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ABSTRACT .

Early Tertiary olivine melilitites and associated non-diamondiferous
kimberlites occur in two pipe clusters in the Namaqualand and Bushmanland
regions of South Africa. The more northerly cluster is centred about the

town of Gamoep and the second is located south of Garies.

The olivine melilitites are characterized by olivine phenocrysts which
exhibit a broad range in compos;tion on the scale of individual hand spe-
cimens. It is possible to distinguish four petrographically and chemically
distinct olivine‘populations in both the northern and southern pipes studied:
(a) Rare anhedral or subhedral olivines that display marked disequilibrium -
features with the surrounding matrix and which are chgractegized by having
high iron and extremely low nickel contents (referred to as HILN olivines)
relative to the remaining olivines in the same rock; (b) euhedral and

often skeletal (hopper) olivines that are richer in Mg and Ni than HILN
olivines in the same rock. Some of the euhedral olivines show abnormal
zonation patterns ("unusual" hoppers). Hopper and HILN olivines contain
fluid and carbonate inclusions which apparently record the separation of a
vapour phase and an immiscible~carbonate liquid dﬁring magma ascent;

(c) large rounded olivines kmegacrysts) up to 40 mm across. Individuals

are chemically homogeneous, but megacrysts from the same pipe collectively
0.36% Ni to Fo

define a trend of decreasing Mg with Ni (Fo 0.17% Ni).

92’ 757

The most fayalitic megacrysts are depleted in Mg and Ni relative to the
hopper olivines in the same rock. (d) In addition to these main populations,

there also occur rare magnesium-rich (Fo l) anhedral olivines which show

9

strained extinction and are believed to be xenocrysts.



It is suggested that the HILN olivines crystallized from primitiVe car—
bonate-rich magmas under conditions of low oxygen fugacity, intermediate
between the Ni-NiO and Fe-FeO buffers. Mineral—melt\partitioﬁ coefficients
for the transition elements determined in basaltic system$ are considered

to be inappropriate to such carbonate—rich melts. Separation of volatiles
and an immiscible carbonate liquid during magma ascent resulted in an in-
crease in oxygen activity, a decrease in the Fe-Mg distribution coefficient
(Kb) for olivine and residual silicate melt, and an increase in liquidus
temperatures. These effects led to the rapid crystallization of Mg- and
Ni-enriched skeletal -hopper olivines. .The "unusual"” hépper olivines crystal-
lized later than the H;LN olivines but prior to the "normal" hoppers under
conditions characterized by rapid and independent changes in oxygen activity
and partition coefficients associated with the loss of volatiles and an
imﬁiscible carbonate liquid. The range in chemistry which characterizes

the megacryst olivine suite is believed to record physico;chemical changes
~in the:magmas subsequent to ;eparation from the mantle source area, but
prior to crystallization of the HILN olivines. Most important of these
changeé was an increasing degfee ofispolymerization of the liquid structure

/

and a progressive decrease in oxygen activity as the molar ratio (XCO"
3

)) in the magma increased with decreasing:confining pressure.

(X, + X
co} co,,

Increasing polymerization of -the liquid resulted in an increase in olivine-

liquid partition coefficients for; transition elements.

Olivine melilitite bulk rock compositionsvare characterized by a wide range

in chemistry, and by a marked decoupling of the geocheﬁical behaviour of

the "compatiblé* and "incompatible" elements. The nofthern pipes are en-
riched. in Mg, Si, Ni, Co and Cr but depleted in Fe, Ca, Al, P and Y and
markedly depleted in Sr, Nb and 2r relative to the pipes in fﬁe south. K,

Rb and Ba concentrations show no systematic variationracross this composition-

al spectrum.



Bulk rock chemical variation in the Gamoep pipes was dominated by addition
and subtraction of high pressure mineral phases (olivine, clinopyroxene

and ilmenite),while low pressure fractionation involving olivine, melilite,
titanomagnetite and perovskite appears to have determined chémical variation
in the Garies pipes. Source area inhomogeneity, and loss of a vapour phase
and immiscible carbonate liquid during magma ascent played a secondary role

in modifying bulk rock chemistry within each pipe cluster.

Major element variation between the two pipe clusters can be explained in
terms of high pressure mineral fractionation involving olivine, clinopyroxene
and ilmenite. However variations in incompatible trace elements are incon-
sistent with a simple fractionation model, and may in part be related to

source area inhomogeneity and differences in the degree of partial melting.

Mineral chemistry data indicate that the parent magmas to kimberlites fol-
lowed complex paths of/_physicowchemical evolution closely analogous to

those inferred for the olivine melilitites, suggesting a close genetic link
between the two rock types. Kimberlites are in general enriched in Mg and‘
depleted in several incompatible elements relative to the olivine melilitites
and are interpreted as being relatively 1es$ evolved rocks than the latter.
Mineralogical differences between the two rock types are ascribed to the

efficient separation of CO., and an immiscible carbonate liquid from the

2
olivine melilitites, and inefficient separation of these components from

kimberlites.

There is a close temporal relationship between episodes of alkaline vol-
canism and epeirogenic upwarping in southern Africa. Volcanic activity

was triggered by stresses associated with such upwarping.



1, INTRODUCTION
1.1  GENERAL

Rocks which are loosely termed basalts display-a wide Spec=
trum of chemical variation, and occur in a wide variety of

geélogical environments. They would appear tovhave_in con=
mon a mantle origin, and an understanding ofthegeneticinterre=

lationships of members of the basalt clan is clearly funda=
mental to the understapding of mantle processes, and the

evolution of basic igneous rocks.

Recently, igneous petrologists havé devoted much enérgy to
the study of kimberlites, which may.perhaps.be regérdcd as
constituting.an alkaline ultra-basic extension of the basalt
chemical'SpeCtrum;f_Thé pfésén;e of diamond$ in many kimbers=
1ite$_indi;atesifﬁafthese.ﬁagmas aré of relatively deep man=
tle origin and they possibly represént the deepest derived
of all magma éompositions. The kimberlite xenolith éuite has
received particular attention, for many of the accidental in=
clusions are interpreted as being sampleé_of mantlé material.
However, the kimberlite host has been comparatively neglec¥
‘ted, being inherently difficult to study.as primary minecrals

are invariably affected by secondary alteration, while the

[

almost ubiquitous xenoliths make contamination of these mag
mas a serious problem. SeVefal authors (e.g. Taljaard; 1936;
‘Holmes, 1936 and Yoder; 1975) have suggesfed that there is a
close genetic relationship Between kimberlites and olivinc
melilitites, indicating that a study of the latter may have

bearing on deep-scated mantle processes in general and on the



origin of kimberlites in particular. Thgse spggesticﬁs are
supported by a close spatial association of.kimberlites and
olivine melilitites in Siberia (Ukhanov, 1963). Suéh an as=
sociation is also found in the Naméqualand—Bushmanland region
of southern Africa (see Fig. 1.1 for locality), and this pro='
vided the incentive for the-present_géochemical study. The
project has been aimed primarily at_ratioﬁalizing the origih»
of the olivine melilitite suite, but it was hoped that‘an un=
derstanding of the geochemistry of these volcanicé would
throw some light on the posSible;genetic relationship,to the .
associated kimberlites, and, more émbitioﬁsly, other Alkali=

ne volcanics elsewhere in southern Africa.

1.2 LOCALITY

»:Tﬁé~Némaqﬁa1and;3u5hméﬁlaﬁd;Vdiéénics oc¢ur as sﬁéli eroded :
pipes (deécribed.in Section 2) that define'two distinct c1u$=‘
ters. The larger of these is centred about the village df
Gamoep and extends NNE to Aggeneys, while the second is loca=
ted just to the south of the village of Garies tFig. 1.1).

Localities of individual pipes are_giveh in Table 7.

Gamoep 1is situafed close to the western edge of-the Bushman=

land plateau, which slopes gently eastwafds, and is interpre=
ted-By King (1963) as representing a Miocene erosion surface.
The Namiesberg to the north risessome 150 to 200 metres above
this plateau, and their flat tops are.consideréd tb represent
the remnants of an ancient pediplain,‘described as ﬁhe Nama=

qualand Highland surface (Mabbutt, 1955). Fossil dinasaur

bones in theHenkries area indicate a Cretaceous age for this



earlier surface.

West of the escarpment, and stretching to the Atiantic Ocean
is a younger erosion surface of probable Pliocene age (Kiﬁg,
1972) that forms the region known as Namaqualand. This youn=
ger surface includes the villege of Garies and‘the pipe c1u$='

ter to the south of that village.

- The Bushmanland-Namaqualand region'is semi-arid, and the po=’
pulation consequently sparse and mainly occupiedvby karakul
and goat farming, although mining operations aretassuming in=
cfeesing importance in the north of the region.. Copper has
‘1eng‘been recovered from enigmatic ”nofitoid" bodies in the
Springbok area, while more recently, large stratiform cepper*
lead-zinc dep051ts have been d]scovered near. Aggeneys and the,?
'.Gamsberg Alluv1al dlamonds are recovered from Loasta] Uraxr
~vels on elther side of the Orange River mouth, and also from
many of the river courses to the north as far as Benguela in
Angola, and from those to the south as far as the Olifants
River. The primary source of these diamonds remains unknown,
but would appear to be unrelated to fhe Namaqualand-Bushman=
1and_kimberlitee, for these pipes have been extensivelyprdsz
pected and are apperently undiamondiferous'(H Jenner-ClarLe,_j
oval communication). Nevertheless, active diamond prospec=
‘ting in the area is still in progress and Cornellssen and
Verwoerd (1975) suggest that this may yet prove to be rewar=
ding. High quality marble isAquarfied frem Nama sediments to
the south of Van Rhynsdorp. Monazite has been recovered f1om_%

the Steenkampskraal mine, though this is no longer operation=.



al. Further mining activity in the region is restricted to
sporadic small-scale exploitation of pegmatite bodies that are

genetically related to the 1 000 m.y. Namaqualand gneisses.

1.3 PREVIOUS WORK

Rogers (1911) provides the earliést field and‘petrographic des=
criptioﬁs of the olivine melilitites of the Bushmanland plateau,
Vand credits a Mr J G W Leipoldt - a surveyof in the area - as.
being the first person to recogniée their volcanic character.
Rogers (op. cit.) drew attention to the.similarity‘between the=
- se pipes and those in the Sutherland district which had previ=
ously been described by Rogers and Du Toit (1903, 1904). The
latter authors recognized that the olivihe'melilitites ”ane all
05 a peculianr type and ane mnonre QKOAeﬂy aﬂﬁ&ed to tho KLHbQ&fej
p&peé than to the moxre uéuaﬂ uoﬂcan&c Vents that ane nepresens=

ted. .. by the Stonmberng nechks",

Reuning (1931) first reported the presence of sediment-filled D
pipes on the Bushmanland plateau to the south of Gamoep, and
concluded that these were kimberlites. Descriptions of the se=
dimentary infill and associated fossils in these pipes are pro= :
'Vided by Haughton (1931), Rennie (1931) aﬁd Reuning (1934)
Haughton (op. cit.) tentatively sugoested that the pipes wight
be of late Cretaceous to early Tertiary age on the basis of

circumstantial and rather equivocal fossil evidence.

~The first comprechensive study of all known South Afrxcan olivi=
ne molllltltes was undertaken by Taljaard (1936). Apart {rom

the meticulous petrographic descriptions, this study is mest



noteworthy for the suggestion.that kimb¢rlites aré closely al=
lied to olivine-melilitites, and might in fact be simply hydfo='
thermally altered equivalents of the latter. On thé basis of
field relationships, Taljaard suggestedrthat the olivine me1i=>
litites of. the Sutherland commonage had been emplacedvas three
sills. This aufhor further proposed that the Bushmanland oli=
vine melilitites might be remnants of a'previousiy extensive
sill_that spread out along the contact between the Némaqﬁaiand
‘.gneiss and the inferred overlying Dwyka sedimenfs. Gerrard
(1958) has partially supported Taljaard's intérﬁretation of
field relationships‘on the Sutherland.commonage, but there has

been no support for the interpretation of the Bushmanland oli=

vine melilitites as remnants of an eroded sill. .

'Zlemes;t]936) iﬁra reviéW of ”kimbeflifeé and ifSQaQSotiates”
supported argumehts for a sfrdng_genetic.reiationéhip hetween
 kimber1ites and olivine melilitites. Althoﬁgh caﬁtious not to
make too éxplicit suggestions regardiﬁg the details of such a
link, he suggested that kimberlites might be regafded as being

‘composite mixtures of a magmatic componenf, simiiar in chemis=
try to olivine melilitites, volatiles such as H,0 and.COZ, and

xenolithic peridotites.

Subsequent to these early studies,'South African olivine eli=
litites were comparatively neglected until Gerrard (1958) made
a comparative mineralogical study of the Sutherland, Spiegel

River and Klaasvoogds pipeé.

Jansen (1960) reported the presence of olivine melilitite plugs



.at Biesilesfontein to the south of Garies.

Moore (1973) presented a preliminary interpretation of bulk

rock chemical data for the Namaqualand olivine melilitites.

Cornelissen and Verwoerd (1973, 1975) providedvfield dGSCrip=
tions of a number of Bushmanland diatremes and dreﬁ aftention’
to local structural controls on their distribution. These

aﬁthors summarized unpublished chemical analyses for the Bush=
manland volcanics, and concluded that a number of pipes wére
true kimberlites on the basis of thé associated heavy mineral

sulte.

Moore (1976) attempted to show that post¥Gondwanaland dlkaii=
ne volcanism in southern Africa has been largely tectonicdlly
controlled. Emplacement of the Naﬁaqualand4Bushman1and-pipés

was ascribed to epeirogenic uplift of the continent.

Moore and Erlank (1977) drew attention to complex olivine zo=
nation patterns in the Namaqualand-Bushmanland olivine meli=
~litites. Such zonation was in part ascribed to large varia= -

tions in oxygen activity during magma evolution.

In addition to the above studies, Mr H Jenner-Clarke of As=
sam Minerals, Springbek has for sevefal years been'caffving
out an extensive prospecting programme in the Namaqualand-
Bushmanland region,_and has providéd the author with valuable

information on the olivirne melilitites and associated diatre=

mes in the area.



2. FIELD RELATIONSHIPS

On the basis of superficial field similarities, it is possible
to distinguish several different varieties of volcanic pipes

in the Gamoep and Garies areas. These will be referred to as:

(1) Olivine melilitite and olivine nephelinite pipes
(2) "Pseudo-Kimberlites"
- (3) Sediment-filled (Kimberlite) pipes and brecciabnecks.

2.1 OLIVINE MELILITITE AND OLIVINE NEPHELINITE PIPES _

2.1.1 GENERAL

The olivine melilitites and olivine nephelinites oécur as small
eroded plugs that range in size from a maximum of roughly 400 m
to less than a few tens of metres in greatest diameter (Platés
1 andWZ). Some of the pipes show a pobrly devélbped e1ongation
parallel to the strike of the surrounding country rock, which
in all cases is the 1 000 m.y. Namaqualand gneiss. Exposufes
are generally poor, and frequently restricted to a collection
‘of boulders scattered about the surface of poorly defined de=
pressions or pans or as rubble-strewn mounds or low hills (kob=
pies). Occasionally, poorly developed‘cblumnar jointing, dip=
ping outwards at low angles, is préserved at thc’pipe marcins.
This presumably results from rapid chilling of the magma against
the country rocks. 1Isolated pegmatitic boﬁldersv(deséribod in
Section 3.3).are found in many of the 'pipes. Actual outcrops
of such rocks have however only beonvfound on the Zwarthcuwel
and‘Hoedkop pipes; where fhey occur as small'irregular scgrega=

tions a few metres across. It is estimated that these peeomati=



tes constitute appreciably less than 1% of the volume of the

pipes in all cases.’

2.1.2  HOEDKOP PIPE

Field relationships are best preserved in the Hoedkop pipe,

which is a relatively large, slightly elongate plug some 200 m
in greatest diameter. This pipe is therefore described in more
detail. The contact with the country rock gneiss is somewhat
irregular (Plate 1) but judging from the 1imited'éxposure; ap=
pears to be sharp. There is no evidence of fenitization of

the country_roéks, although in one restricted zone a fcw metres
across and close to the margin, biotite in the gneiés haé been
altered to chlorite, felspars are kaolinized and secendary chal=

- cedony. is developed.-

At the eastern margin of the Hoedkop pipe, there is a cbﬁfse,
roughly vertical banding.parallel to the contact with the coun=
try rocks. (Plate 3). This banding refiects the presence of ir=
regular, phlbgopite—rich schlieren that are soﬁewhat less re= |
sistant to alteration, and have been selectively etched out by
weathering. The banding is accompanied by small scale flow
structures (Plate 4) and is therefore interpreted as a 1argér
scale flow feature. Shale fragments with bleached mérgiﬂs are
concéntrated about the edge of the pipe. These must presumably
have been carried down&ards from a stratigraphic level above
the country rock gneiss. Some of the higher hills in the vici=
ty of the Hoedkop pipe haﬁe a capping of Dwyka (lower Karroo)

shales and such sediments would appear to be a likely source -



for the shale inclusions.  This evidence, tpggther with the
flow structures, indicates a marginal downflow of magma at
the time of emplacement, analogous to that invoked by Phil=
potts (1968) to account for vertical igneous layering in thé
Mount jbhnson pipe. Boulders showing flow Strucfures have
only been recovered from one other pipe (Bruinkop A), and in
view of the poor field exposures, it is uncertéin whether or
not all were Characterized‘by a marginal downflow of magma

¢

during emplaccment.

The Hoedkop pipe is unusual in having a 1argé nuﬁber df d.ifv=
ferent types of inclusions. These are found fhroughdut the
pipe, though appear to be more concentrated in restricted

~areas close to>the margins. Apart from the shale fragmants

described above, the most important varieties recognized are:

(a) Fragments of gneiss and granulite that were presumably
derived from the surrounding country rocks or from lows=

er crustal levels.

(b) = Rounded ultramafic inclusioné,»manyof which are presumed to
be of upper mantle derivation. Most common of these are
spinel harzburgites, and olivine megacrysts, though ve=
Ty rare garnet lherzoljites are also present. A spinel-
garnet lherzolite with very pale mauve garnets was uiso

- found, though this unfortunately disintegrated dﬁring
attempts to recover 1t from the extremely hard enclo=
sing matrix. Spinel harzburgites and.oiivinenmgacrysts
similar to those found at Hoedkop are also fairly abun=

dant in the Zwartheuwel pipe, though are rare in other



Gambep pipes and have not been‘found in any of the Garies
pipes; Garnet lherzolites appear to be restricted to’the
Hoedkop pipe. Petrographic descriptions of the ultrama=
fic nodules are given 1in Section 3.4. ~Analyses of the
phases present in a garnet lherzolite (Hofx) recovered
from the Hoedkop pipe are presented in Table 2(o0). The=;
se indicate equilibration at pressures of 25 Kb and tem=
peratures of 937?C using thevgéothérmometer and geobaro=
meter deveioped by Fraser and Lawless (1978). As garnet
lherzolite xenoliths are normally only reported fronfkim=
berlites, the recovery of such nodules from‘the Hoedkop |
pipe assumes sﬁecial interest. Dr EM J Skinner of DeA
Beers Cdnsolidated Mines (Qral communicatién; 1978) sug=
~gested on mineralogical grounds that thié pipe might bé.f
;é kimberiite, althoﬁgh in terms of bulR’rock chcﬁistry,
the Hoedkop rocks that havé been aﬁalysed are é]early:rééy

lated to the Namaqualand olivine melilitites (Seétion 4).

2.1.3 ZANDKOPSDRI FI'  PIPE .
The Zandkopsdrift pipe, to the south of Garies, also displays
a number of features -that have bearing on the_genesis of the

olivine melilitites, and is therefore also described in soume:

detail.

"This pipe forms a low calcrete covered hill, several hundred
metres across. Exposures are poor and the pipe margin i1l de=-
fined, but a 10 m deep prospecting pit ‘at the crest of the hill

has produced a variety of different rock types. These include



one fresh olivine melilitite bouldgr, numerous.ffagments of
altered olivine melilitite, often cemented together'by car=
bonates, biotite-rich (glimmerite) nodules a few centimetres
in diameter, and boulders with abundant phlogopite énd ilme=
nite set in an earthy matrix. The latter superficially re=
semblé some kimberlites, though.apparéntly 1ack.garnet and
clinopyroxene xenocrysts. Close to the prospecting pit.are
two narrow (0.5 m) dykes that crop out continuously for a
short distance downslope before being lost in the.calcrete
rubble. One is composed predominantly of carbonates,although
a semi-quantitative analysis indicates a Ba-content_of up . to
3.5%. Thisvsuggests a genetic relationship with.the Salpe=
trekop cérbonatite near Sutherland, which.is tharacterizcd.by
having appreciable amounts of barité, and is spatially asso=
’éiated with a group of olivine melilitites (Rogers aﬁd‘Du )
Toit, 1903, 1904; Gerrard, 1958). The second dyke Has an
unusual banded appearanée, due to the presencé of zones ofA
oolitic chalcedony alternating with zones rich in iron-manga=
nese oxides. A specimen from thisAdyke showed a_slight reacs=
tion with dilute acid, indicating the pfesence of a carbona=
te phase, though this could not be recogniied optically.
Verwoerd (oral communication) is at present carrying out a
detailed study of the Zandkopsdrift pipe. He reports the
presencec of fénites in a stream bedat the foqt of the hill,
and suggests that the occurrence might prove to be a carbona=.

tite complex.

A further striking feature of the Zandkopsdrift pipc is the
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presence of irregular peripheral outcrops of massive manganese
oxides. These contain minor amounts of the secondary uranium-

thorium mincralkbetafite and also churchite - a Ca-rarc earh-

phosphate mineral (W J Verwoerd, oral communication).

Small irregular outcrops (up to 50 m across) of brécciated
chert, cemented by manganese-rich oxides are closely assogia=
ted with several, though apparently not aLf,of the ofher oli=
vine melilitite pipes. In the Garies area the margiﬁs of such
outcrops are often marked by the presence of nUmerouS small
aloes, whose restricted distribution suggesfs a'dependencefon
the unusual chemistry of the surrounding soil. rThere seewms
little doubt that there is a genetic relationship between the
olivine melilitites and associated manganese minefalization,»
although the significance ofvthis‘éssociation is still uncer=

tain.

