioxene grains in mairix of tine

grained pyroxcnite FMD99-057. <e) Lamellar interjirowUi of or thopyroxene Inpx) and ilmenire d im) in the fine-grainetl vein (i\' sample

l'MD99-07K. {f) iioundar\ ' be tween fine grained orthojiyroxenite and olivine megiicr^'si in PMD99-057 Mhowing relic olivine patch within

orthopvi'oxenite.
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cxc;i\ati<)ns on ihc kimliL't'lite, The satnples artd their
inincral assemhiagcs arc listed in Table L Major element
analyses were cletermineLl on -A sithsct of" llie samples
using a C;tniec\i CamebLtx electron niicroprobe at the
r)e|"iarttnetiL of Geoloj^ical Sciences, Uni\'ersity of Cape
Town, A lSk\' accelerating potential was usetl. with a
iK-atn current of 40 iiA, Count times for CaO, MnO and
Cr>O-<, in garnet, and NiO and CaO in t>li\'ine were
.30 seconcLs |-)er element, while ;ill other elemental oxides
had peak coittit times of 10 seconds. The data v\ere
reduced with the \\\P correction procedure (Poitchou
and Fichoir, f991), Representati\ e electron microprobe
:uialy,'̂ es of the tiiineraLs are given in Table 2.

Results
Pelfography
The suite e.\.amineLl in this study consists oi eight
discrete, line-grained pyroxenites (i.e.. coniposetl of
fine-grained pyroxenite alone), a coarse-grnined
orthopyroxenite, two composite samples consi.sting cif
coarse megaci'X'sts with fine-grained dotiiains sitnilar to
the tine-grained pyroxenite.s (Eigure 2:i), and one
peridotite xenolith with a fine-grained pyroxetiite vein
{Eigure 2b), .'\ niieacecuts clinopyroxetiite with visual
similarity tii the MARIl) suite of micaceous xenoliths was
Liis<i examined. The samples tlescribetl here are
generally stnall (<Scni), but larger samples of sitnilar
apjK'arance were notct.1 in the collection. Many satnples
have sLiffereel partial alteration of the primar\'
ferroniagiiesian silicates to secondary hydrous ]">hases,
commonly concentrated along fractures

FiiiL'-j>r(iiiiccl idscivti' xcnoUlbs.
These xenoliiiis occur both as rountietl nodules and as
angular rock fragments. The dominant mineral is
ortho|")yroxene, witli ubic|uitoLis subordinate ilmenite
and phlogopite. Garnet may be locally abiindant ancl
trace oiivine is commonly present, Macroscopic
heterogeneiU' in minerLtl distribution i.s ctitiitnon.
Orthop\"roxene exhibits a suliroLintletl, eciuant and
sometimes blocky lutbil (1-igures 2a atid 2c), with
\'ariable grain sizes (0.2 to 2,()tnm), typically smaller than
the minerals in peridotite xenoliths (comtn()nly 2 to
10mm), Ilmenite occurs intergrown with, and interstitial
to, the .silicate phases, with rountled or lobate, amoeboid
grains that may coalesce into irregular, vein-like
structures (Figures 2e and I'i). It is normally evenly
distriliLited thixiughout the rock, with occurrence of
s<.>tne coarse patches. The garnet-bearing sample
PMD99-099 contttins a megaciyst-like segregation of
polycryslalline ilmefiiie, I cm in diameter, Phlogopite
Liccurs as tlark-bi'own, fine-grained, raiidomly-orienteil
Liths and patches 10.2 to 2tmn) within polymineralic
intergrowths. varying locally in abiindance to define a
crude layering. Garnet, occurring as highly tracturcLl,
turbid, brownish grains (0,-i to .5 mm), was ofisen^ed in
Iŵ o .sainjiles. Some of the garnets are poikilitic,
containing inclusions of orthopyroxene, SLiljihitle was
iiotetl in sample I'M1)99-O99, asstxiated wiih ilmenite.

Lhcrzolite ivilh pblogopile oi-tbopyroxciiilc rciit.
Sample PMI)99-078, a Iherz.olite, contains a thin (~icm)
\ein (Eigure 2b) thai is similar in mineralogy and texture
to the discrete pyroxenite xenoliths. This \ein contains
phl<.)gopite, orthopyroxene and ilmenite, whereas
the Iher/olite matrix consists of a coarse-grained
(4 to 5mni), i^irotogranitlar assetnbLtge of oiivine (~80%),
(.irthopyroxene (-lS*>i)) and clinopyroxene (~5'K)),
Smaller, reciystallized oli\ine neoblasts are also found in
the Iherzolite matrix, mainly al(.)tig grain boundaries and
close U) the vein, hi contrast to the lherzolite tnatrix. the
vein is very ilmenite- and phlogopite-tich. ccMisisting of
-50% phlogopite, 5'^)"/" pyroxene, 20'Mi ilmenite and trace
quantities of calcite, Orthopyroxene sometitiies forms
lamellar intergrowths with ilmenite (Eigures 2b and 2e)
that are similar to the textLire seen in pyroxene-llmenile
tiiegaciyst intergrowths (Boyd and Nixon, 1973: Gurney
et ill.. PJ73), Similar graphic intergr<.)wth (.>f iiyroxene
and ilmenite in a fine-grained pyroxenite was reported
fjy Rawiinson and Dawson (1979), Evenly dispersed
sulphide of cLtbic habit is unusualK' abundant in this
xenolith.