2.2 PSEUDC-KIMBERLITES

Exploration geologists in the Bushmanland region have identi=

- fied a number of diatremes which have'beén termed "kimberlites"
as typical kimberlitic indicator minerals (picroilmenite,
chrome diopside and purple Crfrich garnets) are recovered from
drilt core concentrates. The surface expression of such ”kim#
berlites' is generally a shallow depression with a thick cal=
‘crete crust. Isolated boulders of fresh oiivine melilitite
which are scattered about the surface‘of sone of these "kinber= -

lites" have been interpreted as xcnoliths.

- Samples KKV-1 and KKV-2 arc respectively "kimberlite" and oli=

vine melilitite that were rccovered from the Klein Katvlei pipe.



The former was kindly donated by Mr H Jenner—Clérke. Tt is

a grey-green highly altered specimen with éAstrongly pitted
surface resulting from the selective etching of avpheﬁocryst
phase, probably olivine. Tﬁe rock 1is broken;into_founded‘
fragments that are cemented by carbonates, &hich may be pri=
mary though this would be difficult to establish because ofv
the abundance of associated calcrete. In‘oVefall_appearance,
the specimen closely resembles an éltered and brecciated oli=
vine melilitite. Amnalyses of KKV-1 and KKV~2kare listed 1n
Tables 1(b) and 1(c) respectively. 'The hostvmarked ;omposi=
tional differences are the higher SiO2 and very much Tower -
Mg0O contents of the "kimberlite" relatiﬁe to the olivine mes=
lilitite.‘ Concentrations of Zr, Nb, Y and PZOS are cioscly
similar in the two rocks, which‘ié'significant, as thesc cle=
rmenté ave likely'fb bé reiativély unaffected'By'alﬁeration;
Cbncentration levels of most of the other components arc
broadly comparable. These similaritiés.provide support for
the suggestion that in the Namaqualand area, hydrothermally
alterea olivine melilitites (which in this work will be term=
‘ed pseudo-kimberlites) may have been confused with kimberli=
tes (Cornelissen and Verwoerd, 1975); ‘However, whether or
not all the Namaqualand ”kimberlites” are merely'alfered oli=
vine melilitites (i.e. pseudo-kimberlites) 1is difficult to
establish at this stage, as the characteristicall& poar expo=
ssures make recovery of fresh material virtually impossiblec.
Nevertheless, typical kimberlite indicator minerals have heen
.recovered from pipes such as Klein Katvlei which probably a}e

strongly altered olivine melilitites. It therefore scews that



a detailed study of the Namaqualand pseudo-kimberlites would
be rewarding in terms of clarifying the genetic link between

the olivine melilitites and true kimberlites.

2.3 SEDIMENT-FILLED (KIMBERLITE) PIPES AND BRECCIA NECKS

Reuning (1931) initially drew attention to the prescnce of se= |
diment-filled diatremes to the south of Gamoep. He interpreted
these pipes as being kimberlites. They have recently been des=

cribed in greater detail by Cornelissen and Verwoerd (1975).

The pipes rahge in size from 50 m to SOO m in.diameter and dre
filled by radially inward dipping 1acustrine‘sediment$ to dep=
ths of up to 260 m. These sediments overlie blueiground that
superfi;ially resembles kimberlitic breccia. They_include sand=
stone;.grits, érkoSéS,coﬁglomerates and shaiés.; The 1a§toI'méy
have'intercollated tuffaceous material. Great Elocks of coun=
"try rock gneisses, apparently derived from a marginal wall rock
breccia, have collapsed -into the sediments.ciose to the edge of
some of the pipes. This sometimes results in-rathef spectacu=

lar soft-sediment deformation features (Plate 6).

A peculiar feature of the sediment-filled pipes is the presence
of marginal late-stage opaline veins that are sometimes associ=

ated with thick manganese encrustations.

In the same general area-as the sediment-filled pipes are a num=-
ber of small breccia necks (Plate 5) composed almost entircly
~of a variety of angular gneissic rock fragments. These proba=

bly represent small craters that became choked by a collapsing



wall rock breccia.

Sediment-filled pipes have been found to the south of Garies?
(H Jenner~Clérke, oral communication), though are not as nus=

merous as on the Bushmanland plateau. In generaI; the Garies
'pipes tend to have a shallower infill than the latter, proba=
bly because of the deeper level of erosion of the coastal

Pliocene surface.

The excavation of deep palaeocraters and development of mar=
~ginal wall rock breccias: indicate violent eruptions. Explo=
sive activity may have been triggered by either the large ex=

pansion of volcanic gases at low pressures, contact with

ground water or a combination of these factors.

" Sample Bit-1 (TableLic) is_the only -specimen of-BIUe ground
from a sédiment—filled pip¢ that has been anélyzed"during the
course of this study. It is from a cdre section recovered

frdm a pipe on the farm Mostertsvlei to the south of Garies,

~and was kindly donated by Mr H Jenner-Clarke.

2.4  AGE RELATIONSHIPS

Age relationships of the volcanic pipes and diatremes in the
Namaqualand-Bushmanland area are still equivocal. Two zircon
dates for the Gamoep kimberlitcs (Davis,. 1977) indiéate a la=
te Cretaceous age (67 m.y.) for these volcanics. This issup::
ported by fossil evidence (Haughlton, 1931). There are how=
ever, no published dates for the associated olivine meliliti= -

tes in this pipe cluster. A zircon recovered from the Mosterts=



vlei kimberlite to the south of Garies gives an age of 54.1
m.y. 'for this'pipe (Davis, op. cit.). Kréner‘(]973)rquotes
an unpublished K/Ar age of 38 m.v. for an olivine melilitite

pipe in thec same area.

These data do not ciearly indicate whether the»oiivine ﬁeli=
litites and kimberlites in the two pipe clusters reprééent
separéte eplsodes of igneous activity, or whethef‘continuous .
volcanism took place during late Cretaceous and Tertiary ti=
mes. However, the formerkpossibility should.ndt be discoﬁn=
ted, and if the olivine melilitites in the twokpipe cluste£$
are of different ages, this may have bearing on the interpre=

tation of bulk rock chemistry.

The significdnge~of the Namaqualand-Bushmanland volcanics in
relationship to post-Gondwanaland tectonics in southern Afri=

ca_is discussed in Section 6.



3. PETROGRAPHY | | o

| Rogers (1911) and Taljaard (]936)Ahave presented detailed pe=
trographic’descriptions of the olivihe melilitites and rela=
ted rocks from Naﬁaqualand, while Gerrard'(1958)‘describes
those from elsewhere in the Cape Province. During the course
of the present investigation, a large number of samples cove=
ring a broad compositional range (7.5% MgO - 24% MgO) were
studied. This has made it possible to expand.on earlier ob=
servations and further, by combining petrographic evidence .
and mineral chemistry data with recent advances in experimens=
tal petrology (e.g. Yoder, 1973; Donaldson, 1976; Mysen, et
al., 1975 and others), to piece together a rather detailed.
model for the evolution of these magmas. The petrology of
the NamaquélandivblcaniCS'is accordiﬁgly tréatéd.éfSomélength.
A genefal descripfion'is followed bf mnore detaiiea descrip=A

tions of individual mineral phases.

3.1 GENERAL

The olivine melilitites arec porphyrific rocks, with large

~olivines invariably present as a major and offen.dominant mi=
neral phase. These commonly range 1n size from 2Z mm in length
down to groundmass microphenocrysts (Platc 7),‘indicn£ing an
extended period of crystallization. However; unusually large

olivines up to 40 mm in length have been recovered from two

pipes. It is possible to distinguish a number of diffcrent
olivine groups as discussed ahead. Titanomagnetite is a ma=

jor phase'in’all of the Namaqualand-Bushmanland pipes. I
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some, though not all of these, this phaée.océurs aéularge an=
‘hedra (up to 10 mm in diameter). However, there is always a
prominent population of titanomagnetite microphenocrysts,_that
show a continuous size range down to a groundmas§ dusting.
Very rare picroilmenite (with up to 11.6% Mng has been idén=
tified in a number of pipes. When present, the mineral is al=
most invariably mantled by a rim of skeletal titanomagnetite
fingers, which are in turn surrounded by an outer margin of
perovskite grains (Plates 24 and 25). Ali of.thebNamaqualand—
Bushmanland pipes are characterized by the presence of ubiqui=
tous perovskite microphenocrysts. These typically occur as
equant anhedra, rude cubes, or as characteristic interpenetrant
twins. . Melilite micropﬁenocrysts arevabundant in some speci=
mens, but absent in others. Apart from the absence of this
phasé,-melilité—free chks ate;minerélogica}ly similar to the
associafed oli?ine’melilitifes,'ahd'will be termédvolivine ne=
phelinites to distinguish them from the 1attér._ Factors go=
verning thé presence dr.absence of melilite aré considered

ahead (Section 3.2).

There is a range in coarseness of the groundmass assemblage

of the olivine melilitites and olivine nephelinites. In
coarse-grained specimens, the groundmaés is comﬁosed of én
interlocking mosaic of clinopyroxene laths (up to 0.5 mm in
length), with interstitial nepheline, a sprinkling of titano=.
magnetite and a second generation of granular perovskite. Apa=
tite has been identified microscopically}in.the coarsest spe=
cimens. A sulphide phase, identified as pyrite in recflected
light, isusually finely disseminated as a late-stage interstitial

mincral, but varies considerably in modal proportions f{rowm one



specimen to another. Phlogopite is sometimes present as a
late-crystallizing phase in coarsefgraiﬁed specimens, and may
marginally replace earlier olivine phenocrysts. The phlogo=
pite generally shows normal pleochroism, but in the Hoedkop
pipe_(cpde~named Ho) both normal and reversed pleochroic va=
rietles are present. This is of interest as refersedvpleo=

chroism in phlogopite is common in kimberlites.

In finer-grained specimens, the:gfoundmass is dominated by
tiny (0.02 mm) clinopyroxene needles together with a secoﬁd
:generation of granular perovskite, a dusting of titanomagne=
tite and a finely disseminated sulphidé phase,'forming a den=
se mat. Microprobe x-ray images of fine-grained Specimuﬂs
show the presence of tiny grains of a Ca- and P-rich phase,
probably apétitg,.which is thus considered to be a comnon
late-crystallizing minerai. Glass and nepheline are probaé
bly also present, though can seldom be positively identificd.

Phlogopite is not common in fine-grained varieties.

Modal mineral proportions for selected samples covering a
range in bulk rock chemistry are given in Tables 5(a) and 5

(b).

3.2 DETAILLD PETROGRAPHY AND MINERAL CHEMISTRY OF THE DOMI=
NANT MINERAL PHASES

The differcent mineral phases show a variety of textural rela= .

tionships that have important bearing on the origin of the

olivine melilitites, and these are now discussed in more de=

tail.



3.2.1 MELILITE | .

3.2.1.1  General

In the Namaqualand volcanics, melilite is present in samples
covering a wide compositional'range (9.9% MgO to 20.2% Mng.
However, within this chemical spectrum, there are melilite-
free varieties (olivine nephelinites). The occurrence of me=
lilite 1is somefimeé regarded as being important in establish=
ing the kinship of alkaline ultramafic vdlcanics. Thus, pe=
trologists from De Beers Consolidatea Mines regard the pre=
sence or absence of this mineral as an important @riterion
for distinguishing noh-kimberlitic rocks from true kimberli=
“tes (Roger Clement, oral communication). It therefore'becd=
mes important to“understand"the factors thét;govgrn)ﬁhe pre=

“sence of the phase.

Teitural relationships indicate that the.oééurrénce of meli=
lite in the Namaqualand volcanics was to a large degree con=
trolled by the emplacement and cooling history of the diffec=
rent magmas. In fine-grained rocks, the mineral occurs as
‘tiny laths (0.7 mm in length) that may show a_patéhy distri=
bution and flow alignment about eariieerlivihe phenocrysts
(Plate 23). However, in specimens witﬁ a coarser -groundmass
assemblage, melilite typically occurs as large evenly distri¥
buted plates, up to 0.4 mm in length, .that are often margin=
ally replaced by clinopyroxene, producing a characteristic
hourglass shape (Plate 22) while, within the spread of meli=
lite-bearing compositions,~those.specimens'with én extremely

coarse groundmass lack melilite. It is suggésted that these



petrographic features can be explained in terms of crystalli=
zation of the mineral over a limited depth range followcd by
a sub-solidus breakdown during slow cooling at low temperatu=

res and pressures by analogy with the reactions:

Ca,MgS1,0, ———> CaMgSiO4 + CaSiO3

Kkermanite Montichellite Wollastonite
and

NaCaAlSi207 E— NaAlSiO4 CaSiO3

Soda melilite Nepheline ' JAWollastonitc

which have been documented by Yoder (1973). The wollastonite
would be represented by groundmass clinopyroxene in the natu=
ral éystem, and the montichellite by the marginal Ca-enrich=

‘ment that is characteristic of the olivines (as,déscribed

P4

.ahead).

3.2.1.2 Experimental Evidence

Experimentai evidence summarized by Yoder (op.vcit.) indica=
tes that melilites with compositions that are characteristic
of volcanic rocks are unstable at elevated pressures. Pure
ﬁkermanite (CaZMgSiO7) is stable to 14 Kb under‘anhydrous_con=
ditions (Fig. 3.1) and stability is lowered to 10.2 Kb in the

- presence of excess H,0 (Fig. 3.2) and 8.7 Kb in the prescuce

2
of excess CO,(presumably dissolved in silicate liquids as a
carbonate) (Fig. 3.3). .Yoder (1973) notes that common lignes=

s - : 1 -

ous melilites have compositions close to 3 soda melilite:

2 . e . . . .
5 kermanite, with only minor solid solution towards gehleni=.

te (CaZAIZSiO7). This would imply stability up to prcssurés



of 15-20 Kb under anhydrous conditions at 1 OOO§C (Fig. 3.5).
The effects of HZO and CO2 have not been documented for such
Compositions, but might reasonably be expected to lower the
stability range to pressures below about 10-15 Kb. 'Melilite
crystallization in natural igneous systems rich in COZ and -
HZO woﬁld therefore only be expected at depths shallower than
30-45 km. Rapid magma ascent ever thisbdepth range followed
by rapid ehilling probably accounts for the smaller melilite
microphenocrysts oflthe fine—grainedfrocks, while slower as=
cent, or slower cooling on emplacement would permlt growth of
the 1arger laths characteristic of the coarser specimens. Ex=-
tremely slow cooling rates would result in the elimination of
the phase through sub-solidus breakdown,to clinopyroxene, by
analogy w1th the reaction. prebented above In addltlon to
these factor;; the stablllty of melilite is probably affccted
by the alkali content of the magma during crystalllzatlon
(Velde and‘YQder, 1976). TIfthese conclusions are valid, the
presence or absence of melilite cannot be regarded as a reli=
able criterion fordetermining the kinship of olivine melilis=
‘tites and other alkaline ultrabasic magmas - particularly‘
thoseusuch as kimberlites that are rich'in volatiles like

CO, that have a marked effect on melilite stability.

Melilite is absent from the most MgO-rich Vqléanic roeks frem'
’ Namaqualand (samples ZHM-3, 2HM~4 and ZHM~5). As thesevare
all very coarse~grained; the absence of the‘phase may once
again be related to magma cooling histories. However if is

b

" possible that chemical factors such as the relatively low Ca



concentrations in these rocks may also be important, although

these cannot be evaluated from available data.

3.2.2 OLIVINES

3.2!2.1 Petrography

Petrographic criteria make it possible to distinguish several
olivine groups, although it will-be shown that these consti=
tute a chemically reiated sequence and that the boundaries
'befween the different populations, while useful for descrip=
tive purposes, are rather artificial. Not all of the groups
have ‘been recognized in every pipé, but it is hoped to demon=
strate that the petrographic descriptions,-in combination
with chemical data that are to follow, are generallymapplica=

ble‘to.all of the-Némaqualand olivine melilititesi

(a) Hopper olivines. The dominant type of olivine in all

pipes (invariably more than 95% of all olivihes) are
euhedral and sometimes skeletal olivines that will be
termed ”hobpers” as fhey bear a striking resemblance to
the growth forms described by Donaldson (1976), with
re—entranté‘and internal cavities. They have sharply
defined crystal edges and corners in contrast to the‘
rounding fhat would be ekpected from fesorption proces=
ses. Representatives of this population are 1llustras=
ted in Plates 7, 8, 10 and 171. Hoppef morphology is
best represented in the Mg-poor volcanics, possibly re=
-flecting compositional control on growth forms (Donald=

son, op. cit.).



The hopper olivines enclose a variety of different ty=

pes of inclusions:

(1)

(i1)

Most common are what will be termed "composite
inclusions'" (Plates 18 and 19) as they gencrally

comprise a number of different phases: zcolites,

chiefly natrolite and thompsonite, are'usually the

most abundant of these, though one dr more of the
minerals Clinopyroxene,'titanomagnetite, phlogo=
pite, perovskite and pyrite may be present in va=
rying proportions. The composite inﬁlusions are
often markedly coarser grained than the groundé

mass assemblage in. the same rock. They are con=

sidered to have crystallized from liquids trap=

péd dufing oiivihe‘growthA(Rbgers, 1911). The

abundant zeolites in these inclusions indicate

fhat the trapped 1iquid,was.extreme1y hydrous, -

‘suggesting affinities with the immiscible pegmas=

tite liquids described in Section 3.3, rather

than the drier olivine melilitite liquids.

Very rare rounded or pear-shaped carbonatc in=
clusions, up to 0.1 mm in diémeter, have becn
identified in hopper olivines in samples from a
number of different pipes (Plate 20). Scmi-
quantitative microprobe data show the carbonate
to be Ca- and Sr-rich (up to 9400 ppm Sr) and
Mg-poor. The characteristic shape ofvtheﬁc in=

clusions indicates that they.were trapped as a



liquid rather than a solid, which suggests that
an immiscible carbonatitic fluid was associated
with the olivine melilitites at the tim¢ of'ﬁop=
per olivine crystallizétion. If so,.this fluid
must have been lost during the evolution of the
olivine melilitite magmés, for carbonates arc
not primary crystallizing phaseé in these-volca=
‘nics. The smallicarbonate dyke associated with 
the Zandkopsdrift pipe (Section 2) may-fepresent

such an immiscible carbonate liquid.

| (111) Round or oval sulphides form a third distinct va=
riety of inclusions in hopper Qlivines, though
are extremely rare. Their morpholdgy suggests
’_thatvthényefe also trappéd:as/liQﬁids‘rather, o
thaﬁ:sqiids and thefefore that én'immiécible |
sulphide liquid may have been present during the

period of hopper olivine crystallization}

(iv) Minute fluid inclusions, some withbbubbles, are
present in many df the hopper olivines. Isola=
ted individuals are interpreted as being primary” '
and these point to the existehcevof a free vapour
phase during the period of hopper olivjne.crys='
tallization. Inclusions which form fandomly
oriented trains that traverse the olivine inte=
rior are probably secondary and mark the site of
annecaled fracfures. A study.of'fluid inclusions

in the Namaqualand volcanics would undouhtedly



be highly rewarding, but 1is beyond,the;scope-of

the present investigation.

(b) HIIN olivines. Representatives of another olivine pd=

pulation will be termed HILN olivines because of their
éharacteristic chemistry, which is discussed ahead.
Olivine 5 in Plate 7 and the olivines illustrated in
Plates 14 and 15 are examples of this olivine popula=
tion. They can be diétinguished petrogfdphically by
fheir relativeiy large size, the absence of marked un=
dulose extinction, evidence of strong marginal resorp=
tion and by the presence of Yellow glassy blebs that
are considéred to indicate partial melting of the oli=
vine. Such_glaséy blebs are often concentrated about
:fthe-oliVine'margins: These OIivinés are'tYpiéally an="
hedral Cf subhedral (Plate 14)Hélthough'occasionaily
show marginal remnants of an originally euhedral form
(Plate 15). Trains of fluid inclusions that traverse
the olivine interiors are abundént; These.presumébly
.represent annealed fractures. Rare rounded carbonate
and composite inclusions similar to those described in
the hoppef olivines are also found. One of the compo=
site inclusions differs from those typical of the hops=
per olivines in containing a euhedral and apparontly
primary calcite rhomb in addition to the dominant zeo=

lites and clinopyfoxenes (Plate 21).

(c) Megacryst olivines. A further group of olivines. com=

prises exceptionally large, coarsely fractured indivis=



duals, up to 40 mm in greatest dimension (Plates 16

and 17). These are generally rounded, although some
have relatively straight edges that might be rationalr
crystal faces. Narrow zones of moséic téxture in the=
se olivines indicate incipient recrystallization'al=
though large segments of the crystalé are usually're=
latively strain-free. Following the usage in kimbers=
lite studies (e.g. Nixon and Boyd,'1973; Gurney et al.,
1977), the non—geheti; term megacryst will be applied
to these unusually large olivines. Any.cogrsely frac=
tured, rounded olivine greater than 10 mm in diameter
may -:confidently: be included in this popﬁlation,
~but the choice of a lower size limit for the megacrysts
is quite arbitrary;'as'diSaggregated remﬁants'are like=
liy to be present in megacryét—bearing pipes. Megacrysts
are only present in any quantity in two pipes ffom the
northern cluster, and have not been found in any of the
southern‘cluster.of pipes. The megacryst-bearing pipes
are unuéual in having numerousvultrabasic xenoliths of'_
upper mantle derivation. Spinel harzburgites are the
most common of these exotic inclusions, but rare gafnet
lherzolites have been found in.onGIOf the pipes (Moore,.
1973). The reason for the apparent restriction of the
megacrysts and ultrabasic xenoliths to certain pipes

is not clear, but may be related to the interplay of
magma ascent veiocities and settling rates of thec in=

.clusions (Kushiro et al., 1976).



(d)  Xenocryst oliVineé. | There is, in addition,a group of

rare strained anhedravthat can be distinguished petto=
graphically-from the second population by their undu=
lose extinction aﬁd lack of evidence of incipient mel=
ting. These olivines are only foﬁnd in those northefn

pipes with abundant ultrabasic xenoliths.

Therquestion of whetherlthe different olivine populations
are phenocrysts or not.ié very much the substance of this
thesis. It is hoped to demonstrate.that,the first'thrée‘
groups arebcognate, and can be related in terms of a conti=
nuous magma evolution model, and that the olivineé_of the

fourth group are probably xenocrysts.

3.2.2.2 Olivine Chemistry

Anaiytical techniques. - Analyses were carried ut on a Cam=
bridge Microscan-5 electron micrdprobe at 20 kv and 1500 uA
and data were reduced using Bence-Albee correction factors.
The Ni standard was an olivine'(G;ZQ% Ni) from a dunite which
had previousiy been analysed by xfray_fluorescence and.subse¥
quently checked against a pure Ni metal standard. Ni analy=
ses generally enfailed 100.secdnd counts on'the Koe pcak, and
50 second background ccunts on either side of the peak, gi=
ving a lower limit of detection of 120 ppm Ni (99% éonfidohce
1imitj and one standard deviation of 40 ppm based on the

counting statistics of the standard.

Results. Olivines (excluding the rare megacryéts) have been

analyseéd in nine rock specimens from four pipes in the south=



ern cluster and four from the Gambep‘group. The data.indi="
cate that the most significant .chemical changes are shown by
Mg, Fe, Ni and Mn, and that compositional variation in these
elements is extremely complex in olivines from the same rock.
A particularly detailed study was made»of the olivines in se=
veral thin sections cut from one specimen from the Dikdoorn
pipe in the southern cluster, namely Dik—g; bulk rock Mg/
(Mg + Fe) (atomic'proportions) = 0.563; Ni (wéight’percentj

= 319 ppn.

In addition, analyses were made of chips from 14 olivine me=

~gacrysts recovered from the Zwartheuwel pipe, &hich.forms a: 
low prominent hill one kilometre to the north of Gamoep.

Spot analyses were carried out on a thin section cut from one
v‘bf therlarger mégacryéfs'(blété 17).in'6}déf’to-egtablish |

whether chemical zoning was present.

Chemical criteria make it possible to reéognize several dis=
_finct olivine groups, which can be correlated with those re=
cognized on petrographic grounds. These will first be_disi'
cussed with refefence to the olivines from Dik-9 (Figs. 3.6

(a) and 3;6(b)).

(a)  Hopper olivines. The interiors of most hopper olivinecs col=

lectively definea.compositionaltrend.ofdecreasing]%g/Fe
~with gently decreasing Ni, while the hopper margins arc cha=
‘racterized,bya-narrow rind (up to 300 um) that shows éonti;
nued Ni depletion,but strong reversed zoningwith respect

to Mg/Fe (see Figs. 3.6(a) and 3.6.(b) together with marked
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Ca-enrichment (sometimes over 1% CaO). The margin com=
positions correspond to those of late-crystallizing
olivine microphenocrysts, and apparently reflect par=
tial equilibration of the hopper in responsé to 1ate%_
stage ohanges in the magma composition or‘conditions
of crystallization. These zonation patterns are'mir=
rored by individuai hopper olivines. 'Olivinesv8, 9, .
11, 15, 23, 24, 37, 39, 42 and 52, which a.rélvill_ustra:_‘
ted in Plate 7, are examples of individuals which show

such behaviour.

In contrast to the zoning trends described above, a number
of hopper-form olivines show aberrant zonation patterns.
oThese 1nd1v1duals will be referrcd to as "unusual" hopp01
V‘for they are commonly euhedral may have ioclusions similar -
to those found in the ooppers but are hot‘petrographically
distinctive, apart from the fact fhat some are rolativcly
large, and not markedly skeletal.‘ Examples are olivines 1,

6 and 13 in Plate 7. There are, howéver, large hoppers which
do not show abnormal chemical variations. The centres of the
"unusual' hoppers differ considerably in terms of both Mg/ (Mg +
Fe) and Ni content from '"normal" hoppers and there does not
appear to be ony fational pattern to these dILﬂtiOH\ The
margins of all tne'UnusuaT'hoppels are Charactcrlzed by che=
mical zonation towards ''mormal” hoppmr centres or groundmass
compositions. Depending on the care comp051t10n, this may
‘result in either hormal (e;g. Dik-9 olivine 6) or reverscd

(e.g. Dik-9-3 o]1v1no 7) zoning w1th rospect to Mg/lo and
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generally leads to a narrow zone of Ni enrichment close to
the olivine margin followed by an outer rind characterized
by Ni-depletion but Mg-enrichment, reflecting zonation to=

wards groundmass compositions (Figs. 3.6(b) and 3.7).

(b) - HILN olivines. The anhedral or subhedral olivines of

the second population are enriched in Fe and Mn (up to
175% MnO in soﬁe individuals) and markediy depleted 1in

N1 relative to the hopper olivines in the same rdck»
specimen. These high'iron, low nickel (HILN) olivines
show marginal zonation analogous to that displayed by

- the hoppers, resulting in HILN edges being enriched iﬁ
Mg and Ni relative to the'core (note that the hoppers -
are relatively enriched in Mg, but_depleted in Ni at
the edges).._The daté’indicateithaftﬁheZHILN‘diivine$ 
show.a relativeif:iarge spreéd inng/(Mg-% Fe) in aliv

rocks studied.

Mg/(Mg + Fe) vs. Ni data for olivines in two further speci= -
mens - Bies-3 from the southern and WK-3 from the northern |
pipe cluster - are shown in Figs. 3.9 and 3.10. The olivine
varieties recognized in Dik-9 (hoppers,”unusuar'hbppers and
HILN olivines) are present in both rocks .and show anaiogOus
chemical variations to those described for Dik—9v01ivinos.
Fig. 3.10 does not»cleafly indicate the mafgiﬁal reversed
zoning of WK-1 hoppers. This is, howevér, a reflection of
the limited number of data points, for Mg and Pe»step scans
across individual olivines show that such reversed zoﬁing is

present.



It is therefore believed that many of the Namaqualand melili=

tites are characterized by having diverse olivine populations

analogous to those recognized in Dik-9. Significantly, this
appears to be true for both the northern and southern pipe

clusters.

Other pipes. A small number of olivines have been analysed

in several other rock specimens (Figs. 3.11 to 3.19). As in
Dik~9, there is always a range in composition of olivines
from the same sample, although possibly because . of the limi=
ted number of data, chemical trends are not well defined in.
all cases. However, euhedral olivines-iﬂ sample ZH-14 show
a well—defined zonation pattern Fig. 3.19) that iS‘markedly
different from that found in Dik—Q.'vDiscussibn of this zo=
natidﬁ patternfis reserv¢d until a later Stage (Section 3.2.
2.4(g)) although it will be demonstrafed that it can be uu=
derstood in terms of the general model proposed to explain
the variation of olivine chemistry in the Namaqualand volca=

nics.

(c) Megacrysts. Mg/ (Mg + Fe) - Ni relationships defined

by the Zwartheuwel megacrysté are illustrated in.Fig.
3.18. (As noted previously, olivine megacrysts have
not been found in any of the pipcs in the southern
cluster.) The olivine megacrysts analyséd collective=
ly define a fairly regular tfend'of decreasing Ni and
increasing Mn towards fayalitic compositions (Fogz.z,'

0.36% Ni, 0.07% Mn to Fo 0.17% Ni, 0.26% Mn0O).

74.7°

This overall pattern of variation is similar to that



found for megacrysts from the Monastry.kimbeglite (CGur=
ney et al., 1977).. The'rangé in composition of chips
from the same mégacryst (Fig. 3.18) Sugg@sfé that these
olivines are strongly zoned. However, spot analyses
across a thin section cut from one of the megacrysts

'v(ZH;14) show this olivine to be chemically homogeneous
except where strbngly altered. The sense of chemical

- variation in such altered zones indicates re-equilibration
towards groundmass compositions, and this Suggeéts that
thé megacryst was initially homogeneous. It is signi=
ficant that the most fayalitic of the Zwartheuwel mega=
crysts are deplefed in both Mg and Ni relative to the

euhedral olivines from the same pipe.

(d) - Xenocrysts. The strained anhédfa of_the'fdur;h olivine

,population are>unzoned and have compOSitions (Pdg1,
0.40% Ni0) that fall within the range found for presus=
med mantle olivines (Reid et al., 1975); The chémistry,
morphalogy and limited occurrence of such individuals.
suggests that they are either xenocfyéts derived from
disaggregated mantle materiél, or fragments of Mg~

rich ﬁegacrysts. They are therefore excluded'from fur=
ther discussion. Like fhe ﬁegacrysts, such olivines:

have not been found in the Dikdoorn pipe.

In summary, it appears possible to recognize the following

olivine groups-in many of the Naﬁaqualénd pipes:

(a) - Euhedral (hopper) olivines, most of which have cores



~that show normal zoning with respect to Mg/Fe and'Ni,
but often have narrow rims characterized by strong Mg-
enrichment. A number however, show aberrant zonation

patterns ("unusual" hoppers).

(b) Anhedral or subhedral tHILN) olivines that show eviden= 
ce of incipient melting and which are characterized
chemically by high iron and manganese and extremely low
Ni concentrations relative to the hoppers from the same

rock.

In addition, some of the northern pipes have mcgacrysts;-up

to 40 mm in diameter. These oiivines are homogencous except
in strongly altered areas, which. show Zonation_towaids'ground=
’_massAolivineucdmpositions.'fThe megacrysts'cdllectively shqwb
a-wide spread in MgO aﬁd Ni. The moét fayalitic speciméns are .
depleted in Mg and Ni relative to small euhedral olivines from
the same pipe. The reason for the absence of megacrystS iﬂ
many of the pipes.is uncertain, though may be largely related
to the intefaction of magma ascent rates and éettling veloci=»n

ties.
A final group of anhedral olivines show strained extinction
and are relatively enriched in Mg and Ni. ‘These are ouly

common in those pipes with abundant ultramafic xenoliths.

Any model for the origin of the olivine melilitites should
explain the wide range in olivine compositions in individual

. . . . . . t
pipes, and thec complex zonation patterns found in the "unusual

hoppers. This however raises one of the fundamental problems



confronting the igneous petrologist - that of di;tinguishjng
between cognate and exotic phases. The characteristic euhe=
dral form of the '"normal' hoppers leaves 1iﬁtie doubt as to
Vthcir being cognate phenocrysts. The strained anhedra of the
fourth petrographic olivine population are probably either
exotic or fragmentsrof megacrysts. It is therefore necessary
to considef whether the "unusual™ hoppers, HILNS and mega:'

crysts are cognate or accidental.

3.2.2.3 Origin of Olivines

The well-developed cryétal outline of the "unusual' hopper
olivines (Plates 12 and 13) suggests that they areléognatc,
phenoérysté.j However, Ni and Mg step scans achSS'a number
of the$e iﬁdifidua1s,défine nafrawfzones, ﬁéﬁéilyuélose«toA'
thevmargins; whiCﬁ;diépiay'méfkedbéémpositiéﬁél.gfadiénts
(Fig. 3.7). It could, therefore, be argued that the Coreé
of these olivines are exotic and that eﬁhedral dﬁtiihe 1s an
artifact of overgrowth subsequent to ihgorporation in the
olivine melilitite magma. Although this possibility cannot
be dismissed, it should be noted that the strained olivine
anhedra which are considered to be exotié‘invariablyvshow
marginal resorption features rather than oférgrowths. In ad=
dition, some of the "unusual' hoppers contain composite in=
clusions similar to those that characterize the '"normul" hop=
pers, which indicates that the liquids trapped by these oli=

~vines were broadly similar.

Two HILN olivines with well-preserved remnants of an original



euhedral morphology haye.been‘recpgnized (é,g, Plate 15), ana
there are several which could be described as subhedrai.
Theée olivines typically show varying degrees dffmarginal re=
sorption, and the presence of rational crystal edges iﬁ some
individuals therefore seems more likely ta indicate:an origi=
nally euhedral morphology than to result from overgrowths to
exbfic xenocrysts. Moreover, the unusual composifions of
HILN olivines are atypical of those found in presumed mantle-
derived olivines, orAthose commonly reported from crﬁstalv
rocks, and appear to be unique to the olivine melilitites,
which- strongly suggests a cognate origin; Further, HILN oli=
vines are never found intergrown with a(second phdse,'as

- might be expected if they were accidental. As‘we have iden=
tified HILN olivines frqm both the northern and southern pipe
clusters - a laferél extent of some 150‘km:57any pdstulated
exotic source rock would probably have to be areally‘extcnsi=k
ve. An additional, and compelling line éf evidence for a
cogﬁaterorigin for the HILN olivines is the broad.mineralpgi=
cal similarity of the composite inclusions in theée and hop=

- per olivines, which suggest crystallization from similar mag=
mas. However; the presence of an apparently primary carbbna=
te rhomb in one of the HILN composite iﬁclusions'indicatcs
that the liquid from which these olivines crystallized muy
have contained relatively more dissélVed carbonate than that

which precipitated hopper olivines.

The status of the megacrysts is not as well defined as that

of thc other olivine groups, but several lines of reasoning



suggest that they are alsd cognate phenocrysté. Thevfairly
regular chemical variation shown by this population indica=
tes that they are genetically related. The morphology and
chemical characteristics of these olivines indicate a close
affinity to the olivine megacryst suites that have becn re=
covered from several kimbérlites (Nixon and Boyd, 1973; Gur¥
ney et al., 1977). The latter authors strongly favour a cog=
nate origin for the megacrysts. Gurney (oral commﬁnication)
points out that the compositional ranges; and the absence of
strain.features in kimberlite megacrysts, are Véry.atypical
of olivines found in ultrabasic xenoliths of apparent upper
mantle origin. There is a further indirect reason. for regar=
ding'the’megacrysts as cdgnate. O'Hara (]965) points out
that thc first phases to crystalllze from magmas of mdnL]e
derlvatlon would normally be the same mlnerals (w1th ]dCHtl“.
cal compositions), as those which formed the residue in the -
source area. Olivine 1is almost certainly a reSidgal mineral
during most mantle melting events, and because the olivine
primary phase field expands towards 10Wer pressures (O'Hara
1968), the mineral would be expected to be an eérly crystal="
lizing phase in mdntle—defived magmas. 'if so, early-formed
olivines should match those in the source focks,'and would
be expected to range 1n composition from Po88 to Pogg' 1t

is suggested that the most Mg-rich megacrYsts (F092) might
represent such early crystaliizing olivineé!_ Olivine mega=
crysts have not been found in all the pipes —‘for exahple,
the Dikdoorn pipe. Névertheless, as it is belileved that

their presence or absence might reflect the balance between
. :
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settling rates and magma ascent velocities, it is Houbtful

- whether the absence of olivine'megaérysts implies non-crys=
tallization. Rather it seems likely that such oliyineé may
have crystallized from all of the Namaqualand olivine melili=

tite magmas.

It is therefore believed‘that the megacrysté, HILN and "unusu=
alWhopper olivine populations are cognate.. Ceftainly to dis=
miss them as accidental inclusions only drives the prdblem of
their origin one stage further back. It is admitted that the
Vchemical trends shown by the Tims of theée olivine populations
does allow for an exotic origin, but for the reasons given
this possibility is not favbured. Magma mixing proceéses of=
fer é.pptential explanation for the heterogeneous,olivine-pOé
pulatibnsithét characterize the Namaqualand oliﬁine meliliti=
tes. However, although 58vbu1k roék samples frdm;ZT-pipes
.have been analysed, no evidence.haé been found for the exis=
tence of an Fe-rich and Ni—poor liquid that might have crys=
tallized HILN olivines. Moreover, extremely complex magmna
mixing processes, presumably involving a variety of diffecrent
liquid compositions, would be required to account for the
spread in Mg/Fe and Ni found for the cores of the "unusual" hop=
pers. A magma mixing model to account for olivine composi=
tionallcomplexity is thus not favoured. Preéentedbelow is a
-model which assumes that all the olivinevpopulations,'(with
the possiblec exception of the strained anhedra of presumed
mantle composition) are phenocrysts which reflect chemical

and physical variations related to the evolution of the host



magmas. If valid, this model has important implications to

the genesis of kimberlites and diamonds.

3.2.2.4 Discussion

(a)

Oxygen activity control and HILN compositions. It is

convenlent to reserve discussion of the megacrysts un=

til a later, stage, for the origin of these olivines
follows naturally from the relationship between HILN

and hopper olivines.

On the basis of their morphology (i-é. evidence of re=

sorption and melting in contrast to the sharply defined

edges of the hopper olivines) and their limited abundarn=

-ce, it seems reasonable to assume that HILNScrystalli=

- zed before the hopper olivines, and further, that they

crystalliied from a magma_which did not have uﬁusually
low Mg and Ni contents (in view of the hopper composi=
tions). It is also unlikely that the HILN compositions
result from low Ni distributioﬁ coefficients since
the high témperatures (Leeman, 1974)~or high Mg0O con=
teﬁts (Hart and Davis, 1978) neceésary tovachieve thisv
would result in the crystallization of_é more-magnesiah,

olivine. It 1is thereforc suggested that the composis=

tional characteristics of the HILN olivines in purt re=

flects crystallization at low oxygen activities, signi=
ficantly below the Ni/NiO buffer, but above the ¥Fe/FeO
buffer (see Fig. 3.8 for the relative positions of dif=

ferent buffer curves). Low oxygen activity would ro=

sult in high Fe2+/FeS+,'Mn2f/Mn3f and NiQ/Ni2+ ratios



in the magma, thus producing high Fe and Mn combincd
with low Ni in the olivines crystallizing in equilibri=

um with such a liquid.

The crystallization of hopper olivines could have taken
place at higher bxygen activity (above the Ni/Ni0 buf=
| fer),.giving‘rise to substantially higher Mg/Fe ratios
and higher Ni contents in the olivines crystallizing
under these conditions. The Mg and Ni-enriched rims
surrounding the HILN olivines may reflect partial re-
equilibration under higher éxygen activity conditions,
or may be overgrowths under these condifions. The
trend of de;reasing Mg/Fe ratio and decreasing Ni con=
"wfént from the'interiorsvto the margins of.the hopper

‘olivines is 'seen as a responsé to falling temperature

and the pfbgressive removal of Ni by Raleigh—fype CTys
tallization. The reversed-zoned hopper margins mav re=

flect an increase in the Mg/Fe++ ratio of the magmi

caused by extensive crystallization of Fe-Ti oxide pha
ses or extreme late-stage oxidation of the magma, or

both. Titanomagnetite microphenocrysts are often par=
tially enclosed by olivines in rocké from the southern
cluster (though not in those'frbm.the northern pipes).
This petrographic evidence indicates that crystullizaé
.tion of the opaque phase coincided with the late-stage

of olivine growth in some of the magmas.

Having suggested major changes in oxygen activity during

the crystallization of the olivine melilitite magnos, it



~ is necessary to consider a possible explanation for

such changes.

The presence of primary carbonate in one of the HILN
composite inclusions suggests that the coexisting equi= -
librium liquid may have been relatively carbonate—rich
compared to bulk rock compositions of fhe olivine melifb.
litites, which typically contain less than 0.3% CO2 (Ta=
ble 1(1)). Recent experimental studies,.for instance
Brey and Green (1977), have stressed the importance of
CO2 in the generation of olivine melilitite magmas.

The CO2 would in part be dissolved as a carbonate in

the primitive melt according to these authors. It seems
“plausible that‘a gas buffer involving-CO2 may havemain=
"féined_thé'01iyine me1ilifife mégmés_dt.léwbdkygen ac=
ti&ities; ﬁogéibly closQ tb of on the carBon saturation
surface, durihg part of the evoiutionary history of these
magmas. The relatilve positions of reievant buffcr cur=
ves are shown in Fig. 3.8. _Equatioﬁs summarized by |
Heubner (1971) indicate that the carbon-gas buffer will.
be below the wustite-magnetite buffer, and thus well |
below the Ni/NiO buffer at.high temperatufes and pres=
sures (1 OOO - 1 300°C; iO—]S Kb). ' Under such condi=
tions, aNiZ+ in the liquid will be held at low values
and reduced Ni may be formed,'whileFé§7F62+and'hénce Mg/Fez+
ratios will be relatively low. These conditions of low oxy=
gen activity are considerea to be in part responsiblc

for the compositional characteristics of the HILN. oli=

wvines. The high Mn content of the HILN olivines is



(b)

considered to be related partly to high Mn2+/Mn3f in
the highly reduced magma, though may in addition indi=
cate that Mn iskstrongly partitioned into olivine in

COZ—rich magmas (with CO2 dissolved as a CO§~anion).

It is proposed that reduction in pressure during magma

ascent would initiate the loss of volatiles and dissol=

.ved carbonate, which in turn would lead to a substans

tial increase in oxygen activity and hence in NiZ+/NiO,
Fe3+/1:“~e2+ and Mg/Fe2+ ratios in the melt. - (The reason
for such an increase in oxygen activity'is discussed in
Section 3.2.2.4(e).)’ Furthermore, the loss of volati=

les would cause an increcase:inliquidus temperaturecs,

:fand this could'resplt in rapid_chStalliiatiOn of rela=
tively Mg-;aﬁd'Niﬁen}iched hopper olivinés and alse in= "

'tipient melting of the earlier HILN olivines. The ﬁar=_

bonate and fluid inclusions in hopper olivines are be=
lieved to record the loss of volatile components. The

typically rounded ﬁorphology of the carbonate inclusions

- suggests loss of this phase as an immiscible liquid.

Variation in distribution coefficients and HILN olivine

compositions. A consideration of the relationship be=

tween bulk rock chemistry and HILN olivine compositions
shows that, even for the most favourablé case where all
iron 1s present as Fe2+, the distribution coefficient

of 0.3 suggested by Roeder.and Emslie (1970) would only’
allow the most Mg-rich HILN olivines to be in equilibri=:

um with the host bulk rock compositions, if the latter



are assumed to approximate liquid compositions. It
will be argued on the basis of bulk roék chemistry (Sec=
tion 4) that this assumption 1is plausiblé,v However,
even if the more magnesian specimens werevenriched in
cumulus olivine (and hence in Mg), the same secems unli=
kely to hold for relafiﬁely-Mg—poor compositions, for
example the rock Dik;g, which also contains HILN olivi=
nes that are markedly more Fe%rich than would be pre=
dicted by Roeder and Emslie (op. cit.). Similarly,
~while low oxygen activity would in principle favour -
crystallization of a more'manganese~rich‘oliVine_from
any given magma, 1t seems unlikely that such a control
is alone sufficient to.account for the gross diff@renge_.‘
_in MnO betﬁeén HILN'diivinesv(qp to ].SO%.MHO) and hop= )
pers(geﬁerally_O;]S to 0.3%1Mﬁ05 as the Mh2+/Mn3+ ra=
tio is likely to be high cven incomparatively oiidized
magmas because of the relatively high oxygen activities

defined by the MnO—Mn304

buffer (Heubner and.Sato,jQ?O).;
~To account for such apparent inconsistehcies, it is
suggested that transition element partition coefficients
determined for olivine and basaltic liquids are inappli= -
cable to carbonate-rich liquids such as those envigaged
as the primitive olivine melilitite protomagmas. Two
mechanisms,.which may be cdmplemehtary, cbuld‘account
for the differences in olivine-liquid partitioning for

the carbonate-rich and carbonate-free systems.