Composite pyro.xciiHc - niei>(icrvsl sample.
Sample PMn99-057 consists of an oiivine core
surrounded by a fine-grained pyroxenite seUage
(Eigure 2a), The core, 35tnm long and varying from
10-2'5mm wide, may be a single deiorined and partially
reciystallised oiivine crystal and is dominated by large,
coarse ateas with undulose extinction. Within this large
crystal are ,snialler grains with a range of grain sizes,
showing variable degrees of strain and suggesting that
the oli\inc core was undergoing continuous
deformatitjn, annealing and recrystallization as it was
sampled by the kimberlite. The oiivine core is
surrounded by inner and oLiter /ones of fine-grained
pyroxenite. with a textitre similar to that found in the
discrete fine-grained pyroxenite satnples: P,MD-99-0S6.
EMD-99-(}48 and PMn-99-099, The inner zone
(10 tolSmtii in thickness) is coarser-graineLl and
relatively poor in phlogopite. contaitiing larger
orrhopyroxenes (up to 2inm) with a sub-rounded,
,slightly blocky appearance. This texture, illustrated in
Eigures 2a. c and d, cotresponds to that described as
"granolilastic" by Boytl d al. (19H4b). The finer-grained
outer zone has higher phlogf)pite abundance, and
contains orthopyroxene in sheaf-like patches (Eigure
2a), Boyd el al. (I9H4b) termed this texture "fa,scicu!ate".
The phlogopiti.' has bent cleavages and is poikilitic. with
abundant inclusions of small (~O,lmtn) rounded to
subhcclral orthopyroxene grains, Irregitlarly ,shaped
ilmenite is interspersed tliroughout the whole region,
with a similar distribution of coarse and fine grain sizes,
and appears interstitial to the orthopyroxene. Trace
amounts of oli\ine are dispersed within the
orthopyroxene-phlogopite-ihnenile matrix. One patch of
oiivine composed of reciystallised neoblasts is identical
to material at the margin of the oli\ine core (Eigure 2f),
The outer zone of this sample contains irregular

SOL Til AI'KK:. ' \N IOL 'RNAL O F GFOtX)GY
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n

70

Megactysl

PMD99-O30 mica-pyroxenite

PMD99-078 Iherzolite with vein

PMD99-154 harzburyite

PMD99-I47 spinel harzbtifgite

GANS-2 garnet Iherzolite

GANS-l garnet Iherzolite

n

75 80 85

100Mg/(Mg+Fe) - olivine

90 95

Figure 3- Hisruj^rani hhowiiiH tliMiiliuiiitii of olisinc^ fonipo.sjiions in C^nin.srDnlL'in XL-noliths. OMviiiL' nii.'g:ii.T\-.sl (.Litn aiv from [:)oylt- (1999)

:iml i::ifh analysis represents a single .--ampk-', (Jlivinc data for GANSl and GANS2 from t'. Janney lunpiiblishfcH - .sec j a n n e y t'l al. 11999;

20(1] I. I'nr ilif ptTitiotite .samples, multiple analyses uve illu.slr;it«l to demonst ra l t IIIL- coniposilioiwl .spread. Sampk.s l'Mf)99-078 and GANS-

2 lia\t ' [\\'<i L'oiiipo.siiions of olix'inc: Mg-rifli coarse pnrphyro(;-[;[.si.s and less ahundani FL'-ht-li rt.-i.Tysialli.'iL-Ll olivine ncnbla.si.s.

is()trf)pi(.' patches of serpentine, of which a sm;ill
proportion contain ceniers of calcitc (Fijitires 2c- ;intl cl).
These air thotighr to represent crystnllizittion |")rocliict,s
of :i rcsidtial fluid.

In acklitioti to (ht* abo\'e .sample that .shows major
coinponent.s of hcith nic<i:ictyst and pyro.xenitc types,
two doniinantly nicgacryst samples have .small
secondary fealLires that arc chemically .similar to those of
the pyroxenite .suite. Sanifile PMD99-n22 i.s an olivinc-
ilmenite intergrowth wiiere the ilmenile contains an
irregular inclusion l-3.5inm Lliameter) consisting ol
(jrthopyroxene. ilmenite and phlogopite, that is
connected to the kiniherlite matrix that encloses the
xenolith. However, the mineralogy fin partictilar
rlie presence of orthopyroxcne and lack of fine grained
spinels and perov.skite) suggests that the inclusion did
not result ftoni kimherlite infiltration near the surface,
and may represent an assemblage ciystallized from an
eadier trapped liquid. In contra.st, sample PMDy9-09'S
is a cf>aise orthopyrnxene-ihnenite intergrowlh
with :t secondaiy (host kimherlite related) phlogopite-
rich assemblage that includes small oli\'ine grains

Micci-clifiopyro.xenite xt
Sample PMD99-03n is an intergrowrh of randomly
orientetl, fine-grained phlogopite (0.2 to 2mm).
ciinopyroxene (0.05 to 0.3min), iltnenire (0.1 to 0.5mtTi),
and trace c|uantities of olivine (U.OT to 0,3mtn) and
zircon. Phlogopite grains poikilitically enclose ilmenite,
atid display utidulose extinction, twinning, and chemical
zonitig indicated by colour changes. Iltnenite is evenly
distributed througluAit, and olivine occurs as highly
fractured remnants.

llDiciiilc-orlbopyni.wiutc.
PMD99-054 is dotninantly orthopyroxene (--75'H)). It has
a generally coarse (0.2 to 5mm), polycrystalline.
granoblastic texture. The orlhopyro.xene contains fine
exsoltition lamellae of possible elinop^roxene that rerain
a cotistant orientation across grain btmndaries,
SLiggesting that the polycrysialline nature may in part be
due to rectystallisLition of a larger, strained ciystal.
Iltnenite (25'M)) occurs throughotit the pyroxenite as
coarse (2 lo 5mm) blebs with irregular margins, the
smaller blebs appearing to be interstitial and irregtilarly
ek)ngate along the orthopyroxene grain boundaries.
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The ilniL-nite hits :i polyciy.sralline, mosaic itfxttire with
120'' graiti intcrsc'Ctions. 'I'hc ihnenite ;intl pvroxene arc
no\ in tliix'ct tontact aiiLi it appears thai ilicir mutLKil
boundaries are a conduit to late-stage IlLiids that cause
thin veins of hydrothermal alteration products alon,q the
interface. A single large ((lmml, strainetl. primaiy
phlogopite grain is present.