(i) It has been suggested (Fraser, 1975, 1977) that

’



when CO2 dissolyes in silicate magmas, there is a
change in melt structure as a result of the follow=
ing polymerization reaction:

| UV 2- oo -
200,  + ©28i0," ~———3 20057 .+ . SI1,0(

Burns t]969) has interpreted enrichment of transi=
tion elements such as Fe and Ni in olivine relati=
- ve to coexisting orthopyroxene (for example in the
suite of accidental peridotiteé derived from kim=
berlites), in terms of the higher cryStai field
stabilization energy (CFSE) for these elements in
the octahedral sites in the unpolymerized olivine
structure rclative to thoselpf the more polymeri=

_ zed.pyroXene strUcture.; If such ép:interprétation
is vélid, it might be expected'fhatma change in
melt structure would affectﬁthé site preference of
several transition elements in the magma relative
to coexistingvolivines. By analogy with pyroxéne—
olivine partitioning, it 1s likely that ah increa=
se 1n the degree of poiymerizétion of the melt
would cause changes in partition coefficients that
resuit in crystallization of olivines enricth in
Fe, Mn and N1 relative to those in equilibriumwith
a less polymerized melt, other factors being cqual.
.In other words, as the melt sfructurevbecamc more
,ﬁifmelt, K01~m0]t and

polymerized, the values of M
the Mg/Fe distribution coefficient (K

D) as defined
by Roeder and Emslie (1970), would all increasc.



(i)

In summary therefore, it 1s suggested that the HILKN

pairing between Mg'" and co%”

" lowering of a

This interpretation is closely analogoﬁs to that
of Watson (]976] and Hart and Davis (1978) who
conclude that partitioning of the transition ele%
ments is strongly controlled by the Si-O ratio of
the melt. In the case of Ni partitioning in the
olivine melilitite protomagmas, the effect of a
higher partition coefficient would be offset By
low oxygen acfivities which ﬁould,vin turn, lead
to low aNi¥+-va1ués;'f(the however, that'provided
such low oxygen activities do not fall below tﬁe

| P+ will

Fe-FeO buffer, high values of a 4 and a

Mn Fe’

be favoured in the magma.)

. In a carbonate-rich magma, it is_possible that 1on-

3 ~ions may result in a

Mé++'in the magma, and heﬁce{in a reé‘
lative Fe-enrichment in the coexisting olilvine.
However, such a process seems inadequate toaﬁcount
for the marked Mn enrichmenf.in HILN olivines re=
lative to the hoppers, and would probabiy‘b05econ=
dary to variations in partition coefficients resul=

ting from changes to the melt structure.

olivines crystallized under conditions of low oxygen

activity from a carbonate-rich magma. In addition,

olivine-melt partition coefficients for the transition

elements were higher than those appropriate to carhona=

te-frce magmas of equivalent composition. The effccts

-



of low fOZ and high partition coefficiénté wéuld be
complementary with respect to Fe and Mn partitioning,
but in the casevOf Ni, the increase in olivine-melt -
partition Coefficient would be negated by'the.effects
of low dxygen activity. As a result, the geochemicul
behaviour of Ni would be .decoupled from that of the re=
maining transition elements, despite a felatiﬁely high

CBESE 1in octahedral sites.

c “"Unusual' hopper compositions. The foregoing considera=
PP pos. > cgoing

tions suggest a possible explénation for the apparently
irrationai spread in Mg/Fe and Ni that characterizes

the coresofthe”unuspalﬁ'hoppér.olivines.' Itiis propo=
:éed‘that,sqgh chemicaizvafiébility reflééfS ciysta]1i= |
fiafion duringjthe early:Stégés Qf lossuéf Volatiles_and
an immiécibie carbonate fractidn frbm fhe magma as. a
‘result of large.relative changes in pressure associated
with rapid»magma ascent at shallow levels (30-60 ki to
ﬁhe surface). Loss of such components‘would be expect=
ed to result in independent changes to oxyéen activity‘
and olivine-melt partition coefficients fof.the tranéi=
tion elements, and the interaction bf these effects
wdxld determine the composition of the Ceres Qf the ""un=
usual” hoppers, which would then zone towards the compo=
sitions of the later crystallizing, more ”nbrmql” hop=
pefs.. The fact that the Ni-enrichment "peak'" and Mg
depletion "trough' do not coincidein”unusuar‘hopﬁer 6

from Dik-9 (Fig. 3.7) 1s consistent with the variation



(d)

of the two.elements béing controlled by differcnt pro=

cesses.

‘‘‘‘‘‘

Megacryst compositions. The megacrysts are interpreted

as recording changes affecting the magma subsequent to
separation from the source area, but prior to crystal=

lization of HILN olivines. The most Mg-rich megacrysts

(Fogzx 0.36% NiO) are believed to be similar in composi=

tion to olivines in the source area. 'It<seems.un1ikely
that the spread in megacryst compositions reflect de=
creasing Mg/Fe and Ni in the hostbmagma resulting {rom
progressive Raléigh—type fractionation of olivines, for
the most fayalltlc megacrysts are dopleted in Mg and_N
relatlve to the ]ator crystalllzlng hopper 011V1nc co—b

‘res. Yet thelr ldrge 51ze - rounding and. chemlcal range'

 shows that they must undoubtedly have crysta11170u pri=

or to the hopper population, granted the postulate»thét
they are phenocrysts. The Mg-enrichment in hopper oli'v=
vines relative to the megacrysts in the Namaqualand
volcanics could in principle be ascribed to extensive
1lmenite fractionation following megacryst crystalliza=
tion. This would increase the Mg/Fevratio of the resi=
dual magma,.and hence that of the coexisting,hoppér
olivines. However, such a process would also lcad to a
rapid depletion of the magma in Ti and.Fe, and scoms un=
likely ‘in view of the characteristically high conceiitras
‘tions of these elements in the olivine melilitites (4.2%

to 7.6%'Ti0,; 13.5% to 22.9% total iron as Fe,0,). In

-



addition there is no petrographic evidence for extensi=
ve early crystallizdation of Fe-Ti phases. Similar ob=
jections apply to interpreting the increase in Ni con=

centration in hopper olivines relative to megacrysts in

terms of ilmenite fractionation. Extensive fractiona=

tion of this phase would be needed to achieve the re=
quired increase in Ni concentration in the residual 1i=

quid and hence in the hopper olivines, even assuwming

ilmenite~liquid
Ni

1s therefore suggested that the range in megacryst coms.

that K were appreciably less than 1. It

positions'is dominantly controlled by changing olivine-

'~ liquid partition coefficients during magma evolution as

discussed below.

fPhy51c0chcm1cal con51deratjons. My%en et al. (]q7r)‘

pleqent evidence Wthh sugpgests that at hlgh pressures,

602 1s present 1in 5111cate melts both as a carbonate

.and as' a dissolved gas. Mysen (1976) reports that in

albite-rich melts, the molar proportion of carbonate

P .
(deflned as kCO% = CO% /(LO3 + COz)) increases with

decreasing pressure. He implies that the same is like=
ly to be true for all silicate mélts. Thus, a magna
which béhaved as a clo<en Mtigpm,‘and Qas initially 00~
rich, though not C02~saturated, would begome incrceasing=
ly more polymerized with decreasingvprcssurg as afcgult
of the reaction:

| 2- . a4

. 4= ' ‘
2€0, +  28i0, ———> 2005+ Si,0¢

It is sugge tcd that incrcased polymerization of tho .



melt (prior to the loss of a volatile phase £T0m the
olivine melilitite magmas) would result in changes in
the olivine-liquid distribution coefficients for the
transition elements, leading to_mofe Fe- and Mn-rich
olivines in equilibrium with avgiveﬁ liquid composi=
tion, and that this in part‘explains the range in mcga=.
cryst chemistry. However, a consequence of increasihg
polymerization of the liquid would be that equilibria

such as:
CcO + %OZ §~—-— CO2

would be driven to‘the right as pressure decreascs, and
.an’increasing proportion of CO2 is dissolyed as a cars
.bdnéte. " The result wpuidvbeialprogressifé decrease in
'Q;OXygen acti#ity in the magma'Subsequént.to Sébaration
froﬁ the ébﬁfce area. While bkygen éctivitiés remain
above the Fe/FeO buffer, these changes would enhancc
‘Fe- and Mn-enrichment in the coexisting olivine, but
lead to lower nickel contents due to the marked lower=

ing of a ;** in the melt. (Note that oxygen activities

N
are higher for the Ni/NiO buffer than for the Fe/Fe0

buffer at a given temperature and pressure, Fig. 3.8.)

In other words, decreasing oxygén activity would com=
pensate for the increase in the olivine-melt partition
coefficient for Ni expected as a result of an increasing de=

grec of polymerization of the magma.

(f) Summary. The foregoing considerations make it possible

to summarize the overall scheme for the evolution of



olivine melilitite magmas and compositions of coexist=

ing olivines as follows:

1.

A CO,- and carbonate-rich magma is generated in

~equilibrium with highly magnesian (Fogz)’olivines

in the source arca. Such a model is in accordance
with that envisaged by Brey and Greem (1977). Ini=
tial olivines crystallizing frém the magmas should
be identical in composition to those in the source

area.

Progressive polymerization of the magma with decrea=

sing pressure as dissolved CO., 1s converted to car=
EP 2

- bonate results in an increase inolivine-melt parti=

tion coefficients for the transition elements, and

at the same time,-a marked lowering of oxygen acti=

Cvity. The‘mégacryst suite crystallizes under such -

changing physico-chemical conditions with olivine

compositions changing towards those representcd by

the HILN compositions. It is implicit that the mag=
ma .behaved as an essentially closed system during
this stage of evolution.

With decreasing pressure, the magma would become
saturated with respect to COZ,'and this would isni=

tiate the separation of an immiscible carbonate 1li=

-quid and, particularly at lower pressures, a ca, -

rich vapour phase. Loss of CO2 would probably be
accompanied by a depolymerization of the liguid as

a4 result of reactions such as:



2- NS

———> 200, + 25i0,.

It 1s suggested that the resultant structural chan=

ges to the liquid would reverse the sense of chans=

~ging partition coefficients for the transition ele=

ments. In addition, the equillibrium reaction:

co o+ 12-502 . €0,
would be driven to the left, resulting in an increa=
se 1in oxygen'activity. These processes might be
partially responsible for the reversed zoning of the

HILN olivines, though are difficult to distinguish

~from those related to late-stage equilibration to=

- wards hopper margin compositions. The reversed zo=

ned ilmenites in kimberlites which Haggerty (1975)

describes may be related to similar processes,

At low pressures (30-40 km to the Surface) carbona=
te solubilities decrease rapldly (Mysen et al.,1975)
and volatile loss is likely to be high. Decreasing:
preséure would therefdre result in progressiyely
greater degrees of olivine superSaturatioﬁ in the
1iquid and olivines would begin to develop hopper
growth forms. Under these conditions therc would.
be rapid changes in partition coefficients and Si=
multaneously a marked increase in oxygen activities.
The interaction of thesc two effects would deteys=

mine the corce composition of the "unusual' hoppuers.

Increasingly greater rclative changes in pressure



at shallower levels would further increase the ra%
te of volatile loss. O0livine crystallization fates 
would increase and hopper morphology become more
‘pronounced. As a result of large-scale olivine
formation, the effects of Raleigh fraétionation
would be superimposed on those resulting. from ;han=
ging partition coefficients. This would control

the variation in composition of the cores of the
"normal" hoppers which comprise the dominant olivi=

ne population.

6. Late-stage cryétallization of titanomagnetite fa=
voured by high oxygen activities results iﬁ fcvéf=
Ased zonlng of the hopper marglns Margins of early-

‘fcrystalllzfng 011v1nes equlllbrate towards UIOUHd—

mass COTﬂpOSlthI’l .

From the‘foregqing,summary, it folldws théf the olivine
populations déscfibed formApart of a continuous and re=
lated evolutionary sequence. The differentiation of

the olivinés into chemically and pefr0graphica1ly.dis=
tinct populations may in a sense be somewhat artificial
but is, hbwever, useful for descriptive purposes, since
the general petrogfaphic and chemical distinﬁtions des=
cribed earlier were made pfior to the iﬁterpretations

~given above.

(g) Zwartheuwel euhedral olivines. Chemical zonation pat=

terns 1in euhedral olivines from the (megdc1ysr thljng]

Zwartheuwel pipe differ in detall from those pICVLouqu



described for several other pipes. However, it will
be shown that such zonation patterns can be readil)'un:
derstood in terms of the general model proposed to ex=

plain olivine chemistry in the Namaqualand volcanics.

The euhedral olivines analysed from the Zwarthéuwei pié
pe are from a hand speéimen (ZH-14) cohtaiﬁing the large
megacryst 1llustrated in Plate 17. Olivine chemistry is
illustrated in Fig. 3.19. The cores of euhedral olivi=‘
hes differ‘markedly one from another in terms of both
Mg/ (Mg + Fe) and Ni contents and there is no.rational
pattern to these variations. The edges collectively
define a linear trend of decreasing N1 and slightly de=.
'cIéaSihg-Mg/(Mg + Fe). The sense of zonation from cen=
tre to mérgiﬁ of individual euhedral_biiVines is always
v;towards_the line defined by.the ¢ry$ta1 edges,A This in
~most dlivihes.results in an initial outward increase in
Mg/ (Mg + Fe) and Ni_fo11dwed by iron enfichment and_Ni
depletion at the very edge of the crystals. - A few in=
dividuals however show a decrease in Mg/(Mg + Fe) from

the centres outwards.

It is impossible to ascribe the marginal increasc in Ni
concentration in the euhcedral olivines to any modcel in=
3 . . . . L _
volving simple Raleigh-type fractionation. Ni is pre=
ferentially incorporated in olivine relative to equilis
brium basaltic liquids and crystallization of the pliase

would be expected to deplete the residual liquid in Ni.

It is thercfore proposed that the euhédral olivines in



ZH-14 could all be regarded as being chemically equiva=
lent to "unusual' hoppers and that the zonation patterns

were initially determined largely by the interaction of

ol-1liq
Mg-~-Fe

‘magma ascent, rather than the effects of Raleigh frac=

increasing oxygen fugacity and decreasing K during
tionation. In other words, the outward increase in Ni
concentration 1in many011v1nes was probably largely con=
trolled by an increase in oxygen fugacity with progres=
sive crystallization, whilst the reversed zqning with
respect to Mg/(Mg + Fe) was probably influenced by thek

combined effects of increasing oxygen fugacity and de= "

ol-liq
Mg-Fe

the magma.» ‘The trend of aecreas:ng hl and Mg/(N‘-kwe)

creasing K durihg ascent and volatile”losq from-
”'whlch is deflned by. edge comp051t10ns could be inter=
”preted 1n terms of the effects of R3101gh type flacLlo*'

nation subsequently overrldlng those related to changes

ol-1liq
Mg-Fe *

in oxygen fugacity and K
It follows from this interpretation that olivine clie=
miétry and zonation patterns aré determined by the in='
terplay of several independent controls. The rclative
importance of these different factors in determining.
olivine compositional vériation}might vary from pipe to
pipe as a function of ma gma gomposition, ascent vel@éiz'
- ties and therefore rates of volatile loss. Thecse in
turn would influence changes in oxygen fugacity and
partition coefficients and.determine theAimportance of
Raleigh fractionation effects Thus slow rates of as=
cent and volatile loss might favour slower crysta]llLa“

tion and p0%51b1y result in changos in oxygen fuvagaty
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and partitioncoefficients overridingthe effects of Raleigh
crystallization. On the other hand, rapidéﬁcent of a Mg-rich
(0livine saturated) liquid might lead to extremely rapidoli=
vine crystallizationrates, thusexaggerating‘theimportance

of a Raleigh fractionation control.

The zonation patterns iﬁ the euhedral olivines inZH—14 
are of considerable importance in interpreting the dri=
gin of the olivine melilitite magmas. Ni contentrations
(up to 0.37% Ni) near the margins'of some of thesé}oli=_
vines are similay tb or slightly higher than thosc found
in mantle-type olivines (é.g. Emeleusrénd Andrews, 1975,
Table 2; Nixon and Boyd, 1975, Table 1). This'suggests
that, at least with respect to Ni content, a liquid com=
position eqﬁivalent,to ZH-14 may haye beén approximates=
‘1Y in eqﬁilibriUmrwith.mantle Qlifineé - or in other
words, that such a magma had'shfferedkvery;little rela=
tive Ni loss as a‘resulf of crysfal fréctionafion da=
ring ascent and crystallization. Unfortunately, as the
model for the evolution of the Namaqualand magmas involﬁy
ves changes in partitidn coefficients_forvthe tfansition
elements‘during aécent, it_is not possible to quantita=
tively determine the extent of Ni loss - if any. The
most fosferitic euhedral olivines in ZH-14 (Fogg =) falil
| within the range of iron—ri;h olivines of presumcd man=
tle derivation (Kesson, 1973). This may indicate that
the host magma underwent little fractionation with res
spect to Mg/Fe‘subsequent to sepération from the source
area. Unfortunately, the exact cémposition of source |
area olivines is uncertain and, as with the Ni coﬁcén¥A'
tration, the Mg/Fe ratio of the blivines was probubly

controlled by changing partition cocfficients dureng



magma ascent. In addition, crystallization of the
(iron-rich) cores of these olivines would iead to afe=
lative depletion of the residual magma in Mg, result=
ing in a lower fosterite content at the edges than
'might cherwise‘be expected. Thué the compositions of
ZH-14 euhedral olivines offer intriguing indications
that they may have crystallized from an esséntially
primitivé (primary) magma, although the evidence is un=

fortunately equivocal.

One of the olivines in ZH-14 was identified petrogra=
phically as belonging to the HILN population. This is
shown by the diamond ornament in Fig. 3.18. 'The‘centre
'_df this QliVihézhas'fhé>highe§t‘Fe aﬁd 1§wést.Ni'con=
7;teﬁtaof ﬁhosé.énalysed, confifﬁing thélpefrngaphic i=
| deﬁtificatioh. (Noté'thaf'HILN‘oliVineé hQVe beonide=
fined as being enriched in iron and depleted in Ni re=
lative to the euhedral olivines in the sahe rock. The
term does not'imply any absolute Ni or Fe contents.)

It is however significant that the HILN olivine in ZH-
14 lies on the trend of decreasing Mg/ (Mg + Fé) and Ni
- defined by the megacrysts from the same pipe, and on
chemical grounds could therefore be regarded as heing.
part of the megacfyst suite. This emphasises the fact
that.the olivines from the Namaqualand pipes constitu=
te a chemically continuous and related population, and
‘that the separation of thé‘olivinesvintb different |
groups, although useful for descriptive purposes, is

rather artificial in terms of chemical variations.



3.2.2.5 Olivine Morphology and Crystallization Rates

" Donaldson (1976) demonstrates that olivine morphology 1s sys=
tematically related tc the MgO confent and the cooling rate

~or, alternatively, the degree of supercooling ef the parent'
liquid. Thus, a comparison of the olivine gfowth forms pro=
duced experimentally by Donaldson (op. cit.) with those found
in the Namaqualand VolCenics should give an indication of ei=
ther the cooling rates or the degree of supercooling that may

be applicable to these magmas.

Olivine morphology and size show no systematlc relatlonshlp

to the relative coarseness of the groundmass assemblage in

©. the Namaqualand Volcanics It is fhus very unllkely that the

hopper growth f01m$ reflect rapld coollng rates assoc1dted
w1th the emplacement of thevmagma 1n~the”upper'crUSt.‘ The
preferred explanation for fapid cryetallization is'e'rise in
liquidus tempefatures associated with a loss ofnvolatiles and
‘an immiscible carbonate liquid during magma ascent, as dis= -

cussed in Section 3.2.2.4.

Donaldson (op. cit.) pointe.out that comparable crystal sha=
pes grow at the same degree of superceoling irrespective of
the melt composition. Consequently, the olivine growth forms
produced during isothermal crystallization runs on an Apollo"
12 basalt (11.7% MgO) were used for comparison with those found
in the Namaqualand volcanics. Olivines from three samples
‘from the southern pipe cluster (Gem-] (9.9%.Mg0); Dik-9 (12.
6% Mg0O) and Bies-1 (14.0% MgO)) were compared with growth

forms producced experimentally by Donaldson (op. cit.). In



each of these samples, olivines show a range in mOrpBologies
from esséntially non-skeletal polyhedral individuals fhrough
hoppers with pronounced re~entrants énd hollow interiors to
linked parallel growth forms (sece Plates 7,'8'and 10). The=
se correspbnd to those pfoduced by supercooling of some 10-
30?C (or alternatively, cooling rates of 2—40°C/hburfor.com=

positions equivalent to the Apollo 12 basalt).

Olivines from three samples from the northern diatreme clus=
ter (WK-1 (317.6% MgO); Ho-1 (21% MgO)'ahd ZHM-3 (24.5% Mgoﬁ
were compared with the growth forms produced experimentally‘

by Donaldson.

In kai,(Plate.Qj, there is once‘again é rangekin‘morphology«,l
from polyhedral forms to linked parailel»growth’férmS; Hows=
evéf,‘the latter are rarg,‘skeletéi“habit is;£ar leSSProﬁoun=
ced in the‘majority of'fhe olivines in comparison,wifh those
in the southern (MgO-poor) volcanics and thefe are markedly
fewer large hopper olivines. The range in morphologies, as
before, indicates supercooling of roughly 10—30?C.' It is sig=
nificant that in cooling rate cryétallization‘runs on ah Gli=
vine eucrite with a magnesian content t18;6% Mg0) comparable
to that of WK-1, hopper olivines were nof producedy~ only
chéin and lattice forms, even a# fhe slowest cooling Tales
(Donaldson, dp. cit.,'Table 3a). This supports.the afgument
thét growth forms in the Namaqualand volcanics result {1om
varying degrees of supercooling rqther than rapid cooliﬁg‘ra=

tes. .