Mineral Chemistry
Olirine
Forsterite (Fo) conlents of [leridotilic and niegacryst
olivines from Gansfontein arc shown in F'igLire 3. Tlic
coarse peridotite olivhies have a range in Fo wHitenls
frotii 90 to 93.^. with the higlicr values occitrring in
har^^liLirgitcs. In most xenolilhs the compositiotial
heterogeneity is minor, however, two samples, GANS-2,
a garnet Iherzolite studied by |anne\ c! a!. (1999) and
PMD99-078, the Iherzolite with a jiyroxenitic \ein, show
evidence for tiiore Fe-rich compo,siti(.)ns (Fo ~8S) in the
small recrystallized ncohlasts. 'fhe mica-pyroxenite
sample PMf)99-03O also contains I-V-rich olivine (Fo SO
to 82), w'ilh a higher CaO content than [he mejjacrysts,
ranging from (J.06 U) 0.10 weight %i. Tlie megacryst
olivines are ihe most Fc-rich (Fo 7,^-78); one outlying
"niegaciyst" olivine with Fo 88 is aclually a fine-grained
seetindary reacticm proeluct formed in a h'acturc due to
kimherlitf reaction (,sec description of l'MD99-(-)9S
abo\e).

llnicin'lc
llmenites from the pyroxenite suite xenolilhs are
coin|iositionaily heterogeneous (Table 2). wiih the
gteatesi degree of heterogeneit>' fotind in the \ein
sample PiV]l)99-078. The pyroxenite sLiite ilnienites
overlap the megaciyst suite ilmenites with respect to the
Mg/Fe ratio (Figures i and ^). but have a range of FV^
contents that extenti to \er>' low heniatile contents
(Hni < 5%, Figure i). Those frotn the two discrete
pyroxenite xenolith.s PMD99-0'i8 and PMD99-()99 are
closest to the compositions of the megaciysts and most
analyses arc indistinguishable from them. The mica-
pyroxenite P.MI)99-().̂ 0 and vein sample PML">99-078 are
low in Fe ', with liigh and \'ariable Cr^O; (Figure S).
llmenite in the \ein sample is also more magnesian, Thv
Gansfontein ilmenites are, with exceptioti of a few
atiomaloLis megaciysts. all more Fe-rich than the
Mzongwana pyroxenites (Boytl cl a/.. l9H-th).

The phlogopite in the tiiscrete pyroxenites has higher
TiOi and AhO.^ contents and lower Mg-
l = l()().Mg/(.Mg+I"e)| than llie single Gansfontein
megaciyst phlcigopiic analyzed (Table 2, Figure 6).
Al and Ti contents of the phlogojiite occurring in
the pyroxenite vein in Iherzolite (PMI")y9-0"'H) and in the
mica clinopyroxenite sample PMD99-O30 are similar to
those in the discrete i">yroxenite .samples, but the iMg=̂  is
higher, 'fhe AhO^ content ranges from 1.̂ .0 to H.S
weight %, while the I'iOj ranges from ."i.S to S.O

Hem

GarLsfonlem meyacrvsts

PMD99-048 (fgd)

PMD99-099(fgd)

PMD99-078(fgvein)

PMD99-030(mica-pyx)

A Mzotigwana pyroxenites

-S
1 Im 90 80 70 60 .SO 40 30 20 10 O c J k

Figure 4. linit-nitL- compo.^ilions ploitcd in ihi.' I k'nianto-

CicikielirL'-Ilmcnili.' RTnary cli;i,iinim. tndividual Gansfonlein

JliiR-nik' [n(.-L;aL'rysi LIIILIIV.SI'.S In 1111 t")nyk' ( 1999) and BL'II,

Linpubli.s!n.-i.l tlata. t̂7.onJ;\̂ :in;i p\'rn\(.'niu.- data troni [joyil c/ a/.

{ I98ih). Fgd = tine-j;raincd di.screle pyroxenites. mica-pyx = iiiua

clinoinroxL-nitL' "flin^ lint'-i^raiiu'il tlisfrcif xi.'n<ilJlhN nvurlLip IIK'

mcgacrysi compositions stihsianiialK. \\ iih utliLT

le.s.s l-'e'^*.

weight '̂ 'li, which is higher than obser\ed for most other
mantle-L!eri\eel micas. A late generation of miea grown
w'ithin a fracture in a megaci-\'st (P.Mr)99-()9^) iias a
composition similar ro that of the pyroxenite suite mica.
'Ihe Mzongwana pyroxenites ha\e high TiOz contents
that range to e\en greater \alues (up tt) 6.8 weight %:
Boyd ct a/., 198-4bl

T'he ortlujpyroxene grains within ihe discrete jiyroxenite
suite xeiiutiths are heter<igeneous w ith resjiect to Al̂ O.̂
(1.8 to 5.3 weight 'Mi in garnet-bearing sample I'MD99-
099 alone), Ca^ [=10()Ca/(Ca+Mg)| (0.9 to 3-0) and TiOj
{0.15 to 0.-17 weight "-U1 iTable 2; Figure 7). Al and 'I'i
contents are well abo\e tlKJse seen in the megaciysi
oithopyroxenes, whereas Mg=, ranging from 79.0 to
82.7, i>\erlaps that of megacr\st oithopyroxenes. T'he
\ein oithopyroxenes are also compositionally
lieterogeiieous and define a trentl (.if increLising .MjO^
with decreasing Mg-. 'I'hese orthopyn^xenes ha\e higher
C:rX:)̂  (0.08 t(3 O.bi weight "f.) und CaO (0-77 to 1.09
weiglit %) contents. It: general, it appears that
orthopx roxene in pyroxenite xenoliths records
c(.)inpositional disetjuilibritim on a fine scale, including
ztining of AhO^ anti Mg^ w ithin grains. The
C(Kiipositions ap|")ear to oxerlai") the megacrysts in
certain elements, iiut dejiarl lri>m them in broad arrays

s o t l i t A l KtCAN l O t R X A L C)t- Ci lUJI.Of. V
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Figure 5, lliiK'iiiic ss, Mi '̂, DatLi suiirics and ahlnvNiatinns :is for Figure i.