Hopper growth forms are poorly developed in the most magnesian



specimens studied (e.g. BKB-1, BKB-2, ZHM-3, ZHM~4; Z1M-5)
and most of.the olivines iﬁ these sémples are either.polyhe=
dral or slightlyvskeletal, Furthefmore; theyvare never as
large as the largest hoppers found in the southern diatremes.
The morphologies indicate either sﬁpercooling of less than
10?C oT alternétively, cooling rates bGIOW‘SfC/hour (see DOé'

naldson, Fig. 8 and Table 4).

From the comparisons made above, it is apparent that the hop=
pervolivines havevmorphologies which indicate a range of su=
percooling for each rock. This could be explained if tho ra=
“tc of Volatile loss andihénce the degree of supercodling in=-
 creased dﬁring'magmé ascent. Mysen>et al ‘(]975) show that
,CO solublllty in ‘basic melts is strong]y pressure depcndont
Their" exp011mcnta1 runs at 1 650 C with a mclt of olivinc ne=
'phellnlte comp051tlon show a pronounced relative decrease in
CO2 solubility from 4.6 weight % to about 1 weight % in the
pressure range 20 Kb to 5 Kb. The relative decrease in solu=
bility from say 30 Kb to 20 Kb (7 weight % to 4.6 weight .

* The relative proportions of volatiles

%) 1s much smaller.
- lost and therefore the degree of supercodling would be cxpec=

ted to be greatest at low pressures.

3.2.2.6  Depth of Hopper Olivine Crystallizatién'

A crude estimate of the depth of hopper olivine crystalliza=
- tion can-be made from textural evidence and theoretical con=

siderations:

It has been suggested (Section 3.2.1) that crystallization of

Note: With CO, contents of Less ihan 4.6% CO 04, apprecsable vapoun Loss
would not be expected at pnaAAuleA above 20 Kb.



melilite in the Namaqualand rocks was probably restricted to

depths shallower than 30-45 km. In rocks with a fine-grained
~groundmass, this mineral shows a flow alighment about skele=

tal olivine phenocrysts; which therefore clearly crystallized
before the melilite. Thisvin turn indicates that crystaili¥

zation of the hopper‘olivines was initiatéd at pressurcs out=
side the melilite stability field - in other words, possibly
at depths in excess of 30-45 km. This éfidence i§ not defi=

nitive unfortunately, for the depth of melilite crystaliiza%

tion in natural systems panndt be accurately fixed, butvonly

very loosely bracketed.

Experimental evidence (Mysen et al., 1975) discussed in the»
previous section;,inditates that there is a large relative
decrease in fh@ solubiiity‘of CO, in bdsic igneogs melts at
.pressures below 20 Xb. The relative proportions of volatiles
lost from the olivine‘melilitite,magmas would therefore:bo
expected to be high at pressures less than 20 Xb. As thc
growth of hopper olivines has been ascribed to the loss of
volatiles from the parent magma, it 1is plausible to suggext
that crystallization of the phasc Commenced,at depths somes=
what shallower than 60 km (i.e. pressufes less than about 20
Kis). This conclusion is in broéd agreement with that mude on
the basisvof textural relationships between olivine and molis=
lite. However, the uncertainties 1involved in both
approaches are such that the inferred ‘depth of Crys=

tallization should only be regarded as a very crude estimatc.



3.2.2.7 Alteration to Qlipines

Alteration of olivines, when present, is_generaliy either to.
~green bowlingite or brown iddingsite. In ffesh samples,.this
is usually confined to margins and cracks.  When both altera=
tion '"minerals' are present, the iddingsite forms a rim about
the bowlingite, and appears to represent.a more advanced
stage of a continuous alteration process. -0Olivines arc occa=
sionally replaced marginally by pthgopite; particularly in
coarse-grained rocks. ”Phlogopitization” of the olivine pro=
babiy reflects a scavanging of Mg and Fe from that.mineral by

fesidual fluids rich in K and H,0.

3.2.3 . OXIDES

. The textural relationships b?tween ilmenite, titanomagnétité
and perovskite are believed to mirror the same physico-chemi=
cal changes to the Namaqualand magmas that are recorded by
the complex olivine chemistry. These oxides are therefore

conveniently discussed together.

3.2.3.1 Iimenite and TZtanomagnetite

Ilmenife is rare in the Namaqualand volcanics, thdugh.has
been identified in several of. the piﬁes studied. “The limited
mi&roprobe data available (Table 2(p)) indicétes that these
ilmenites are relatively enriched in MgO (up to 11.6% Mg0)
and therefore resemble the piéroilmenites recovered from kim=
berlites (Haggerty, 1973 and 1975); although chromium con=
tents arc rather low (0408% to 0.38% CrZOS)‘ The ilmeﬁitagv

in the Namaqualand volcanics, when present, are invariably



- 62 -

surroﬁnded by complex reaction coronas which all sHow the

same mineral zondtion sequence. This i1illustrated in.Plafcs

24 and 25. The central ilmenite core appears always to grade
into a rim of angular titanomagnetite fingers;'that arc com=
“monly intergrown with.a colourless mineral - apparently a
zeolite. This rim is always armoured by a narrow pérovskité‘
rind, which is in turn invariably surroﬁnded or partially_
surrounded by an outer clustering of titanomagnetite.micrq=
bphenocrysts. ‘The ofigin of the ilmenite is equivocal, but it
1s suggested that the mineral is a cognate phenocryst:phase,
Vand crystallized under reduced conditions analogous to those
invoked to explain the HILN olivine chemistry, and.fﬁrthur,
that therim<xfsk¢1etal titahomagnetite fingerSabout_ilmenitesre:
cords-thesame inérease inoxygen activity thatléd t§thc crvstals=
'1izatioh thhewﬁoppefoiiVines{ hlother'words;.rapidcrystnlliza=
tion, as in thé.case of thé"hoppef olivines, fblidwed ﬁoiatile—

loss and a rise in the oxygen activty of the magma.

-Titanomagnetite ranges in size from phenocrysts, up toJTDvmm
in diameter, down to a groundmass.dusting, indicating that
_the mineral, like olivine, had an extended period of crystals=
lization. The larger phenocrysts may sometimes be roundcd |
~and embayed, suggesting resorption, though angular blocky
NATGINS dre MOTE COmmon and some show skeletal forms'(Plate
27) - probably analogous to the growth.featufes that chafuc='
terize the hopper olivines. In the southern (Mg~poor,vﬁc—
rich) volcanics, titanomagnetite microphenocrysts are’offcn
marginally enclosed by olivine phenocrysts, indicating that
the period of crystallization of the two phases partially

overlapped.
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There is often an unusual association betweenftitaﬁomagnetite
and zeolites, which may take on a variety of appérently rclas=
ted forms: the latter minerals are sometimes enclosed by
large titanomagnetite phenocrysté, while zeolite-rich secgre=
gations in the olivine melilitites such.as those described in
Secﬁion 3.3 may be partially or wholly enclosed by a rim of
titanomagnetite microphénocrysts. “A pafticular1y<unusua1 as=
socilation bf these phases is illustrated.in Plate 26. This
“has the appearance of a titanomagnetite-zeolite cotectic in=
tergrowth surrounded by a partial rim of later tifanomagneti=
te. The zeolites in the intergrowth have.been opfically i=
dentified as,thompgonite (rectangulér,outline)‘aﬁd patroljté
(radiating neédles). The signifiéance of.thisiassociatioﬁjs

discussed .in Section 3.3.

Titanomagﬁetite analyseé are»preseﬁted‘in Tab1é‘Z(p);' The.
most hotable feature is a marked‘increéée in Ti cbncenfration
from centres to edges of the phenocrysts. .Groundmassbmicro=
pheﬁocrysts are also enriched in Ti relative to phenocryst

centres.

N

3.2.3.2 Perovskite

Perovskite typically occurs as two distinct populations in

the olivine melilitites. The earlier of these shows a-rather
restricted size range (0.02 - 0.16 mm) and comprises irrcgu=
lar anhedra, rude cubes and interpenetrant twins. Such mi-=

crophenocrysts are sometimes partially enclosed by olivine in

rocks from the southern (though not the northern) pipe clus=



i

ter. They are therefore believed tofrepresent'a-primary near-
liquidus population. Sugary anhedra in the_gfoﬁndmass repres=
sent a distinctly 1ater.perovskite population that probably
crYstallized during emplacément and rapid cooling of the mag=
ma. Perovskite has also been found as a narrow rind armour=
ing a spinel harzburgite inclusion recovered from the‘pipe
code—nqmed Jen. Reid et al. (1975) report similar rims mant=
ling olivines from the Ingwisi Hills diatremes. It is‘unli:
kely that these features indicate reaction rélationships, and
the perovskite appears merely to have crystallized about fa¥

vourable nuclei.

A very unusua1.banded perévékite—riéh inclusioﬁ hésibeon re=
Coveréd'from the ZWartheuwellpipe (Plate 28);*vThe'1owormosf
.layef”of'the inclusion (as illﬁstrated) 1s domiﬁatéd by elon=
~gate perovskite aggregates that appear to have grown radially
outwards from a nucleating‘surface that 1is no.ldnger pfeser=
ved. Titanomégnetite, nepheline, olivine and perovskite are
interstitial ﬁhases. These latter minerals become more abun=
dant towards the top of the first layer, which is marked by
an abrupt change in modal mineral proportions. Elongate pe=
rovskite aggregates, growing sub-perpendicular to this boun=
dafy surface, dominate the second layer. These aggregate:
are somewhat shorter than those in the first_layer. 'Titano=
magnetite, nepheliné, olivine and equant perovskite anhedra
are once again interstitial phases. The second laycry isévor=
lain by a narrow band rich in titanomagnetite, folldwed by a

third zone dominated by elongate perovskite aggregates (shor=



ter fhan those in the previous two), a second narrow band

rich in titanomagnetite and, finally, a layer.dominated by
intergrown clinopyroxene and nepheline (which is not shown

in Plate 28). ‘The clinopyroxene sometimes occurS as branch=
ing forms thaf are believed to be rapid'grthh-featﬁres aﬁa=‘
logous to the branching olivines described by’Donaldson(1976).
The unusual radiating habit of the perovskite inifhe inclu=
sion is believed to be analogous to the “comb.layering” des=
cribed by Drever and Johnson (1957), and similarly related to

a rapid growth origin.

The minerals present in the inclusion are all Cbmmonvto the
dlivine melilitites. Those in the lowermost layeriare Tcla=~
fively'early—crystéllizing phases -in these‘volcanits, whilé
those of the final layer are cquivalent to the grouhdmass as=-
semblages.: The layeiing'thué mimics the crystallization éé:
quence of the host magma, and there seems little aoubt—thatk
the inclusion 1s cognate rather‘than accidental. It is the=
refore suggested that the textural features described record
the same changes to the magma that initiated rapid growth of
the hopper olivines. The nature of the}nucleating'$urface
for the inclusion remains speculative, but may have been the
walls of the conduit or feeder channecls to.the ma.gma dtdpp:h.
The mineralogical layering in the inclusion is probably con=
trolled by the interaction betweén crystallization and ionic
diffusion rates as described by Drever and Johnson (op. cit.j;
Rapid crystallization of one phase (for example per6VSkitc)
relative to jonic diffusion rates might lead to supersatura=
tion of themagma envelope adjacenttovthonucleating'surfnuclnya.

sogond phase(titanomagnetite),whichnﬂghtin turn undereo rapid



crystallization. Saturationwith respect to the first mineral might

again occur, leading to renewed rapidcrystallization of that phase.

Textural relationships shown by the ilmehite—titanomagngtite—
perovskite reaction rims described previously indicate that
‘1lmenite was the earliest-crystallizing Ti-rich phase. The
‘reason for the initialvsuppressionvof perovSkite stability
~1s uncertain. One possibility however, is that compleXing.
between Ca' ' and CO% ions in a carbonate-rich magma resulted.
in a decrease in Ca' ' activity; and that this, coupled by the
high Fe contents and low oxygen activity of the olivine mcli=
litite magmas, resulted in ilmenite.initiallyAbeingithe sta=
”ble'Ti—gearing ﬁhaée. Loss of anf€ﬁmiscib1é cafbénatc phase
and volatiles, ana the subsequeﬁt ihcféaSe in}C;+f'and oxygen
actiVitiés may_h&&e resulféa in pe}ovskité'replaciﬁg 1imenite

as thévstable Ti-rich phase.-

3.3 LATE-STAGE IMMISCIBLE LIQUIDS

Gerrard (1958) has described what he terms "ijolite pegmati=
tes', that occur as rare irregular segregations associated
with the oli?ine'melilitites of Sutherland and the southern:
Cape Province. Sick (1970) reports finding a single 1éuco=.
cratic rock ("das hellen Gestedn") associated with the Stern=
berg olivine melilitite, Federal Republic of Germany;_ Sick
(op. cit.) terms this leucocratic rock a pyrokene'nephelini=
te, and from his.descriptioh, it.appears closely. to rescmble
the pegmatites described by Gerrard (op. cit.). Similar peg=

matites (originally reported by Rogers, 1911) have been found



associlated with several of the Namaqualand olivine’melilitité
plpes. They are usually found only_as isolated boulders
though in two of the largest pipes (Zwartheuwel and'Hocdkopj
occur as small irregular outcrops, a few metres acfoss. Oc=
casionally, pegmatite veinlets a few centimetres across, aré
found cutting olivine melilitite boulders. These veins com=
monly have a narrow fine-grained chill zone at the contact

with the host rock.

‘The pegmatites have esséntially the same minéfalogy as the
groundmass assemblage of the olivine melilitites (i.e.,ciino=
pyroxene, interstitial nepheline aﬁd zeolites, with.accessory
titanomagnetite, apatite and phiogopité). Aithough'coarse~
grained, they‘héve pétrographic Eharaéteristics which-indica=
: te.rabid CrySfallization:. devitrified gléss ié ﬁfeéént in-
some, and the apdtite commonly oéchs'as'hollow needles with
a high'léngth to breadth ratio (up to 54; Plate 30). Wyllie
et ai. (1962) have demonstrated experimentally that such ske= -
letal apatite morphology is typical of quench textures. The
perovskite in the pegmatites sometimes occurs as elongate ag=
gregates along grain boundaries of other phases, particularly
clinopyroxene (Plate 30). This will.Be referred to as "dog-
tooth perovskite" because of its serrated appear@nce and ve=
semblance to a row of dog's teeth. This unusual morphology

may also be related to rapid crystallization of the pegmatite.

Gerrard (1958) and Sick (1970) have interpreted the pegmati=
tes as being late-stage differentiates of the olivine melili=

tites. In order to place more rigorous constraints on the
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origin of these rocks, two.pegmétite samples (ZH-8 and.ZH—lO),
both from the Zwartheuwel piﬁe,vhave been analysed. Table 4
~gives theée mean composition of these two'specimens‘and also a
“mean composition of the remaining Zwartﬁeuwel samples (exclu=
ding ZHM-3, 4 énd'S, which are believed to represent a‘sepai
rate intrusion). These data do not lend suppoft to a simple
differentiation modei for explaining the origin of the pegma= -
tites. The chief difficulty is that the pegmatites aré sili=
ca-enriched relative to the olivine melilifites. .Hdwever,
olivine, which is the dominant phehocryst phase in the latter
rocks, is silica-rich relative to fhe average Zwartheuwel
bulk rdck composition (and in. fact rglatiﬁe to all the Naﬁa=
qualand olivine melilitites). Crystallizétién of thisrphusé
~would. fhevl‘efore deplete residual liquids -in $i0,. The same
woﬁld'épply to'fhe'crystallization of clinopyroxene, neph91i=
ne and melilité. These latter phaées are in any eveﬁt typi=
cally present in the groundmass assemblage of the»olivine me=
lilitites and are therefore unlikely to héve controlled the

evolution of liquid compositions.

Silica enrichment could in theory have been cffected by large-
scale fractionation of titanomagnetite and perdvskite, which
appear to have been ncar-liguidus phasés. However, voemoval
of titanomagnetite woﬁld be expected to fapidly.deplet@ resi=
dual liquids in Fe and trace elemcuts sucﬁ as V. - Fe is not
markedly depleted in the pegmatites and thesc rocks ave in
fact relatively enriched in V. Similarly, fractionation of

porovskite would deplete residual liquids in TiO CaC and

2)
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, probébly Zr (data presented by Smith, 1970, indicate that
the partition coefficient for Zr between perovskite and ul=
trabasic magmas will be slightly greater than unity). Rela=
tive to the olivine melilitites, the pegmatites are enriched

in Ca and Zr and only marginally depleted in Ti.

Such coﬁsiderations strongly suggest that the pegmatites can=
not be related to the olivine melilitites by crystal fractio=
nation processes. A further drawback to such a model is that"
compositions intermediate between the two rock typés appear
to be absent. It i1s therefore proposed that the pegmatites
and olivine melilitites represent complementary immiscible
1iquids.which eVolved frqmva homogeneéﬁs parént magma. Seve=
ral lines Of chemicai_eVidénce can be'led to suppoft such a

'modeifii

Column 3 of Tabie 4vgivés concentration ratios for differeﬁt
elemenfs in the pegmatites and average Zwartheuwel olivine
melilitite. These ratios, which could be regarded as crude
partition coefficients for the two hypotheticaljliquids, in=
dicate a fairly coherent distribution pattern. Mg0O, and thé
transition elements Fe, Mn, Ti, Zn, Ni, Co and Cr are relati=
vely enriched in the olivine melilitites. Common to all of
these elements is a tendency to form minerals with relatively
~unpolymerized mineral structures. On the other hand,‘K, p,
Si, Al, Sr, Rb and Ba, which tend to favour highly polymeri=
zed mineral structures, are relafively enriched inAthepegmu=
tites. Such a geochemical distribution pattern isconsistent

with that expected for cocxisting liquids with different



structures.

The distribution pattern is also qualitatively similar to
that found in coexisting glass inclusions trapped in late-
crystallizing minerals in lunar rocks (Roedder»and Weiblen;
1970 and 1971). These authors distinguish between high« and
low-silica glasses which they interpret.as complementary_im=
miscible liquids. The_former are enriched in Si, Al, Na and
K, and probably Sr, Ba, Rb-and Zr. . With the exception of Na,
theée elements are enriched in the pegmatiteé relative to the
Qlivine melilitites. - Fe, Mg, Ca, Ti and probably Mn and P
are relatively depleted in the high silica glasses. fWith the
exééﬁtion of Ca»and P, all ofvthe latter are reiatively dc=.
»pletéd in»thevpegmétitesn Such qualitativeiy similar distri=
Abutidh.patterns suppoftvthe poséibility thét the ﬁégmafites
and olivine melilitites, like the lﬁnaf glaéées;jreprescnt
coexisting immiscible liquids. The significance of the aber=
rant behaviour of Ca, P and Na 1is uncértain, though it is no=
ted that Na concentrations may have been influenced by liquid-
vapour partitioning (Section 4.4.5);‘while the disfribution
of the former two elements may have been controlled by ecqui=

libria with an immiscible carbonate phase (Section 4.4.4).

‘Gélinas et al. (1976) point out that the compositions of
glass inclusions in lunar rocks tend to plot at opposite ends
of the field of immiscibility outlined by Holgate (1954) in

the pseudo-ternary system Si0O, - (Ca0 + MgO + FeO + Ti0,) -

2
(NaZO + K,0 +.A1203]h The olivine melilitites plot clesc to

‘the field of lunar rocks in this system, and are clcarly sc=



parated fromthe pegmatites (Fig.3.20), which are disﬁlaced fo;
wards silica-rich compositions close to bﬁt outSide th¢iﬁe1d‘
_of immiscibility defined b&.Holgateﬂ(op. cit.). This empha=
sises the marked compositional gap between olivine meliliti=
 tes‘and pegmatites, and lends support to the likelihood that

the two rock types represent complementafy immiscible liquids.

In thin sections of the Namaqualand volcanics;_it is pdssible'
to recognize a variety of different mineral segregétions that
are believed to.be genetically related to the ijolite pegmas=
‘tites. Very coarse-grained olivine nephelinites sometime§
enclose rounded "pools", ranging from less than T mm to a few
éentimgtres in diamefer, fha£ are compdsed of essentially the
.séme‘minerals as the surrbundihg:grbundmass,vbﬁt are markedbfv
cbarserfgrained'(Plateb3]). The édges'ofrsuch Vpoo1s” are
often mérked by ainarrow“Chill'zoﬁe cdmﬁoSédjéhiéfly»of c1i=
nopyrbkene neédlés intermediate in length between,fhose of
fhe-surrounding groundmass, and the central'coarser part'of
the '"pool". The mofphology of these segregations is consis=
tent with their having crystallized from an immiscible 1iquid.
It is suggested that they are small-scale eQuivalents of the
ijolite pegmatites, which they closely resemble mineralogi¥

cally.

Apparently related petrographical features that,aré comnmon to.
all of the olivine melilitites, are small irregular stringers .
and veinlets or patchy segregaticns in the groundmass (Plate
29). These are always dominated by varying proportions of

zeolites and clinopyroxene, often showing a zonal mincral



distribution. This is commonly from.a fine-grained outer
margin composed chiefly of tiny clinopyroxene needles, to an
inner zone of coarser clinopyroxene laths, which in turn sur=
rounds a core composed principally of a mixturé of zcolites -
chiefly natrolite and thompsonite. Titanomagnetite,_perov=
ékite, phlogopite, apatite and pyrité may be present in vaos
Tying proportions as accessory phases, particularly in the
1arger and coarser segregations. Calcite is occasionally
present as irregular patches, or replacing zeolite (natroli=

te?) needles, but is atypical.