in FigLires "'a and . h, Of lhoj iyroxcncs in liic pyroxeni tes

frotn Mzongwana arc ,similarly hctcrogcncoLis (Tigurf 7),

Came!
Two pyroxenite sttitc xcnoliths contain garnet Ltnd only
iho,se ffotn PMf)99-099 were atialyzed, SLih,st:intial
heterogetieity was cncountet'ed in CaO. NLJIO :tnd 'fiO_-
contents and Mg~ (Figure 8), Grains arc inLii\ idtuilly
zoned (Mg=f 67 tt) 72 in the most extreme case), with
both symmetricLiI and asyninietrica! ztining being
ob.served. Siniilar ccMiipositional heterogeneity is e\idctil
in the Mzongwana anci Welte\redcn pyroxeiiites.
A negative correlation between Mg* antl Ĉ tO conteni of
llic garnets (Figure He) is iiniistial for mantle-derived
garnets. particulatTy of the megacryst SLiite. which
commonly have constant CaO contents, 'fhc CaO
contents range from 2.2 to 3-^ wcighl %. which i.s lower
than tnegaciyst garnet.'̂  in general and lower than
ob.ser\'ed for the Mzongwatia pyroxenite.s. bttt veiy
similar to ihc Wcl[e\"fedeti sample, Tlowever. ihe Mg-
verstts CaO trend proiccts tov\at"ds compositiotis of the
tnost Fe-rich Monastery' niegacrysts (Figtne 8c) that arc
known to coexist with iltnenite IGiirney cf a/., 1979) aiul
in the case of TiOj (Figitre 8a), .sulxstantial o\'erlap with
the Fe-rich Monastery ctjmpositions I.s attaitied. For
Cr̂ O.̂  - .Mg'̂  relationships, ihis owrktfT is e,ssentially
cotiiplete (FigLire Mb),

Cliiiopyro.wnc
Sample PMI)-99-030 contains tlioji.siLle with a wide
range of iVlg= honi 82,6 to 92.5, atiLl \ ery high Ti content
(0,6 to 1,2 weight % TiO^). similar tt) fasciculate
[lyroxenite from Mzongwana (l-ignre 'Ja), However, in
tnarked contrast to Cr-poor megacr^'st pyroxenes and
(he Mzungwana pyroxenites, it has a low Al content
(<0,()'̂  lu 1,2 weight % AhO^) that is similar to diopside
in MARIO xenolitlis (Dawson and Smith. 1977) and
Grann\' Smith pyroxenes (Btjyd ct al.. I9K ta) (Figures 9b
and c). The range iti Ca^ from iT.9 to 50.6 is also similar
lo these groups of xenoliths (Figtire 9c). The micaceotis
pyroxenite diopsides have low Cr contents (0,1 to 0.5
weight % CrjO^).

Geotbertnobarometry
Few opportLtnities for qtiantitati\ e theiinobaromctry of
the GatLsfotitein pyroxenite sttite xenolith.s exist because
of the lack o\' clinopyrcxxene atid the presence
of garnet in only one sample. The toexistetice ni"
garnet and orthopyroxene allows application of ihe
thermobaronietty based on Fc-Mg-Al exchange between
these two minerals. However, the large degree of
chetiiical diseqitilibrium ol)scr\cd in this sample
reqttires a careful application ofthe methods, With close
attention to petrographic context, we selected a closely
located pair of garnet atitl orthopyroxene analyses as

s o t i i i , \ i K i c , ' \ N
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vs. Mjf=, "IliL' tTan.slonlL'in iiicgut-tysi fc>mp()^.i:ii)n is rlir mean of

fitiet-n an;i]>^<.',s of .s:iniplr PMDW-H^J (Doyle, 19991. l'MD99-09=i

pliio^opiiL' i,s dark ivtl-htowii iiiiLii occLHTitnt; ;is .sccontkiry

rcplacvinL'nt of niL'^iKTysl ]ihlo,Liopili.' LIIOO.L; im'^ukir IVLICIHR'^.

Monii.sKTy mej iufns i i,Lii<i from Mi>orL- ( I'JWd). Myoi\n\v:m:i

liyroxenitL" diita from lioyi,! i-l <il. ( I'-'Mtli) ami inckitlL' lijihl Jiiil

durk h idwn plil(ii;opiii.' h o m a tiiicLi-tkli M.'nolitli \-i'^ll 2B C) ami

n\ir;L ffom a fa^ciculak' pyroxL-niie I3'IM~A). Al)lire\'iaiions as for

l-'iguiv \.

llu)se nitist likcl)' to yiuld tlic most uctLiiaic P-T
i c s . ThcsL^ were of a stnall ortliopvfoxetu-"

n, cntlosed near tlic core of a poikilitic iiitrnet of
-sutnpic PiMD'̂ J-Oyy, ;md tlic adjacent gai-nct, I'ressure
and tenipL'fiitLites were calcitlatcd witli tlie progratii
Tpy? (Sniilli, 1099) ffotii the garnet and ortliopyroxene
conijiosition.s, u.sing the 'IH-n anti P|,K\ nietliods (llarlc\'.
1984; lit-ey atui Kohler. 1990). All He in j^arnet atui
pyroxene was U"eated as ferroits in these calculations.
'I'his niitierul pair produced a tctiipcratiire estimate of
121^°C at 3.30 GPa. The use of garnet rim compositions
with the composition;il data for this paiticitiar
oithopycoxcne inclu.-sion provitle a marĵ inLilly lovver set
of P-T condilion.s at ~I19<)°C and -3.2 tiPa. This P-T
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point is iilDtietl in Figure 1(1, alon,^ with piL'ssurc and
teiiipcratLircs of pcri(_l()(ilcs tri)in LfSdlho, l'ast
Griqualand and llic nearby Heliron kimbcrlilt that we
liave c-alcukited from piiblislied daia using the same
< r'i[.i-FiiK\' ll:enn(.>har()nietric nie[hi)d,s. The preferred F-
T estimate represents signifieant deviation to high
lemperatLire from a steady slate sliield geotherm at this
depth (Pollack and Chapman, 19"^~), in agreement with
various other features indicating magmatic infiltration.
The temperature of 121S°C is within the range of typical
megacryst magma tempcratLJres (Nixon and Boyd, 1973;
Gurney ct al.. 1979: Schub.e, 1987), towards the lower
range expecled of the more evoKvd coni[)ositions.