There is a_continuous range in modal miﬂeral propor#ibns, and:
thus also in cbmpositiqﬁ,bfrom:irregular zonéd zéo1ité~rich_
segrégafiohs and rbﬁndedu”pbols”toédarse pegmatites‘that are
dominatéd minéfalbéically by glinopfrpXeheiand zeolites, bhut
also include_ajﬁariety of different accesory phases (perov=
skite, fitanomagnetite, apatite and.phlogopite).' It 1s sug=
gested that such a range in modal minerai proportions records
the continuous evolution of an immiscible liquid.from the
host olivine melilitite during cooling. The most zeolite-
rich segregations probably reflect the presence of a hydrvous
and alkali-rich fluid phase - poséibly a vépour - that evol=
ved at relatively high temperatures, was trapped and suhsoe
quently crystallized at low temperatures. With sufficiently
slow cooling fates, it istsuggested that such a fluid would
change in chemistry towards compositions represented hy the
ijolite.pégmatiteé. Judging from their mineralogy (i.c. the

greater proportions .0f clinopyroxene, titanomagnetite and



apatite), the latter would be enriched in Mg, Fe, Ti and Ca-

relative to the early-formed fluids.

The quench textures of the ijolite pegmatiteé andvthc fine-
~grained clinopyroxene rims associated with many of thc. segre=
gations indicates that crystallization of the immiscible 11i=
quids was often rather fapid. This may be relatéd to rapid

loss of volatiles from these liquids during emplacement.

In the Hoedkop pipe, phlogopite.is concentrated. as irxeéular
blebs and stringers close to and roughly concentric with the
"pipe margins. These are thought to result from a mechanical
segregatidn of late-stage hydroﬁéufluidé during”convéctional'
overturn of the magﬁé ét the pipe margins Cseé'Secfion 2.1.2).
Such phlogopite—rich Ségregations ﬁay also be related to the

~ late-stage immiscible.liquids,

LateQStage zeolite~rich veins fill tensidn joints in the Dik=
doorn pipe. They apparently represent a fluid phase associ=

ated with the waning phases of igneous activity in this pipe.

-Titanomagnetite-zeolite intergrowths. An unusual association

between titanomagnetite and zeolites has been described in
‘Section 3.2.3.2. It is‘most likely that the zeolites 5ssaci=
ated Qi*h this opaque phése are related}to-the evolution of a
hydrous pegmafiticfluid. The textural.relationshipﬁ doscri=b
bed would therefore seem to be most readily interpretéd as
indicating that zeolitc-rich segregations formed favourable
nuclei for titanomagnetite crystallization. This may hive

been the result of locally higher oxygen activities in tho



vicinity of such segregations. o : !

~Evidence for four coexisting immiscible fluids. The hopper
olivines enclose a variety of different types of iﬁclusioﬁs
(described in Section 3.2.2.1). On the basis of their mor=
phology, thfee of these - the zeolite-clinopyroxene hearing
| composite inclusions and the sulphide and carbonatc inclu=
sions - have been interpreted as representing 1iqoidsvtrapped
at the time of hopper olivine crystallization. (Note that
although the morphology of these inclusions caonot be regar=
ded as conclusive evidence that they were tfapped as liquids,
~this would appear. to bé'theAsimplest interpretatiop,) Fluid
'Vinciusions'with}bubbles haﬁe“been intorprefed as'having been;

trapped as a vapour phase.

vThé:ébqodantevof'zeolitesoin thevcomposite intiusionsAihdica:
Wkes ﬁhét thé trapped 1iquid was ielatively hydroué.lehis in
furn suggests that such a liquid was relafed to the immisci=
ble pegmatite fluids described in this section rather than
the complementafy orier olivine melilitite magma. ‘The simi=
lar mineral assemblages of the composite inclusions and
pegmatites supports this interpretation. It would thercfore
Vappear that the following liquids would have Been present du=
ring all or part of the period of hopper olivine cfystallizax

tion:
(a) The host olivine melilitite magma.

(b) Water-rich pegmatite fluids (ijolite pegmatites) in va=

rious stages of development.



(c) A carbonate liquid.

(d) A sulphide liquid.

The different typcs of inciusions'desCribed have not all been
found coexisting in a single hopper olivine. It is thercfore
uncertain whether the various hypothetical 1iquids.coexi§ted‘
at any stagevduring the evolution of the olivine melilitite
magmas. Although such a situation might on superficial con=
sideration appear implausible, the possibility should not be
-ruled out however, and it is interesting to conéider the fac=
tors which may.have led to the development of four coexisting

liguids.

In Seétion.3.2.2;4, it was suggested that.CO, and an immisci=
ble carbonate liqﬁid méy have been 1qéf from thé host olivine
melilitite magma-during.ascenf, and that this would héVe led
to marked Structural chahgeg.to the parental magma.- I so,
sﬁch changes may in turn have triggered the separation of an
immiscible pegmatite 1iduid and a sulphide liquid to accoimo=
date those components which became insoluble in the decarbo=
nated (and consequently relatively depolymerizea)'olivinc me=

lilitite magma.

5.4 PETROGRAPHY OF ULTRAMARIC XENOLITHS

Ultramafic xenoliths are not common in most of the Namaqua=
land olivine melilitites and olivine nephelinites, though are
present in appreciable amounts in the Hoedkop and Zwarthcuwel

pipes. The xenolith suite has not yet heen extensively stu=



died, but a cursory investigation indicates that hdfzburgites
arc always the most abundant of these accidental inclusions.
Rare garnet lherzolites have been found in the Hoedkop ﬁipé,
but not any of the others studied. A siﬁgle five-phase gar=
net-spinel lherzolite with very pale mauve garnets was also
found in the Hoedkop pipe. The ultramafic xenoliths are all
relatively small, and seldom exceed 10 cm in,greafest diame=

ter.

The garnet lherzolites would be termed common beridotites ac=
cordlng to the cla551f1cat10n scheme of Gurney et al. (19/5L
and coarse equant perldotltes accordlng to the scheme pIOPO—
sed by’ Hart (1977) (see Plates 32 and 33). 011V1ne is aluaysf“
the most abundant phase present and characterlstlcallv has
,smoothly”curV1ng and occasionally stralght edoes.‘-Some of .
the 011v1ne< show sllght undulose extlnctlon under crossed
nicols. They generally range in size frOm‘]aZ'to,81mnachss,
although occasibnallx.recrystallizationhas produced zones of
small (0.1 mm) equant olivines. Garnets occur sporadically

as rounded grains, up to 4 mm in diameter, that are invaria=
bly surrounded by a kelyphytic rim with abundant brown $pinel
anhedra (0.08 mm in diameter). Clinopyroxene and orthobyfox#
ené géneraily have smoothly curved mafgins, and are typically
smaller than the other two phases (1-1.5 mm); -Oné small roun=
ded clinopyroxene grain (0.08 mm in diameter) was found wholly
enclosed by garnet in one of the garnet lherzolites. Phlogd=b
pite occurs along.cracks and about clinopyroxene'margins_in

some, though not all of these xenoliths. When present, the



phase is considered to be secondary. ‘

1 *

Mineral analyses for one of the garnet lherzolites (Ho x) are
given in Table 2(o). The minerals have compositions that are
broadly similar to those in garnet lherzolites from_kimberli= ‘
‘tes. However, in comparison to the latter, garnets in xeno=
liths from the olivine melilitites are somewhat richer in Ca
and poorer in Mg relative to Cr contents (Gurney and Swit:zer,
1973) while the clinopyroxene gives a pressure of 38 KB based
on the uncorrected Al content (MacGregor, 1974). Using the
procedure outlined by Fraser and Lawless (1978), eduilibrlum
at'937fC and 25 Kb-is ihdicated. This suggests derivation
from éﬁéllbﬁér dépfhs thaﬁ the 56u¥¢é of kimbefiitie éarnet

b‘;lherzolites.

The harzburgites are texturally similar to the garnet lherzo=
lites. Some of these rocks have accessory red-brown spinel

anhedra (0.25 mm in diameter).

Because of the small size of the ultramafic xenoliths, relia=

ble estimates of modal mineral proportions are not pessible.



4, BULK ROCK CHEMISTRY

4.1  GENETIC RELATIONSHIP BETWEEN THE NORTHERN AND SOUTHERN
~ PIPE CLUSTERS o | | |

SeveralAdifferentVvarieties of volcanic pipes/canvﬁe distihgui=
shed‘in‘the GamoepQGaries areas on the basis of field characfe=~
ristics. Temporal reiatibnships are>n6t well established, and
it is theféfore uncertain whéther:volcaniém was episodic of con=
tinuous in Namaqualand during the‘éafly/middle Tertiary Period
(Secfion'1).' Such Untertaintyrcomplicates the interpretation of
 the bulk rock chemical data, for thefg may not necessarily bé a
'genetié relationship'between rdcks of radicaily different ages.
Névertheless the’extremely alkaline, un&ersaturatéd‘nature of the
" rocks in bbth pipe-clusters and theif‘gross ﬁineralogical siﬁi=-
lérifies suggest a common kinship. Moféovef, there appears to

- be a uniformity in the‘geological prdcesses cbntrdlling the che=
o miétry of»magmés’erubted in similar tectonic environmeﬁts; Tbisi
is illustrated by Fhe remarkable chehical uniformity df many MOR
basalts of different éges (Engel et af., 1965} or of:mahy f&pi=
calvcontinentai tholeiités (Walker and Pdldevaart,k1949). The
_two NamaqualandnBuShmaﬁlénd pipe clusteré'afe found in broadly
‘vgimilar tectonic environments (close to the continental margin
in cratonic aréas,that have been relatively stable during_the
past & b.y.). 1If tettanic setting is a fundémental factor gbver=
ning magmatic processes, it 1s possible thét the Namaqualand-
‘Eushmanland volcanics are related in terms of a commoh'geological
ncdntrol or confrpls: - They will therefore be treatéd as a single
chemically related suite of rocks,’and one of the objects of this

work is to demonstrate that such an assumption is valid. It will
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also be shown that the olivine melilitites are closely chemically
allied tb kimberlites, and thaf_compositional‘differences between
the tﬁo rock types are largely related to subtle differencés in
theirAreSpective tectonic settings.

4.2  ANALYTICAL TECHNIQUES

Bulk rock analyses were carried out by X-ray fluorescence spec=
troscopy (XRF) during routine analytical TUuns invthe DeparfmentA
_Vof‘Gedchemistry, University of Cape Town. Major elementsy(éxclu=
ding Na) were analysed using the lithium'tetrabordte fusion me=
thod of Norrish and Hutton (i969). Na and trace elements wérg
analysed on pressed powder briquettes. The quality of the data
 expected is indicated in Tables 13A and 13B. A more detéiledV
diséussion of the analytiéal broéédures and standards USedrin the
Geochemistry Departmént is given by Willis et al. (1971) and Wil=

lis et af. (1972).

4.3  BULK ROCK CHEMISTRY
4.3.1  GENERAL

Majof and trace element anaiysés have beenkcérried out on a total
‘ofAsixty~nine whole-rock samples from Namaqualand.. Sixty of
these are either olivine melilitites or olivine nephelinites,
twentyffour of which are from the southern (Garies) group of dia=
tremes, and thirty-six from the ﬁorthern (Gamoep) cluster. These .
are all éxtremely fresh; The analyses are presenfed in Tables
1(a) and 1(b).. .;, The remaining nine analyses compfiée two .
ijolite.pegmatite samples (ZH-8 and ZH-]O),'both frOm the Zwart=
heuwel pipe in the northern cluster, ahd~seVén from pipeé classi=

fied as "kimberlites" by exploration geologists working in Nama=
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quéland-Bushmahlaﬁd; Some:of the latter'areAconsidered to be
'_pseudbkimberiites (RIEM and KKV samﬁles), while therBit sample

is ffém a~sedimenf*filled pipe. Because of pdor field exposurés,
it is uncertain whether the'rémaining*sampies,are true kimberli=
'tes or not. For simplicity, all are grouped tdgether as "kimber=

~Jites'. Bit-1 is from the southern pipe cluster, while the re=

maining samplesAaferrom the northern group of pipes. The pegma=

tite analyses are given in Table 1(d) and those for the "kimber=

lites" in Table 1(c). In addition to these samples, melilite-

' bearing rocks from elsewhere in southern. Africa were analysed for

comparative purposes. They include specimens from the following

‘localities: Klaasvoogds, Robertson District (Table 1{e});  Spie=

gel River, Riversdale (Table 1(b])§ Sutherland (Table 1(g)) and
 the Klinghardt Mountains, Namibiaf(Tablei](h]), ‘The'iatter spe=

ciméhs were kindly donated by Dr J S Marsh.

.Briéf~petrpgraphic»déscriptions of individual rocks énalysed (ex=l

cluding the kimberlites, which are highly altered) are given 3n

Table 6.

Average concentrations, and concentration ranges of analysed ele=

ments in the Namaqualand volcanics (excluding “kimberlites"”and
"ijolite pegmatites") are-listed in Table 3. The composition of
an '"'average" mid-ocean ridge'(MOR)Abasalt is included'in the Ta=
ble for‘comparative purposes;'as this magmé type is apparently
'Awide~5pread in time and space, is chemically rather uniform and.
»has been considered as aupossible primary(magma by some authors
(Engel et af., 1965). Relative enrichmentAor~&ep1etion of the
different elements in the average Namaqualand compositioh with

respéCt to the average MOR basalt are shown in column 9 of the |
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table. This indicates thét, compared to MOR basalts, the Nama=

quéland volcanics are strongly enriched in incompatible elements,?*

MgO, total iron (expressed as Fe,0;) and Ca0, but are markedly

depleted in SiO,.

The widest spread in major element concentration is shown by MgO.
v | | . |
It is therefore convenient to use this oxide as a basis for com=

paring the variations of other elements on binary diagrams. Sa=

 1ient'geochemica1 relétionships are illustrated in Figures 4.1 to
4.40. Where (a) and (b) plots are given, the former show only

~data for the Namaquaiand'VOlcahics (including the Namaqualand

"kimberlites"), and no distinction is made between samples from

different pipes. Correlation coefficients (R) and least squares

regression lines for each cluster and for all the data collecti=

vely (excluding "kimberlites" in eagh case) are given in these
ploté. The (b) plots aifferentiaté betweén samples frqm diffe=
fentlpipes, and in aﬁdition.illﬁstrate data for a éuite of kim=
berlites from the Kimberiey area. South Africa. ”These kimberlite
data are unpubllshed, and were klndly made avaliable by Drs J J

Gurney and C R Clement.

The Namaqualahd bulk rock data are discussed in detail wliere re=
levant to developing a geochemical model for the drigin of the :
Namaqualand volcanics. Several generalizations are possible how=

ever:

*  Footnote: 1In this work, the Zerm "incompatible efements" will be used

' for Those elements that are strongly partitioned into the Liquid during
melting of a four-phase garnet Lherzolite (e.g. K, T4, Rb, Ba, Zn, Nb,
P).: The "compatible elements" will be considered as thobe WhLCh are not
stnongly enriched in such early Liquids.
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 tional fields defined by the two pipe clusters. MOrebver,
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" Rocks from the same pipe generally have either a very small
4compositiona1vspread,~wifh points plotting close together

~ on the binary diagrams, or else, where a large number of

samples have been analysed, they define two or more dis=

ktinét compositionél clusters e.g. Figuresv4;1(b);- 4.2(b);
4.10(b); 4.18(b); 4.19(b). Thus, Zwartheuwel samples
(verticalycrosses) define threé distinct compositional

- groups. One of the latter consists of specimens (code-

named ZHM) from a'low,‘poorly defined knoll forming the

_ northern pért of the pipe. This probably represénts a se=

parate intrusion. Exposures are unfortunately too poor to

establish whether the other two compositionalkclﬁsters’are

also from separate intrusions,ythough this may prove to be

the case. The same probably applies to the two BIES popu=

lations, which are very cleafly~separated>compositionally.~

"There is bnly'a limited degree of overlap in the composi=

I3

rocks (a;g} WKA¥1; ZH-1) from the northern'pipe cluster
which‘overlap the compositional field of the southern pipes
withkrespect to certainAglements - such as Mg and Al (Fig.

4.7(b)) - are élways clearly separated from the latter

‘field with respect to other elements - for example, Zr, Nb,
' Cr, Ca and Zn (Table 3). In general,‘the northern volca=

nics are enriched in Mg, Si, Ni, Cr and Cu telative tothose

in the south, but are relatively depleted in Al, Ca, Fe and
several "incompatible'" elements (P, Zr, Nb, Sr and Y).

There is however, considerable overlap in the concentration

~ ranges of the alkali elements (Na, K and Rb) and also of Ba
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—velement shows a quantumized distribution in the Namaqualand
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and Ti in the two pipe clusters (Table 3). The latter ele=

ments, with the exception of Ti, are characterized by a

wide and erratic compositional variation across the whole

- range of MgO concentrations.

The geochemical behaviour of Zn is rather unusual as this

volcanics. The Garies samples show a limited and non-sys=

~ .tematic conéentration spread (125 ppm to 157 ppm Zn) about

an average value of 146 ppm, while those in the Gamoep Clus=“

ter define a:narrow spread in concentration from 96 to 120

~ ppm Zn, with a mean concentration of 109 ppm. . (Sample WK-7

falls outside this range and within that of the Garies pi=
peS. This sample is anomalously enriched in Cu but in other

respects closely similar to the other four WK specimens. The

‘high Zn and Cu concentrations in WK-7 are therefore believed

to be due to'contamination during sample preparation, appa=

rently caused by a worn brass screw on the mechanical agate

- mortar.)

Gurney and Ahrens (1973) have previously drawn attention to
the limited ranges of Zn concentration in South African

kimberlites (Ave = 55 ppm'Zn), ultramafic nodules recovered

~ from kimberlitesA(AVe = 35 ppm Zn), South African olivine

melilitites (Ave = ]004110 ppm Zn) and oceanic basalts (Ave=
100-110 ppm Zn). (Erlank and Reid (1974) have subsequently
suggested an average of 122 ppm Zn forbocéanic basélts.j

The Gamoep rocks'thérefore have zinc contents that fall
within the olivine melilitite field reported by Gufney and
Ahrens (op. cit.) while the Garies.samples define a sepa="

rate field that 1is relatively enriched in Zn. The ﬁquantu=




mized" distribution of Zn in the Namaqualand volcanics is
extremely unusual, and any model for their origin should

offer a satisfactory explanation for this anomalous geoche=

mical behaviour.

(4) The elements.Zr and Al show a fairly consistent»&eerease_
in concentration tewards'more Mg—rich compositions within
.both p1pe clusters, thus m1m1c1ng the overall geochemlcal
trends. In general however, geochemlcal variation patterns

within each p1pe cluster are poorly defined.

4.3.2  MIXING MODELS

\

Anrattempt haS been made to‘model_tﬁe_gegchemical variétion with=
iﬁ each pipe cluster.usihg least squéres mixing calculations
(mixes) involvingldifferent'bulk rock compositiens and actual or
hypotheticaltphenocr&st phases. . In addition, mean compoSitions
for'the two pipe cluSters.(Table 3)'have'been used to model geo=
chemical variation between the two Namaqualand- Bushmanland compo—
sltlonal fields. Mixing calculatlons were carrled out u51ng a
computer programme written by Dr A R Duncan of the Department of
Geochemistry, University of Cape Town, and based on the precedﬁre
outlined by,Bryan et d£.>(1969).' Mineral phases used in thevmix=

es can be divided into two groups:

(a) Low pressure phenocrysts and microphenocrysts (hopper oli=

vine, melilite, perovskite and titanomagnetite) (Section 3).

Melilite shows limited chemical Variatioh in the Namaqualand-
Bushmanland volcanics, and a mean composition was assumed for
this phase. However, hopper olivines and titanomagnetite show

wide and complex chemical variations, and the choice of composi=



tioné fof these phases is therefore father‘arbitrary; The oli=
vine composition used (Fogé.AJ‘represents the Mg-rich end of tﬁe
hopper’olivine compositionalyrange; " The spinel,éomposition is
roughiy intermediate for the spread of available analyses. The
perovskite'composition was érbitrarily chosen from analyses given
by Mitchell*(1972). As titanomagnetite and perovskite are inva=
fiably minor phases in ail mixes, the choice'of'compositions for

these minerals is not too critical.

(bj'kAReal or‘hypothetical high pressuré phases. - Pétrpgraphié‘
and minerai chemistry data have been intérpfeted to indicate that
oli&ine megacrysts and ilmenité may be highvpiessure cognate phe=
nocrysts.v Cliﬁopyrbxene'has also been included as a possible
Vhigh‘pressufe phase, for, despite the 1a§kAof_evidéﬁteefqr clino=
pyroxene phenocrysts, mixes.for the nbrthern pipes are improved

if this phase is included in the calculations.

Becahse of the réngeAin chemistry of mégqcryét oliVine andAiime=
‘nite in the olivine meliiitites, Eho;ce of compositions_for thesé
phaSés ié also rather arbitrary, The olivine used.(Fog1)_is from
:the Mg-rich end of the megacryst range, while the ilmenite Compo=A
sition'is similar to those of ilmenites analysed in‘the olivine -
‘melilitites. The clinopyroxene:composition was arbitrarily se=

lected from the analyses of a clinopyroxene in a four phase gar=

net lherzolite recovered from the Hoedkbp pipe (Table 2(o]).

4.3.2.1 .S’outhern Pipes

- Table 10(a) gives various mixes for the southern group of pipes.
Mix 1 in this table includes the two extreme rock compositions

- from this cluster (AMJ478 and AMJ281), together'with the low
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pressure, near liquidus mineral phases (hopper olivine, melilite,

-titaniferous magnetite and perovskite) that characterize the oli=

vine melilitites. There is a good correlation between actual and -
predicted concentrations of,Fe,"Ti, Ca, Si and Mg in the mix.
The correlation for Al is not quite as good however, and there is

a very poor correspondence for Mn, K, Na and P.

Included in Mix 1 are calculated valoes for Zr, Nb, Sr 'Ba, Rb

and Y in AMJ281, obta1ned by assuming that these elements are ex—A

- cluded by the low pressure phases during crystallization (4. e..

that the bulk mineral ~»11qu1d partition coefficient is effect1~
vely zero). - The predicted Zr concentration is slightly lower

than that observed, but the«agreementtis nevertheless~fa1r1y :

" close. The predicted Nb concentration is slightly higherfthan
observed, but concentrations of'Sr; Ba, Rb and Y'are grossly

' higher than observed.

Mix 2 in Table 10(a) is for two samples from the BIES pipe, in
which two dlstlnct comp051tional grouplngs can be rec0gnged. As

in the previous mix, agreement between calculated and predicted

,values is good for Fe, Ti, Ca, Si and Mg, moderately good for Al

A and poor for Mn, K, Na and P. Thev"1ncompat1ble" trace elements

show similar relative behaviour to that described for Mix t.