"['he de|">lh of -1 lUkm ini_licauxi In ihis pressure is
SLibstantiallv shallower than cstiiiiLilcs for the

csystLiilization deptlis of most cratonie megaciyst suites
or the Fe-Ti rich sheared pcridotite xenoliihs with which
ihey are thoughl to be associuletl (£'.,!,'., Bo\d antl Nixon.
1975: Hops da/., [9S9I. However, il overlaps with the
lower end of ihe i':inge of pressures calculated by rhe
same methotls tor the high temiieraliire peridotile.s from
the Kast Gri(.|LuilanLi off-craton kimberlites.

Discussion
Suiumaiy and significance of petrographic
ob serrations
The chemically-tiefined "megutjyst' suite at Garisfontein
toniains both coarse and fine grained s:(mples thai exhibit
a range of cleformation textures (Doyle, 1999). whereas
the pyroxenite SLiite is distinguished liy the intergrowth of
minerals on a line (< 1mm to "^mm) scale, 'I'ltus, the fine
grain size does not simply represent the recrystallisation
of Lirge homogeneous domains, The sheaf like,
fasciculate pyroxenes, block)', gi'anobhistic jiyroxenes,
and finely iniergrown, iobale ilmenite are also
ciiLiraclerislic textures nol seen in the inegacrysi suite,

R:iwlin,son aiul 1 )awson (1979) and Boyd cl (il.
( I9H4b) ascjibed similar fasciculate textures to rapid
crystallization, amounting to quenching of a magma,
possilily in ihin eiikes or bv inclusion of pyroxenite
magma in kiinherlite. Textures resembling those in the
nalur:il rocks, including silicate-ilmenite intergrowths.
\\ ere |Troducetl by melting and rLipidly crystallizing
sam|")les of ihe Welte\'reden sample Bl)2027 in the
laboratory (Kawlinson and Dawson, i979). The \'ein-like
feature in the Iher/olite (PiVlD99-(!7Sl supports a
magmatic oiigin for tiiese xenolith.s, Ho\\e\'er, both
s:uiiple BD2()2" and PMD99-()99 contain later coarse-
grained ilmenite, indic'Liting that interpretations other
than c|uenching. that inv(jl\e longer time scales niList
be [lerniissibie, becatise residence in the mantle has
nol desirf)yeLl the finc-gi'ained ••(]uench-like" icxtui'es.
As discussed later, the composition of ihe
fine-grained pyroxenite is also inconsistent with
know n magmatic liciuids, l-'or these I'easons, we
consider an alternative to ihe niagnialic qiienching
hypothesis.

The /.oned pyroxenitic margin lo the coLirse-gr:iined.
tletormecl dunite/oli\ ine megacrysi suggests that these
textures could also arise from reaction between magma
and solid mantle. The textures of the fine grained
pyroxenite zones aroLinci the ccxtrse oli\ine sample
PMI)99-l)S7 look \ei-y similar to the textures of rhe
discrete pyroxenile samples PMD99-()4<S, -0^6 and -099
antl to similar discrete samples from the M/ongwana
kimberlite re|:)orted by Boyd ei ai (l9S4b), The banded
or layered character of some xenoliths c(jLiId plausibly
be caused by eilher igneous or metasomatic prcxesses
in\()King the migration of reaction fronts, 'I'he textura!
symmetiy about ihe inclusion (]'MD99-0S7) and the
coarse-graiticd vein (BD2()27) suggests that such fronts
ai"e related to the proximity ot solid mantle.

The relative abundance of minerals in the fine-
graineLl pyroxenite suite is different to ihat observed for

soi.Tii ,'\i Ki(.:.\N I<)I.:RNAI. o r
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nicgaciy.'̂ i.s at Gansfonlcin atitl also to the abuntlanccs in
iypicul peridotitf xcnolilhs. No garnet is obscn'ccl in the
Gansloniciti i-iift^actysi sitile. wheivas tlic abiinclaticx- i)t
orihopyr<.ixene and felalivc paittity of olivine in the
i:>yroxcnilc sitite xenolitlis is opposite to the relali\'c
aiiLinLlaiK-es in peritlolilc and the GanslVitilein
tnegaeiysts. Trace ainoitnts ol' olivine in the pyfoxenitic
rim of l'MD99-n57 and in PMD99-ai,S. -056 atid -09') may
he relies ot reaction, preserved in the pyroxetiite
reaction zone hetween a flLiiLl and olivine-doniinatcd
lilhologies, Significanlly, the pyroxenitic vein in
peridolile also contains lamellar otlhopyroxene-ilnietiite
intergrowths, though these are not as well developed as
seen in typical megacr\st sitites sitch as those of ihe
Monastery. Lesotho antl 1-rank Smilh kiniherlites (Nixon
and Boyd. l^r^: l^oyd. 1974: Gurney el al.. 1979) artd
have not beeti observed among the Gansfontein
iTiegaft-\sts.

.Siimnniiy and significance of mineral
compos itions
Mirieral.s c;ccLtrring iti ihe pyroxenite suite xenoliths
generally have Mg-*̂  for ilmenite and oithopyt"t>xene that
overlap those of megacr\"sis IVoni Gatisfontein.
Phlogopite has lower Mg= tliLiti a Gansfontein
phlogfipite inegacrysi, although only a sitigle megactyst
is available for fotnparis( m. The samples for wliicii there
is \isi.ta! petrographic evitietice of peridotite inlet-action
lKt\c coni]-)ositions that are differcni tiotn the
inegacrysLs in terms of .Vlg= and Cr. lying at
cot n posit ions intermediate to peridotite. The
ilmenites frotii these roclvs have lower Ec"̂  cotitents.
Low Ee'̂ '*̂ /Ee was also noted for fin2027 (Rawlinson and
DawsotT. 19~9). Together. these features are
strong e\iden<,e for intei'action of the magtna with
peridolite-

'ilie clieinical liem l̂s lor oithop)roxenc, phlogopite.
ilnietiite and garnet in the pyroxenilcs ail suggest that
tliese minerals v '̂ere formed from a melt that was similar
to that which precipitated the Cr-]ioor megaciysts ai
Gansfontein. 'Lhis tneh was more Ke-rich than the
megacryst magma at other localities in southern Africa
(fXiyle. 1999; Bell and Moore 200i. Hell, unpublished
tlala). iticluding the relatively Ee-rich megactyst suite
frotn the Monastery kimberlite iCiurney el ciL. 19"'9}.
Garnets iti the line-graineLi pyroxenite .suite partially
o\erlap the Motiasteiy megaciysl.s in tertns of Mg-L"e-'Li
relationships, inilicating it: some cases an ec|Ltilibratioti
with Monastety-like megacryst compositions for tlie.se
cotiiponents. The.se particular tncgacryst compositions
are those observed to be iti equilibrium with ilmenile.
However, the lower and \'ariable Ca cotitents indicate ihe
lack of ecjuilibration of gartiet with orihopyroxene and
clitiopyroxctie that normally .should produce con.stant.
buffered (̂ a c'ontetits iti Cr-poor megaetist sLiites.

In these fine-grained xenoliths. the theniical
tiisec|uilibrium it]i|ilied by (he eomposiiional
heterogeneity oceiirs oti \ery small s]')atial scales,
itidicalitig crystallizaticjti shortly before en.ipti(jn ol the
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Figure 10. lYcssure-ieinpLTaiLMV diaj^ram indicatinj; eontliliniis ol" (inj;jii nf ^uriT-'l-bearin;^ lint.- Hi:iinL d̂ pyroxcnilc sample r'MrJ99-0yy. I-or

cnnipari.sdn, rhc prL'ssurfs and Icnipt;raUircs ol" pcritloriR- xfnolJlhs I'rom ¥.iisi Ciricnialand kimhurlik-s (Boyd ani.1 Nixnn, 10791, thi_- ! Ifhron

(I kiriehcL.'sltnntL'inl kinilx'ililL' isiiiiikn- lo (lunstnnlfin. located 5ilkiii lo llit- norihi (Kdhcy, 19>̂ l; K.R. HUVLI, iinptihlishctl i,lata) LMUI \ariuii.s

Lesotliu kimlxTlilt's are pintteti for comparison. All F-T data have been ailctilaied usin^ tlie TMJ (Harley. 198-4] ihemujmeiLT in combination

wiih the P]iKs 'lirey and Kolilcr, 1990) .yeobaroniclLT, Solid reference line i.s a mndel conductive f;eolherm calculatei.! for -A -fOniWni • .surface

heat Ri.iw (Pollack antl Chapman. !9~"'l. Da.slu-d oLillinc lick! art' \'-T cuntlitionH of origin inferred for rapitlly ci-\^lalli/ei.l p\ni.\enilc

xenoiilh.'i from .Mzonjiwana (Bin'd tV î //.. 19H-fbl.

kimberlite, as sLiiJgL'siccl l;)y Boyd d al. (1984b) lor llic
Mzongwanii .suite. 'IIK- !4iVLiCest degree of relative
compositional heterogeneity occurs for Al in
orihopyroxene, reflecting presumably the iov\- dilTusivity
of Al in pyroxene (Sautter and Harte. 199f)). Occurrence
of recrystallised oiivine neoblast,s with Fe-rich (~ Fo85)
compositions in two peridotile xenoliths also indicates
that the Fe-enriclimcnt in these samples occurred close
ro ihe time of eruption, before significant diffusion inlo
larger, Lmreciysiallized <::)li\'inc.s occurred. In llic case
of the veined sample, this may inLlicalc Uiat
deformation accompanied vein formation, with
infiltration of Fe-rich lit|uid from ihe win into tlie
[leridotite matrix.

Bulk compositions of fine-grained pyroxeniies
The presence of mcgaciyst-like mineral composilif>ns,
the vein-iike habit of t)ne sample, the internal layering,
presence of occasional idiobUisUc grains and the
presence of high temperatures are features that cfiuld
indicate an igneoLis origin (or these xenolilhs.
In addition the fine graincLl nature ol" lliese sam|iles,

with their sometimes ladiaiing arrangement of
oilhopyro.xene cr\'stals that recall ciuencli textures,
suggest the possibility of a ra|">iLlly-crystalli/e(.l magma.
In (.)rder UJ examine this possibility we compLited
approximate bulk compositions by combining ihe
mineral compositi(.)ns with our estimates of iheir modal
abundances. I'lie results are given in 'I'able 3. along with
analyses of similar fine grained pyroxenite suite nodules
from M;^ongwana (Bo>xl cl al.. l9Sth) and Welte\"reden
(Kawlinson and l)aws(.)n, 19^9).

Two compositional lea ui res of the pyroxenite
xenolilhs preclude them iixnn being silicate mells
ciystaliized in a closed system: their extremeK' low CaO
contents (<1 weight"-!! t:aO) and their abnormally high
'i'iO_. contents (10-12 weight"'" TiOj). I'.ven if ihese
features are exaggerated by incorrect modal estimates, it
is clear that the compositions are most unusual. We
suggest, insreatl. tliat these xenoliths either represent
cLimLilales (where a re-sitkial liquid fractitin has
escapetl). or they are the reaction products of melt with
soiiti mantle (with or without ihe loss of a resieiLial li(.|Liid
fraction). One possiiiility is that a highly fluid, residuLiI
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Table 3- Wliolf rock L'

Sample PMD99-048

Type fgd

Ixtcalily Gansfontein

PMD99-099 PMD99-030 PHN3087A PHN3088 BD2027

Mica pyx phl-kacrs-gar-ilm pyroxenitcs "(lucnch" pyx-ilm

Gansfontein Mztnigwana East Griqualatid Weltevreden

.SiO2

TiO2

A12(.)3

Mill.)