The_good correspondence between actual and predicted concentraa‘kv
tions for many elements in these mixes soggestS‘that crystal
fractionation involving the lowupressure mineral phases may haﬁe
been largely responsible for controlling chemical variation in’
the Garies pipes. Significantly, with the exception of titanomag=

netite, the,relative proportions of the mineral phases required




| by the mixeé are comparable to modal proportions of:theSe phases
in the southern pipes‘(Table 5). The relatively high titanomag=
netite modal proportions relative to those required-by'thebmixes
may reflect either an extended period of crystalliiétiqﬂ Qf the

opaque, late-stage oxidation of the magma, or both.

It islpossible to account for some, though not all of the discre=
panCies between predicted and actual concentrations in the south=

‘ern mixes:

In Section 3, attention was dfawn to thé fact that olivine and-
 titanomagnetite phenocfyéts-frequently enclose zeolites, which
were interpreted'as'having érystallized from a trapped fluid'l
bhasé.' Thus, removal of Qlivine‘and titanomagnetite would proba=
biy be accompanied by removal of.minor amounts of Al-rich zeoli=
tes. This ﬁould in turn lead to‘lower_A1203 concentrations thaﬁ
'predicted by the'mixesb~ in other words,-mixesicould be improved -
if ieolites wefé'incorporafed in the calculations. Rémoval.of_
minor amounts of zeolites'in addition to other loﬁ preSSure pha=:
~ses would also result in abslight improvémeht between predicted

.-and calculated Zr concentfations.

. The poor agreement for Mn could be exﬁlained by assuming that
this element behaved as a trace c0mponent during crystallization,
L.e. dbeyed Henry!'s.:Law< - Titanomagnetité incorporates relative=
"ly large amounts df Mn; while thé remaining_léw pressuré'phasés
used in the mixes all contain small but significant Mn concentras=
tions. It is therefore plausible that the overall mineral-melt:
partition coefficient for these phases would be close to 1. This

would in turn account for the closely similar Mn concentrations
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in AMJ281 and AMJ478 (0,243 and 0,240% MnO respectively).

‘The low Nb and‘SrAéoncentratidns in AMJ281'compared to predicted
vélues (assuming incompatible element behaviour for these ele= .-
ments) could be explained iﬁ.terms of these élemeﬁts beiﬁg strong=
ly partitioned‘info one or more of the low pressufé phases dufing B
crystallization.- Datakpfesented by Mitchell (19725 shows that |
kimberiitié perovskite is characteristically Nb-rich tup to 1,5% |
NbZOS)' Fractional crystallization ihvolving this mineral wquldr
. therefore strongly influehce Nb distribution in derivative li=

" quids. Melilite is a possible Sr host, and is likely to have

controlled the behaviour of this element in the Garies volcanics.

 Appfopriate partition'coeffiéients for Nb and ST coﬁld be calcu=

lated by assuming that AMJ478 and AMJ281 bear a parent liqﬁid- |

daughter liquid relatioﬁship, linkedréssentially'by Raleigh-type

| fracfionafionrof low pressure phases. 'If Sr is assumed to be ef=
fectively ekcluded by all mineral phases except melilite, and»Nb

by all‘éxcept perovskite, then, usiﬁg\mineral proportionS'from

Mix 1 in Table 10(a) it can be shown that values of 3,9 for

B melilite~liquid 1, perovskite-liquid
DSr | and 19 for DNb )

 the concentrations of the two elements in AMJZST.V‘Analogous cal=

would accdunt for

culations involving BIES1 and BIESZ would require that

Dgillilte-liquid = 3.1 and Dgsrovskltefllquld = 22,9. Although

these figures are in good agrgement; they should only be regarded
as uppef limit estimations 6f thé partition cOefficients.. Lower
bvalues‘would be required if non-Raleigh type ad&ition;ahd removal
of phases took placé - for example a mechanical mixing of liqﬁids
and crystals, possibly involving a convective magma overturn du=

ring emplacement (Section 2). Nevertheless, the calculated par=



tition coefficients are not unreasonable. Arth (1976) reports

values up to 2,9 for the Sr partition coefficient between plagio=
clase and basic liquids, while the exceptionally high Nb concen=
trations reported for perovskite (Mitchell, 1972) are consistent

with the predicted high partition coefficient for this mineral.

4.3.2.1.1 Anamolous Behaviouh 05 P, V¥, K, Na, Rb and Ba

- Factors contrdlling‘the distribution of P, Y, X, Na, Rb and Ba.

»remain‘somewhat speculative.. The effects of altetatiOn'are
likely to have been'negligible,-as the rocks are all extremely.

- fresh. It is therefore necessary to explore'alternative avenues

to account for the behaviour of these elements.

i

Variations in P and Y may reflecthprimary,source area ;inhomoge=
neities, or possibly the effects of apatite fractionatiOn.‘ The
latter mineral is normally only present as a groundmass phase in
the o6livine meliiitites; though is occasionaliy found together
with zeolites enclosed by the rare tltanomagnetlte phenocrysts.
Although apatite has not been found in the zeolite- bearlng 1nc1u"
slons in hopper 011V1nes,A1t is posslble that it has been over=
1ooked, Separation of even minor amounts of apatite;bearing tie
tanomagnetite or olivine would strongly affect the dlstrlbutlon

of phosphorous in the Namaqualand Bushmanland volcanlcs.

Variations in the remaining elements may be pattly related to
source area 1nhomogene1ty. However, it has been suggested (Sec=
tion 3) that the olivine melilitite magmas lost a COz—rlch vapour
and an immiscible carbonate liquid during ascent to the surface.
The vapour would be expected to contaln apprec1ab1e HZO and it

is- p0551ble that elements such as the alkali metals and Ba would



have been preferentially partitioned into such a phase. Appre=
-ciable vapour 1055 mightAthenhhave been responsible,forthekappa=
rently erratic beﬁaviour of these elements in thejelivine melili=>
tites, as well as the extremely low Na concentrations in some of

the Garies samples.

The geochemicel significahce ef«liquid—vaﬁour,partitiening is un=.
:fortuhateiy diffieult to evaluate quantitatively, as there are
few published data for liquid-vapour partition‘;oefficients, and
it is impossible to‘estimete relative’preportidns of vapour 1est
by the magma. Nevertheless, alkali elemeht metasomatism~charac=
.terizes many carbonatlte complexes and, if the olivine ﬁeliliti=
tes did indeed lose a vapour- phase durlng ascent, it is plausible
to expect simultaneous loss of alkall elements- ﬂExperimentei
evidence for'liquid-vapour»partitiening is provided by van Groos
and Wyllie_(1973) and vahvGroos (1975) who show that in systems
einvolving‘equilibria“between‘silicate,and catbonate liquids and

a vapoﬁr,,Na is strongly partitioned into the'letter ﬁhase; Hun=
tington (1975, . 1976, 1977) reports that alkali metals anduhéli#
des in Mt Etna sublimates show enriehment‘féctors ﬁpjto 3 relati=
ve to associated lavas. Although these enrichment factors are

‘ unlikely to be reliable indicators of 1iquid+vapour'partition co=
efficients, they do provide further evidence for vepour transport”

0of alkali elements in volcanic processes.

Loss of a carbonate liquid from the olivine melilitite‘magmas du=
ring ascent may have influenced the distribution ofkelements Sﬁch
as Ba, P and Y. A small carbonate dyke is associated with the

nZwartheuwel p1pe in the Garies cluster (Sectlon 2) Semlequanti='«

tatlve analysis indicates that this dyke is Ba-rich (over 2% Ba).
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Moreover, barytes is abundant ‘in the vicinity of the Salpeterkop
‘carbonatite, which is closely.aésociated with the Sutherland oli=
vine ﬁelilitites . This evidence suggests that the distribution
of Ba would be influenced by the separatlon of a carbonate fluld.'
- The same may have.applled‘to P and Y. Large apatlte concentra=
tione are feund associated with the Phalabofwa carbonatite‘eom=:
plex‘ih the Northern Transvaal, ahd.although their origih)is not
~well understood, .they may reflect phosphofous mobility duringvem=‘
-placement of the parent magma. The latter possibility'isvsuppor=
ted by Fesa et al. (1975) Their data show that kimberlite sam=
“ples from the Bellsbank Flssures, ‘which are unusually carbonate~A
‘rich (up to 20,5% COZ), are’ relatlvely Mg-poor (as low as,10,6aj
MgQ) but markedly enriched .in Sr (up to 1500 ppm Sf), P (up to
1.54% ) and rare eafth elements; These authors recognize the
carbonatltlc aff1n1t1es of the carbonate phase and state that
-:"R E.E. anntchmani'and 5nact40nat¢on in ktmbe&ﬁ&te magmaA &4 cons=
Addened to be damtnantﬂy contnoﬁﬁed by selective 5onmat40n and
nemoval of mobife R.E. E. -canbonata compﬂaxaa 4n canbonattttc
fludds which separate 5nam~the,44£tqa—ntchan complementany fhim=
beiﬁitg' magma during ampzaaementf. _As the iare eatth elements
show a stfong affinity for phosphate minerale (Deer, Howie and - .
o Zassman 1966) it seems reasonable that the behav1our of P may
«.have similarly been influenced by the segregatlon of a carbonate—

rich fluid-from the olivine melilitite magmas.

In summary, it would appear that bulk rock geochemical variation
in the Garies volcanhics can to a firstAapproximation be explained
. in terms of addition or subtractlon of the low pressure phenomg

entmded_
cryst and m1crophenocryst phases. This may have irvelved either
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simple Raleigh-typefcrystal fractibnation, or possibly a mechani=
_caiAmixing of liquids and crYstals duriﬁg magma ascent and con= .
V':vective overturn. ‘Source area inhomogeneity énd IOSskof vapour
and fluid carbonate phases may have strongly influenced the beha=

viour of the alkali elements and Ba, P and Y.

Within this framework it is possible to explain the behaviour of

various trace elements in the Garies volcanics:

The limited range in vaconcentration may in&icate that,>as for
VMn,vthe avérage partition coefficient between liquid and hear‘li=.
quidus phases for this element is close to 1.'}K<G,Cox (oral com=
munication) notes that a zinciah analogue of melilite has been
synfhe§is$d, suggesting a reiatively high melilite-liquid parti=
V o S - _
tiggzggréthis element.  01ivine is likely to,discriminate‘against
Zn, énd thus removal'of'this phase together with melilite in some
~ convenient ratio might acéount for fhe behaviouf df this element

in the Garies volcanics.

Cryétal fractionation processes domiﬁatedvbyVOIiyine remoVal will
stfongly affect Ni‘COﬁcentrations in derivative and cumulus-
enriched liquids. .An'attempt'has‘theréfore beeﬁlmade to demon=

- strate that‘Ni variation in thé southern pipe cluster is consis=
tent with the proposed fractionation model. The folioﬁing assump=

tions have been made:

1) A liquid with composition‘equivalent'to the average for the
Garies bulk rock compositions (Table 3) has beeﬁ_used as a‘paren=A
tal magma for the southern pipes. Such a liquid may of course

itself be chemically evolved.
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2) Low pressure phenocryst phases (011v1ne melilite, titano=
magnetite and perovskite are subtracted from the parent magma in
the proportions given in Mix 1, Table 10(a). For simplicity, it
is assumed that mineral phase compositions do not vary. Thescat%

ter in the data do not warrant a more sophisticated treatment.
3) Raleigh-type fractionation occurs.

4}' The Ni partition coefficient is related to liquid composi=

'tions by the expression D§11v1ne llquld lﬁgél - 2.85 (H SSmith,

oral communication; see also Sectionisd).. Partition coefficients
for the remaining phases are assumed to be constant and are arbi=

trarily taken to be as follows:

Dﬁillllte 11qu1d =2

DﬁlMt 11qu1d -0
i

Dperovskite 11qu1d 0. ' , I

N1 : ; ,
Based on the MgO content of the Hypothetioal parental liquidiforv
the-southefn pipes;’an olifine-liquid partition coefficient and
thus a bulk minera1~liquid partition'coefficient was caICulated.
5% of the bulk mineral extract wasbthen subtracted from the pa=
rental iiquid,andta new (derivatiye) liquid compoaition caicula=‘
ted. A new value for the Ni partition coefficient was then'de=,
termined, and the process repeated. fThe result is a hypothetical
1ine.of liquid descent (Fig. 4.10&&})‘that‘plot5 close to the Mg-_

poor bulk rock compositions for the Garies pipes. -

- Using the appropriate bulk mineral-liquid partition coefficient,

the average Ni concentration of the phases in equiiibrium with



‘the hypothetical parent liquid ({.e;'average Garies bnlk rock
composition) were determined. Thirty percent'of the bulk mineral
extraet was then edded to this iiquid. The resultant variation |
vector is shown in Fig;‘4.10(d); This line 1is straddled by the

relatlvely Mg-rich bulk rock comp051t10ns.

It would appeardtherefore that while.the scatter in the NiFMg~da=
ta do not.uniquely'constrain models for thehchemicaldevqlution of
the Garies pipes, these data do appear to be consistent with the

_ prostedtlow pressure fractionation model.

4.3.2.2.  Northerm (Gamoép).Pipee

‘M1x1ng calculations havekalso been carried out for dlfferent bulk
rock samples from the Gamoep cluster. ~Using. the two extreme bulk
rotk compositions—(ZHMS_and ZH1 - both from the Zwartheuwel pipe)d
together'with the 10& pressure phaées olivine titanomagnetite and
perovskite it is p0551b1e to obtaln a mix with good agreement

- for the elements Fe, Ti, Ca, Si and Mg but poor agreement for Al
(Mix 1, Table 10(b)). . It should be noted that the elements Mn,
P, X and Na heve been ercluded from the miking talculations.‘
Hewever/ if included, these elements show very poor agreement be=
tween predlcted and actual concentratlons analogous ‘to their be—
haviour in the southern p1pe;c1uster. It should be noted that
the reletive proportions of the minerals required by the mix are
broadly similar to the relative model proportions for the Gamoep -

pipes (Table 5).

If Zr, Sr and Nb are treated as being incompatible, calculated

concentrations for the former two elements in ZH1 are somewhat

-

lower than those observed,‘whilethe predictedNb concentrationis
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siightly higherbthan observed. The low Nb ééncentration could be
explained if a‘pefovskite—liQuid partition coefficient of 13 were
assumed fdr,the element. However, if a value‘of 19’were‘u$ed i
(the lowerrvalue calculated for the mineral in the soﬁthern clus=
ter), the predicted Nb concéhtration in ZH1 would Be lower than

observed.

There is a poor agreement between calculated and observed concen=
‘trétionsﬂof the elements Ba, Rb and Y. This is analogous to their

behaviour in the southern pipe cluster.

'if melilite is inéluded in the‘miiing‘calculétion>(Mix 2, Table
10(b))}, agreement between aétualyand caléuléted major element-f
.compositions for ZH1 are extremely poor, and is particularly bad ‘
vfbr Ca. Moreover, predicted concéntfations 0f'the inCémpatible
’k,elements (Zf, Sr and Nb) are all appreciably greater than predic=
ted. This‘suggesfs that meliiite fractionation’did'not play an
impbrtant role in modifying bulk rock chemistry in the Gamoep'
"pipes. .The low modal~melilite proportions in the Gamoep vblca:

nics (Table 5) supports such a ¢onc1usiOﬂ;

Mix '3 iﬁ Table 10(b) illustrates predictéd and aﬁtual concéntra=
tions obtained by using samples ZHM3 and ZHC1 (frqm the Zwartheu= R
wel pipe) aﬁd the low pressure phases olivine, titanomagnetite |
and perovskite in the mixing calculation. Agreement'is réther
xkpoor, particularly for Al»andrTif If meliliteuis'included in the

mix, (Mix‘4, Table 10(b)) the agreement is even.poorer.

Mix 5 in Table ]O(b) illustrates the results,pbtained using sam=
ples (ZHM3 and WK2) from different pipes together with low. pres=

sure phases. Agreement between predicted and actual compositions
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is once again rather poor. Moreover, the mixing celculation
leads to a:geologically implausible solution requiring subtrac=

~tion of olivine, melilite and titanomagnetite but addition of

A'~perovsk1te to derive composition WK2 from ZHM3. A similar result

would be obtalned by omitting melilite from the mix. A subjective
examination of the Ti-Mg relatlonship (Fig. 4. 5(b)) leads to the

‘same conc1u51on.

In summary therefore, it would appear that simple addition or sub=
traction of low pressure phases does not adequately account for

the chemical variation observed for the northern‘pipes.

The best mixes for the northern pipe cluster are obtained using
varlous comblnatlons of high and IOW'pressuremlneral phases. Agree=
ment in each case is best 1f c11nopyroxeneis used in the calcula=

:tion, despite the lack of ev1dence for c11nopyroxene phenocrysts.

MiX'6'(Tub1e 10(b)) illustrates the results obtained using the ex=
treme bulk rock cempositions for the northern pipe cluster (ZHM3 |
‘and ZH1), together with the high pressure pheses olivine clinopy~
roxene end ilmenite, and the low pressure phase titanomagnetite.

~ Agreement between actual and predicted concentrations is very good
for all najor element5~exceptAMn,;P,bK‘and Na. :It has previously
(Section 4.3.2.1) been suggested that Mn would ect as a trace com=
hponent and.that the distribution of the other three elements may
'have been 1nf1uenced by 1055 of a volatile fluid phase or source

area 1nhompgene1ty.

It should be noted that while the other low pressure phases (me=
1111te, perovskite and (hopper) 011v1ne) have been excluded from
Mix 6 in Table ]O(b), this does,not preclude the possibility that~

these minerals might have had a minor influence on chemical varia=

‘tion in the northern pipes. However, when they are included in
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the miXing calculation, geologlcally 1mplau51b1e solutlons result

that require addition of some, but subtractlon of other phases.

The observed Zr. Nb and Sr concentrations in ZH1 (Mlx 6) are all
somewhat lower than would be expected by treatlng them as incom=
patible elements. These discrepancies may partly reflect’part1=
tioning of Zr and Nb into ilmenite and clinopyroxene, and of St
into the lntter phase during fractionai crystallizatienkproeessz
ies. .It is difficult to estimate mineral-melt partition coeffi=
'cients for Zr and Nb beeause two crystal phases are involved.

',In order to accounfifof:the entire ST discrepaney, it would be
necessary to assume a clinopyroxene-melt partition coefficient df
0.7 for this element. .This is much higher than Values foundvfor
basaltic liquids (up to 0.15), and more'similar to those .obtained
for acidic (highly polymerized) melts (Arth, 1976). This sug=
gests that St variation may in part be related to other factors.
These méy include cr&stallizatidn of other Ca-rich phases, such
as melilite, and‘possibly also tne separation of an immiscible
'carbonafe liquid during magma ascent. At'present,»however, the

behaviour of Sr in the northern pipes is rather poorly understood.

The results for Mix 7 using samples ZHM3 and ZHC1 (from the same
pipe) are broadly comparable to those found for Mix 6, although .
~a slightly lower c11nopYroxeneéliquid partitinn,cqefficient (0.47)

would: be required to.account for the Sr concentration in ZHC1.

Mix 8 in Table 10(b) illustrates how samples (ZHMS and Hol) from
~two different pipes’ could be related by addition or‘subtraction
of a comblnatlon of high pressure (011v1ne, cllnopyroxene and 11—

menlte) and low pressure (melilite and t1tan0magnet1te) phases.



As for earlierkmixeﬁ, good agreement is found for all major ele=
ments apart -from Mn, P, K and Na. It should be ﬁoted that the
high'pressure‘phasés dominate the mix propdrtioné, sﬁggesting
Athat low pressure fractionation processés.did not piay a major
role in influencing chemical variation in the northern pipe clus=
fer. Although the low pressuré phases perovskite and.hopper oli=
vine have been excluded from the mix;‘this does not

: necessarily indicate that they did not play a role in modifying
bulk rock compositions. Hdwever, their influence is likely to

‘  have been secondary; AUnfortunately, inclusion of too many ﬁhases
in the mixing‘ca1Cu1atidn results.in/a;gédlogicélly implaﬁsible

solution.

7The-observed Sr concentrétions in Hol (Mix 8) afe soméwhat-lbker
than Qould be expected assuming ihcompatible Behaiidur ofrthe
:element, though are‘éonsistent with the‘partitioning of Sr into
melilite*ahd clinopyroxene during fractionation processés. How=
ever, Zr concehtrations are,considerably lower thanerul& be éx=
pectéd asSuﬁing'incompatible béhaviour.' This disérepancy‘is‘too
large to explain'in terms of;partitioniﬁg of thg‘element intobilz
menite'ahd clinopyroiene, and may indicate the influence of a Zr-

- rich mineral - for example zircon.

Mix 9 (Table 10(b)) indicates that removal of a cbmbination of
xhigh and low pressure phases from ZHM3 would lead to a residual
compoéition closely simiiar to WK2. kThe‘greateét discrepancy is
Vfound for Ca. This might'bé related to the influence of Ca-rich
minerals such as melilite and perovskite. However, when these |
minerals are included in the mixing calCulatibns,}geblpgically

implausible solutions involving addition and subtraction of pha=
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ses result.

. In summary, moderately good mixes are feasible for some, though
not all Gamoep samples using only 10w>presspre phenocrystvphases
(hopper olivine, melilite,'titanomagnetite and perovskite); As
in the eaee of the southern pipes however, agreement between pre=
dicted and actﬁal concentrations for the elements P, Na, K and

Mn is generally very poor{

Greatly improved agreement results if beth high and loﬁ pressure
phases are used in the mixinglcalculations. In.sueh'cases,‘the
_'High pressure phases dominate the mixes. Such mixes allow for a
qualitative eXplanatien of the behaviour of Zr, Nb and Sr. It
‘would therefore appear that high pressure crystal fractionation
processes:played the dominant roie in determining bulk rock che=

-mical variation in the'Gamoep pipes. Low ptessure crystal frac=

tionation and loss of a vapour phase and immiscible carbonite 1li= "

quid probably played a subordinate role in modifying bulk rock

chemistry.

4.3.2.3 Relationship Between Northern and Southern Pipe Clusters

Mixing calculations involving high and low pressure mineral pha=
ses and an average bulk rock composition for each=cluéter (Table
3) haﬁe been used to determine the possible genetic relationship-
between the northern and southern group of pipes. Those mixes
‘involving only low pressure phases either result in a very poor
correspondence-between predicted and actual concentrations for
all elements (Table 10(c), Mix 1) or require_geologicaliy implau=
Sible eolutiOns(Table 10{c), Mix 2). ' This strohgly suggests that

compositional variation between the northern and southern pipe

t
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clusters was not determined by low pressure fractionation effects.