CaO

K2O

10.2

6.1"

0.03

0.12

0.25

12.3

0.07

20.1

O.IK

19.4

0 10
1.47

5.36

6.44

O.IH

6.96

0.08

1H.2

n.2
0.48

M->.-i

1 0 "

14.1

0.25

21.1

5.02

0.42

0,4H

13.1

0.2"

Mil

2.01

14.6

0.16

25.19

2.27

0.43

l..-̂ 2

70.-42 H2-30 74.5 71.2 75.5

i \ i . ' i i i U ' . s w i l l I p r i m . i n k j c r M i l i n . - , i n d p h l i ) , i ; i i p i n . ' ) h \ X K h " I r o n i K o u l I ' l ; i l . ( I V S i h i . D . i i . i l i i r l i D J i ) . ! " r r n m l i : i \ \ | t n M > n . H K I I ) , i \ \ M j n ( I T ' J I . M l I ' u i ' . \ | i r L - - . M ' ( . I

ciirbonatc fraciitin has escaped from the .sy.sicm- lr is

railiff tlifficLili to imagine how a higtiK' tiifTcrcntiatecl.

incompaTihle eleiiieni-iich nia^yma prohahly ivlaicci to

kiinbcrlilc could not be veiy rich in carbonate, yel ihcrc

us only minor evidence for its presence in lliese

Li.ssemblagcs. In this coniexl. and g'wcn the low aftinily

of high field .strength elements iOv carbonalitie liqLilds, it

is also difficLili to en\isage how a carbonate-rich inagtna

coLiid crysialli/.c lo an assemblage so lit-h in Ti. e\<,'n if

a SLib.stanlial portion of it escapctl.

In contrast, the mica pyroxeniie .\cnolith has a btilk

conifiosition lliai is \\ ithin a reasonable lange for a silica

Lindersaturated, Liltrapota.ssic silicate nieli. In addition,

the bulk Mg« is close lo that expected for e(]Liilibriiiiii

with off-cralon mantle jieridotile (~Fo9l>. Thtis

the miCLi-ctinopyroxenite xenolith cannot represcni ihe

magma that precipitated ihe Cr-i:)oor megacr\sts, or j;ave

rise U) ihe fine-grained jiyroxenite xenoliths. as il is loo

Mg-rich. It coLild. ho\\e\XT. hv i.leri\e(.l from SLich LI

magma by subsec|Lienl ec|Liilibration with pcridolilic

mantle, thus exf^ilaining its higher Cr content and low

Fe*. Il could have differentiated to lorni a magma

parental to the inegat-'rysls. although ihe solid |")liasi.'s

that record si.ich an e\'olLilion are nol in ;.-\ iilence, so

that we consitler this possibility less likely. The similarity

of the micu p\roxenilc mineral assemblage and of the

pyroxene tomposilion lo (hose in MARID xenoliihs is

laken as e\'idence Inr A similar e\oli.ilionary path lor

these xenolilh types. I iowe\'er, the more Ti-rii, h mineral

com|")ositions in the mi(.a-ehnop\'roxeniie suggest

that its original compositions may ha\'e been tliffereni,

and that il has an origin in the highly e\'ol\ed

megaciyst magma thai appears to be a unitiue feature of

the manile benealh Ciansfoniein at this time. This is

SLipi^iorted by the otctirrence of zircon in this xenolilh -

a relaiively rare occLirrence in MARID xenoliths

elsewhere.

Implicalioiis of hybrid pyroxenite xenolilbs for

niegacryst-forniing processes

The compositional similariiy of pyroxenilc-siiile minerals

Ki megacrysts intiicalcs ihe in\'ol\emenl of a magma

compositionally similar to that whitli pivcipilaietl the

Ciansfoniein megaerysts. The calculated liLilk

compositions ot the pyroxenite xenoliths and, b\'

implication, the pyroxenite hybrid \ein in peridolile, ww

not comjiLitible with known or plausible igneous liqiiitl

compositions. Tims, ii is probable ihat the fine grained

textures are not formed by (jiienching of a Ii(.]Liit.l (unless

significant ciiiantilie.s of li(|LiiLl escaped from the system).

anL! iluu the resemblance to experimental and natural

magmaiic (]uencli products is coincidental. Lack of

chemiL'al e(|iiilibrinm at high temperature is ne\'eitheless

Linambigtiotis in implying relati\el) short timescales in

[he formalion of these rocks.

Petrograc)liic obser\ations suggest tliai the fine

grained textLiivs in the pyroxeniie xenoliihs ma\' result

h"om reLiciion of magma with solitl mantle peridorite.

This peridolite may inclLKle dtinite formed in pre\"ioiis

megacrysl-forming e\ ents (sample I'MD^jy-O^^).

The mineral phases of the discrele p)roxeniles anti ihe

\ein in ihe peridolile sample are the same, bm their

t tie mica I signal LI res are some w hat clilterenl due

partial ec|Liilibration with pericknite. I lo\\e\er . the

compositions, e\'en in this thin vein, are siill much dosei'

to ihe magmaiic pi'oLlucts than to ihe |')eridotitic wall

rock, suggesting thai if ihese roeks are reaction products,

they are overwhelmingly tlominaicd by the magma and

iheiefore imply hiĵ h magma ID rotk ratios. This woultl

suggest that the pyroxenite xenoliths ma\' re|iresent the

loci of percolative magmatic flux through SLibcontinental

mantk'. The macrosco|")ic layering may repieseni ihe

reaction fronts that rcsuU from succe.ssi\e episodic

liulses of magma through the system. aiiLi the otcasional

owrgrowihs antf LMILISULII zoning patterns seen in
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oithopyroxene and garnei cryst;ils, respectively. reflect
the compositional complexity' of these events. The close
proximiLy to niegacrystalline olivine (PMD99-C)57) and
ilmenile (PMD99-099. 002027) is of particular interest in
this regard, and may provide clues us to megacryst
forming processes. One possibility is thai this fine
grained i(xk represents grain boundary infiltration an̂ .!
mctasomalic con\'ersitin oi the aureok' around a locus ol
nicgacryst magma migraticni sucli LIS the coarse grained
\'t'in in BD2027. While the graphic pyroxene-ilmenite
intergrowtlis represent cotectic ciystalliiî ation (Wyatt,
1977: RawHn.son and Dawson. 1979). it is apparent that
this crystallization may OCCLIJ' during reaction between
melt and solid peridotite.

An unexc^lained obseiTatidn is ilic uniformly high
orthopyroxene content of these xenolitlis \\hcre\cr ihc\'
have been found thus far, Tliis high proportion is
unexpected for the soiidificalion or reaction products ol"
a highly silica-undersatLirated mcll and is at odds with
the proporiions of olivine to orthopyr(.)xene seen in
whai are regarded as the true magmatic products,
namely ihc Gansloniein megacrysts thumscKc'S. One
possibility is thai the high Ti content of [he magma
results in a reaction of the following type:

(Mg.Fe).SiO, + TiOj - (MgFe)TiO^ + (MgFe),SiOi
olivine liquid ilmenite orthopyifixene

At Monastery, the onset of pyroxene-ilmenite
intergrowths coincides approximately with the
disappearance of olivine from the megaciy.st
fraciionation sequence (Gurney et ciL. 1979: Moore
1986). This obseivation supports the proposed reaction
relationship beiween litaniterous megacryst magmas and
magnesian mantle olivine. We suggest that the unusuLiI
textures of the lamellar pyroxene-ilmenile inlergrowths
could be linked to gmvAth under condilions ol' this
reaction relalionship and draw attention vo their
occurrence in the pyroxenite vein in peridotite (sample
PMD99-078). With increased evolution of (he megacryst
magmas, this reaction relationship would be required to
cease, because the more Fe ridi. Ni-poor olivines. such
as those coexisting wilh zii-con. ticcur in stalile
coexistence vv'ith ilmenite.

In a hybrid, melt-dominated system, mineral
assemblages are tiictated by lic|uid phase relations,
although the mineral proportions and their compositions
will reflect those of the bulk system. Therefore,
megacryst minerals are expected to precipitate, bui in
proportions different to [hose normally obser\'ed in
megacryst suites. We therefore propt)se that the
pyroxenite xenoliths record the interaction of megaciyst
magmas wilh peridotite at relatively high integrated
Huid/roek raticjs, such that compositional features of the
magma prevail, l:)Lit complete conversion to liquidus
proporticms of minerals has not yet occurred. In the case
of sample PMI)99-099. for example, garnet (which is
absent in the megaciyst suite at Gansfoniein) ciystaliizes
because in interacting wilh periclotire, the bulk

composition is adjusted so that the garnet phase \x.)lume
is intersected, as it would be for mtsre |:irimiti\e
inegacrysi magmas, A siiiiiltir sittiaiion arises lor ihe
orthopyroxene-ilmenite intergrowths, which normally
occur at compositions less evolved than those found in
the Gansfoniein megacryst suite. However, the
inlt'raclion with peridotite shifts liquid compositions to
mimic a more primitive melt cfimposiiif)n, resulting in
the intersection of reactions characteristic of less evolved
megacryst magmas.

The pyroxenites, in preserving u snapshot of the
process of invasion of megaciyst magma into peridotite,
presumably represent processes at the margin of ihe
megacryst-forming event. However, it is an interesting
questi(.;n as to whether these incompletely equilibrated
assemblages also represent a lime slice tluring the
eon\'ersion t)f mantle into a megacr\'st-bearing zone by
the infiltration and metasomatic action of a melt.
In sam]?le PMD99-099, megacryst-like gainet giows by
the interaction of le-rich megaciyst magma wilh
peridotite. It is not clear what the equilihi'ium finLil
assemblage for this particular mix of magma and
peridotile is. or how it might change wirh aciditioiial
input of melt. Howe\'er. in the mode! explored here,
both garnet and oithopyroxene viith appn^ximately
megacryst like compositions can l">e produced by the
reaction of megacryst magma with peridtnite. This
()bsei'\'ation ma\' have significant implications for the
pelrokjgic motlels of megacryst compositional evolution,
namely thai megacrysts can be formed by the
metasomalic con\ersion of peridotite by melt at high
me it rock ratios, such that compositional features of
peridtJtite are by and large erased, but ihal tlie megacr\'st
phase assemblage is dictated by details of the reaction
between ihe two components. MegacrN'si-forming
processes have in the pasl been considered largely in
terms of magmatic evolution si.ich as mighl be expected
in magma chambers or plating out of ciystals on the
walls of veins or other conduits. We envisage that
megacryst formation may in\olve more solid state
reaction than generally recognized.

Finally, the textures and composiiionai heterogeneity
that argue strongly for the exi.stence of a megaciyst
magma ai the time of kimberlite eruption make it rather
likeiy that the tw{j events are intimately related.
Kimberlites are far from liquids, containing a great
deal ol solid mantle material, but the liquid component
in them may derive from this megacryst magma.
Reaction of megacryst magma with peridotite
to produce high-Mg* liquids that are highly enriched
in incompatible elements, as proposed for the origin of
the Gansfoniein mica-clinopyroxenite, can accounl
for n:iany geochemical features (jf kimberlites and
various metasomatic fluids (Jones. 19<S7: Hane cl ciL.
1993).

Conclusions
Fine grained xenoliths di..)minaled by orthopyroxene.
phlogopite and ilmeniie ha\e Te-rich mineral
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c()mp<),sition.s [liat ;irc similiir to thiisc u\' niegLicrysts
h'om Gansfontein. hiil LlitTcr in ^c\cral .significant
respects. It is ]->rop{)secl rhar they formed liy ihc
intcracUcjn of inegaciyst magniLi with solid manile in ilie
foi'ni of pcridolilc. and previously formeel me<4acryst
\eins or aggregates. Hie niincrLiI lexRires. proportion.s
Lind composiliuns obser\ed in these fine grained
pyi'oxenites jirovide e\ idence foi' [iroeesse.s of melt-solid
reaction in the mantle .nid suggest (hat these ina>' be
impoiiant in generation of the Cr-p(.)or inegacry.st suite
in kinihei'lite.s.
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