The closest correspondence between actual and predlcted composi=
tions is obtalned using the high pressure phases 011v1ne, clino=
pyroxene‘and ilmenite in the mix (Table 10(c}, Mix 3). Poorest
agreement is for the elements K, Na, P andiNa. This'Stggests
that high pfessure crystal fractionation combined with’secondery
processes such as loss of a vapdur phase end immiscible carbonate
liquid appear to be adequate to explain major element variation

between the two pipe clusters.

Behaviour of Zn and Ni is consistent with a"fra'c’tional'crystalli=

'iation medel. If the former element is aesumed:to be eXclude& by
the crystellizing phases, the predicted average»coﬁcentration of

| this element in the Garies pipes (157‘ppm Zn) is close to, though
slightly hlgher than that observed (146 ppm Zn) ~Table 10(c), Mlx»

 3;. As 51gn1f1cant amounts of Zn are 1ncorporated in c11nopyr0w

xene and ilmenite, thls dlscrepancy can be readlly‘explalned.

Ni variation between the average Gamoep and Garies bulk. rock com=
positions‘has beeh modelled in a steﬁ—wise fashion ahalogous to
that outlined in Section'4{3.2}1, using the féllpwing ﬁé?titioan
coefficient . .:.: ﬁ |

D011V1ne liquid _ 124.1 _ , qc

“Ni : MgO‘

Dllmenlte 11qu1d Dolivine~liquid '
N1 A - UNi
Dgilnopyroxene—llquld = 1.5

The Gamoep average bulk rock composition was used as a hypotheti=”‘

cal parent liquid composition.



The calculated Mg-Ni (liquid) evolution line is illustrated in

Fig. 4.10(d). Removal of just over 30% of the high pressure mi=

neral phases from the average Gamoep composition leads to Mg and
Ni concentrations eXtremer close to those of the average Garies

composition.

While the behaviour of Zn and Ni support a simple Raleigh .frac=
tionation - model for relatingAthe’northern and southern pipe
clusters, a consideration of the behaviour of the incompatible

trace elements suggest that somewhat more complex processes were

- involved. The average concentrations of Zr, Nb and Sr in the

southern pipe cluster are grossly highervthan would be expected

by assuming that these elements are excluded by the crystallizing
| phases. This discrepancy is increased when allowance is made for

the fact that the phases involved will accommodate significant

concentrations of these three elements. A number 0f alternative
processes could in principle'accquntyfor such discrépancies.
They include the following:

(a) Derivation of the parental mdgma for the southern pipe

cluster'frdm a source area. enriched in Zr, Nb and Sr relative to

the source for the Gamoep magmas.

(b) | Varying degrees of partial méiting. The high concéntratioﬁ :

of incompatible elements in the olivine melilitites relative to

- MOR 'basalts (Table 3) suggests derivation of the former by small .

degrees of partial melting. This is in accord with suggestions
made by Kay and Gast (1973). If the primary magma in the Garies
pipe cluster were derived by lower degrees of partial meitingA

than was the case for the Gamoep cluster, it isApossiblé that



- 102 -

\

such respective parental liquids were broadly similar in major
-element Chemistry; but differéd strongly in the initial incompa=
tible element conéentrations. The higher Zr, Nb and Sr concen=
trations in the evoived Garies rocks ﬁight then be related prima=

rily to differences in the degree of partial melting.

(c) ~Magma mixing processes might have lead to an enfichment of
incompatible elements in a.deep seated mégma chamber beneath the
Garies area prior to eruﬁtion. Subsequent low.preSsure fraction= ..
ation dtring magma ascent to the surface_would result in further

compositional modification. .

\

(dj Zone refining processes (Harris, 1957; and Harris and Mid=

~ dlemost, 1970).

At preSeht, it does not appear to be possible to choose between
" these different options, although they have strdngly_divergant
‘implications regarding the protésses of magma.géneration and evo=

lution.
4.3. 2.4‘ - Discussion

The forégoing_analysis suggests tﬁat compositidnal variation in

~ the Gamoep pipes was dominated by high pressuré fractionation

| processes, with low pressure crystal fractionatioﬂ being relati=
Vely unimportaht. Secondary processes involving the seﬁaration
of volatile cdmponents and an immiscible carbonate liquid during.
magma ascent appear to have played an important role in control=
ling the behaviour of the elements K, Na, P, Ba, Rb and Y. Low
pressure crystal fractionation appears to have been the dominant

mechanism governing geochemical variation. in the southern pipe



cluster, with separation of‘vdlatilesvand an immiscihleucarbonate
liquid once again leaving a setondary chemical imprint. 'However;
it appears that the parent magma fordthe‘sonthern~pipe cluster
may have been derived by separation of high pressure phases from
a liquid equivalent in major element chemistry to the average Ga=
moep composition - in other words, by an extension of the frac=!

tionation processes controlling magma evolution within the north=

‘ern pipe cluster.

Field evidence indicates that megacrysts (L.e. high pressure phe=

nocrysts) and mantle-derived xenoliths are absent in the southern

pipes, though are abundant in some of those in the Gamoep cluster.’
This relationship is consistent with the model of extensive low
pressure fractionation within the former suite of rocks, but only

minor low pressure fractionation within the latter. Factors de=

" termining the depth at which fractionation would be effective re=

main'speculative‘ though are llkely to be related to the depthS‘

at which volatlle components and ‘an. 1mm15c1ble carbonate separate'

e

from the magma, and the resultant effect on ascent velocltles and

magma emplacement mechanisms (Sparks et @e.,51973).

4.3.2.5 Experimental Considerations

Mixing calculations indicate that high pressure crystallization

- of olivine and clinopyroxene in a ratio of roughly 2:1 would be

required to account for the chemical variation found in the Ga=

‘moep pipes, and explain the variation in major element chemistry

from the average Gamoep to the average Garies composition. Hows=
ever, anhydrous melting studies (O'Hara, 1968) show that high
pressure cotectic crystallization of clinopyroxene and olivine

L
e
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would be dominated by removal of the former phase. At lower
-pressures, the change in geometry of the primary phase field

boundary would be expected to result in even more c11nopyroxene-.

- rich extracts durlng isobaric cotectic crystalllzatlon. ngh

pressure cotectic crystalllzatlon in COz—rlch systems would also

resu1t in a cllnopyroxene -rich extract (Wyllle and Huang, 1976

Fig. 11D).

In order to.reconcile experimental and chemical evidence, it ap=
pears necessary to assumehthat magma evolution was not controlled
by simple isobaric high pressure fractionation of olivine and
~clinopyroxene. There is a marked expansion of the olivine prima= -
ry phase field towards low pressures (0O'Hara, 1968), and it is
possible that the high proportion'of olivine relative to'clinopy=
roxene requ1red to explaln the chemical data indicates that poly-
baric high pressure crystalllzatlon occurred. Thls would 1mp1y
’contlnuous crystalllzatlon durlng magma ascent rather than .
isobaric crystallization ~as a result of a temporary.aCCu=
muiation in a high pressnre magma chamber. Because of the conti=
nuous expansion of the olivine primar& phase field, olivine pro=
portions would be.greater than oredicted by a COnsideration of

" the geometry of the isobaric phase boundaries.

4.3.2.6 The Clinopyroxene Dilemma

The greatest drawback to a model involving extensive highApressu=
Te clinopyroxene fractionation in'the Namaqualand-Bushmanland
‘'volcanics is the absence of clinopyroxene phenocrysts in these
rocks. It would appear that such a dilemma can only be resolved
by appealing to highly efficient low pressure resorption of this

phase.



- 105 -

4.4 PRIMARY_MAGMA:COMPOSITIONS

Geological opinion is divided on the problem ofvidentifying pri=
- mary magma compositions. O'Hara (1968) has‘argued fhat closed
system_melting of a garnet lherzolite source wi117pioduce a pii=
mary'picritic liquid, and further; that the fange in composition
of basic rocks at the earth's surface can be understood largely |
in.térms of a model involving fractional,crysfallizafion of such
‘a pafent liquid. Other authors (e.g. Green, 1971) suggest thatfvi
primary liquids of groésly differing compositions‘will be produ=
ced at different depths,and»differing degfées of partial melting,
‘while recént’studies have stressed the importance of volatileé
'such as water (Green, 1973) and CO, (e.g; Brey and Green, 1977;'
Wyllie and Huang, 1968) in controlling the composition of mantle-
derived melts. Agaihst this background‘of discord, it is neces=
sary to consider whethervany of the Namaqualand bulk rdck compo=

sitions may in fact represent primary magma compositions.

*

| Primitive basic or ultrabasi¢‘liduidéuare‘genefaliy considered
to~havevbeen generated in equilibrium wi;h mantie olivine, and
if'this-assumptiqn is Valid; strong cqnstréints are placed on the
initiai Mg/Fe++ ratios (Roeder and Emslie, 1970) and Ni concen=

trations (Gast, 1968; Hart and Davis, 1979; rand‘others) of such

liquids.

4,41 MAGNESIUM NUMBERS

Kesson (1973) points out that mantle olivine compositions proba=
bly fall within'the'range F088-F092, and that the magnesium num=

ber (100Mg/(Mg + Fe*") (atomic proportions) of primary magmas

‘would be expected to vary from 69 to 77 if a value of 0.3~is uéed‘_
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for the Mg-Fe distribution coefficient defined by Roeder and Ems=

1lie (1970).

" Table 1(k) lists magnesium numbers for the Namaqualand volcanics -

assuming FeZOS/FeO ratios of 0 and 0.2 respectivély. Vi

The magnesium nﬁmbef is greater than 69,for all samples from the
- northern grbup of pipes if a FeZOS/FéO ratio 6f d;Z is assumed,
and varies from 66 to 75 using a FeZOS/FeO ratio of zero,. The
spread in bﬁlk fock_compositions from the Gamoep area may there=
fore include those with primitive chemistry. However, thé Mg~
numbers do not uniquely defineé primitive éompoéitions; oTr Tequire
that any of the Gamoep bulk rock compositions_represent primitive
~liquids. Cumulus enrichment in ferromagﬁesian'phasés.could.also‘

lead to high magneéium numbers.

Using a Fe,0,/Fe0 ratio of 0.2, the calculated magnesium numbers
for the southein volcanics are all smaller than those expecteq of
primary magmas.in equilibrium with olivineé 6f mantle:composi=’
tions. . This suggests that bulk roék ébmpositions for the south=
ern pipes are nof primitive, but have probably been modified by
ffactionalicrystallization4of_a ferromagnesian phase (or phases)

unless:

'(a) _the FeZOS/FeO ratio of the magma(s) in the source area was

appreciably greater than 0.2 or

(b) these magmas were not in equilibrium with olivine in the

source region oOrT

(c) a value of 0.3 for K (as defined by Roeder and Emslie,

1970) was inappropriate to these magmas in the source area or
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(d) some combination of these possibilities applied.

In summary, Mg/Fe relationshipé suggesf that thernorthern pipe
cluster might include rocks with primitive chemistry,Abut that:
the Garies volcani;s are all chemi;ally evolved.

4.4.2V Ni CONSTRAINTS

Average mantle Ni’concentrations a;é likely to be close to 2 000
ppm Ni (Sato, 1977). It should in principle therefore be possi=
ble to predict Ni concentrations of mantle-derived liquids with
a reasonable degree of confidence. In practise however, -inter=
ﬁretation of Ni data is Cbmplicated by unceftainfy as to ﬁhether
‘the element obéys Henry's Law for the range‘of compositionsbtypim
cal of mantle oliyines, and disagreement as to the factors con=
Vtroiling variations in the dlivine~liquid.partition'cqefficient

for Ni.

Thus, Mysen (1976(b)) argues that Henry's Law will;not be'Va1id
for Ni-rich olivines, though'this is. disputed by Hart and Davis

(1978) and Drake and Holloway (1978).

 Leeman (1973) and Leeman and Lindstrom (1978) suggest that
+0l-1iq A
i °
cit.) however argue that the apparent temperature control merely

is strongly temperature dependent. Hart and Davis (op.

~reflects 1iquid composition effects which are more fundamental to
determining Ni distribution between,olivine‘and‘liquid. Based on
experimental data for fhe (iron-free) synthetic system Fo~Ab-An |
at 1 atmosphere, the latter authoré suggest that Kgi"liq is rela=

ted to the MgO content of the liquid by thé equation:

ol-1liq _  :124.1: o

(liq)
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However, data for the partitioning of Ni between olivine and haa
'tural_(i.e. iron-bearing) baéiﬁ:and ultrabasic komatiite‘composi=‘
tions (Arndt,'1977j'indiéafe systematically lower &alues of
K%%ﬁliq.than would be expected.ﬁsing the Haft-Davis'relationéhip.
H S Smith (oral communication, 1978) has found that if the déta
of Arndt (op. cit.) and Green (1975) are used to calculate Ni par%
| gol-1iq _ '

tition coefficients . can be related to the MgO content of
> N 1 ) ‘ g

the liquid by the expression:

Lol-1liq .  124.1 ' .
K° = bl . - 2.85
N% - ‘Mgo(liq) '

- “‘Although such confliéting efidence complicates thé ihterpretafion
of Ni data for a suite of volcanic rocks, an attempt has been
" made to use bulk rock Ni variations in the Némaqualand volcahics
to identify possible primitive cqmpositions. The following as=

" sumptions have been made:

(1) Partial meltingvin the'mantle’produces a range of primary
magmas with a spread inngO concent}&tiohs. Progréssively highér
MgO contents reflect;highef degrees of péftial melting."It has
afbitrarily been assumed that a mégma with 5% MgO repreSents a 5%
- melt in the source area, and that one with 25% Mgo represents 15%
melt. It iS‘further assumed that the degree of partial melting
is linearly related t6 the MgO concentration of theéevliquids.
Minor errors'in these assumptioné willknot-have a marked effect

on the melting calculations.

(2) EQuilibrium melting occurs and Henry's Law is obeyed. The
'concentration of Ni in the melt (C;) will therefore be related to

the concentration in the source area (c,) according to the equa=



SO : VORI VU SO A VSV DS R S . 5 -

- 109 -

tion:

1 , (Shaw, 1970) |
o D+ F(1-P) . (See Section 4.4.7.6)

=

@]

(3) The source area has a bulk Ni concentration of 2 000 ppm.

.(Suh and Hanson, 1975(b)jAand the following modal mineralog&i

 Olivine : 60%
Orthopyroxene : 20%
Clinopyroxene  : 10%

Garnet - 10%

(4) The partition coefficient for Ni between olivine and coex=
- 'isting melt can be determined from the relationship:

gol-liq  _~ " 124.1 ~ _° 5 g5 (H'S Smith, op. cit.)

(5)  Ni partition coefficients for melt and the remaining mantle

'phases are assumed to be constaptvand have the following values:

opx-liq = _ “f~g K
KNi . ‘ 3 s
Cpx-liq -

KNi ,1'5

Errors in the Ni partition coefficients assumed for the above
phases will not have . a marked influence‘on‘the melting calcula=
tions, except for very high Mg0 liquids, which are characterized

| by low values for KOl"l;q.

Ni

(6) Modal melting .proportions are 60%'orthopyroxene and 40%
olivine. This assumption can naturally not be realistic. How=

ever, the melting calculations are mainly dependent on the value
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of the bulk rock 11qu1d dlstrlbutlon coeff1c1ent for elements
-(such as Ni) that are strongly concentrated in the re51due during.
melting, .and would not be markedly 1nfluenced by assuming that
relatlvely large proportlons of other phases were contrlbuted to

the 11qu1d

Based on thekrelationship given in aSsumption:4,'values for the
Ni partition coefficient for olivine and»liquidh(Kﬁi“liq).have‘
been célculated for hfpothetical melts with different Mg0 con=
V’tents. These, together with the assumed partition'coeffi;ientsk
for‘the other mantle.mineral phaseé were then used‘tO'caleulate‘
'e bulk rock-melt distribution coefficient (D) for each of these
hypothetital melts, and thus expeeted N1 concentratlons (CL] for
11qu1ds of different MgO contents. The theoretical meltlng curveA'
is plotted in Fig. 4;10(c) together with the bulk rock Ni-Mg data
| for the Namaqualand volcanios. (Also shoanOn theidiagram is a

second hypothetical melting curve, obtained by assuming that ,

ol-1iq
Kni

is controlled by the relationship suggested by Hart and
Davis (1978);) | | |

For the Gamoep pipes, most bulk rock samples plot close to or on
- the first theoretical melting curve. It would appear therefore,
"~ that allowing for the assumptions made regarding mantle chemistry

and mineralogy, the degree of melting, and the factors_governing.

01 1liq
N1

though do not proVe the possibility that the spread of bulk rock

, Ni-Mg variations in the Gamoep pipes are consistent with,

compositions from this cluster may include those with primitive
chemistry. However, as in the case of Mg/Fe relationships, a

unique primitive composition is not defined. .Moreover, if the
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Hart-Davis felationship is used to calculate Kgi_llq; the theore=

tical melting curve would be displaced towards Ni-poor concentra=

tions (Fig. 4.10(c)).

For the‘Garies Volcanics, bulk rock cbmpositiéns ére all markediy
depleted in Ni relative to both theoretical melting curves. This
indicates either that the parental magmas»underwent strbng fra’c:r=
tionation involving a Mg- and Ni-rich phase; or that one or more
of'the'assumptions made for the melting calculatidns is invalid.
'(Thé parent magmas may for example not have been in equilibrium

. with olivine in the source area.)

.in summary thérefore,'Mg-FefNi ;elationsﬁipé strongly point to
the Garies'vdlcanics being chémically evolved, but indicate that
the Gamoep bulk rock compositions ﬁél include those rebrésenting'
primary magma compositions, although do not‘uniquely define such
: primitive_liquids. |

’

Olivine cbmpositions have beafing on the»préblem of identifying_
 primaryvmagmas. The hopper olivines fhat~dominatevthe'phenocfyst
population in the Gamoep rocks are always considerably lesé fos=
‘teritic than might be exbected had they crystallized from liquids
‘that had previously equilibrated with olivines of mantle compo$i=
- tion. ‘This indicates either thét these olivines attained more
Fe—rich compositions as a reéult of cbntinqous re-equilibration
-with a cooling host magma, that the parent liQu;d did not equili=
brate with olivines of mantle composition, or that the hopper
olivine phenocrysts crystallized from relatively evolved liquids.
In view of the evidence for relatively rapid‘magmabascent and

crystallization, the latter alternative appears to be the most
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likely. This would imply that none of the Gamoep bulk rock com=
-positions could be regarded as representing a primary magma, and
thus that the composition of the parental liquid for the Namaqua=

land-Bushmanland volcanics_remains speculative.

It should bé noted moreover, thatfin viewaof their marked enrich=
ment invincompatible elementé,.it:is‘unlikely that any of the

. Namaqualand-Bushmahland bulk rock compositions represent liquids»
derived from a foﬁr-phasevgarnét lherzolite §oque. ‘Thﬁs if they
- do in&eéd include primary‘magma COmposifions, it would be‘necés=
sary to invoke a source enrlched in incompatible elements and vo=
latiles such as COZ’ p0551b1y as a result of upper mantle metasa=
' matlsm such as is env1saged by Erlank (1976) and Aoki (1976) If
" so.however, such metasomatism could not.havelqccurred long before
the eruption of the Namaqualand—Bﬁéhmaniand VOlcahiés, for these
‘rrocks are not ﬁarkedly enriched in radiOgenic strontium (availw
able data show a range in 87Sr/ Sr from 0.70338 + 6 to 0, 70408 :
+ 45 Table 1{j)), as would be expected if derived from a sourcé
that was enriched in Rb over an extended»perlod prior to magma‘
generation. This would raise the intriguing'possibility that‘
mantle metagomatism was responsible for triggering volcanic acti=

| vity.
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-5, RELATIONSHIP BETWEEN OLIVINE MELILITITES AND KIMBERLITES

5.7 GENERAL

Numerous éuthors have reéognized the close kinship between
kimberlites and olivine melilitites, and‘have speculated cn
the genetic link between the two rock types. Taljaard (1836)
proposed that kimberlites might be simply hydrothermally al=
tered olivine melilitites., Holmes (1936) suggested that kim=
berlites might be regarded as being compoSite mixtures of a
magmatic component; similar 1in éhemistry to 5liviné melilitis
tes, volatiles sﬁch as €O, and H,0, and xenolifhic peridoi i=
tes. This latter view has received recent strong supp0Tt
from Yoder (1975), who suggested that "« magma having melifi=
te affinities could be Lransformed Anto kimbenlife with fho
aid 05 gaiiabﬁa voﬁatiﬁeé. Loss of volatiles Ain Lrnansdit c¢x
crnystallization at Low pressune would yield a melilite-
bearing aééambﬂdge Lﬁ Zhé upper crust”. Yoder (opf-cit.) sug=
- gested that at low pressures, reactions_such'aé:
CaMgSiZOGv + 3KA1$104 '+ (x+4)MgZSiO4' + CO, H?O‘”**“
Di Ks Fo
SKMgSAISiSO1O(OH)2 + CaCO3 + ngZSiO4

Phlog ct Fo

might control the groundmass mineral assemblage of kimb.o-iivces.

These views have not been gencrally accepted, partly po doubt
o ’v

becausce olivive melilitites and kimberlites appear supevii-

cially to be grossly dissimilav. The former arc typicaiiy

hard, fresh basaltic vrocks whereas kimberlites ave churvicto=

Tistically scrpentinized to varying degrees. In addition,
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the groundmass mineral assemblages of the two rock types are
dissimilar and kimberlites always have appreciable amounts
of late-crystallizing carbonate. This.phase is all but abs=
sent in the olivine melilitites, where it has only been found
as inclusions in olivines. This is reflected,in1héirﬁhuvbu1k
rock CO2 contents (fypically less than 0.3% COZ). Therce are
nevertheless many striking mineralogical similarities between
the two rock types. Moreover, although mineral chemistry da=
ta fof kimberiités.are SurpriSingly scarcé; thé:limited num;
ber of published analyses for oliviﬁes;-ilmenites and megas
crystsvin these TOCKS sﬁggést that'fhey may thé followed a
"path of physico-chemical evolution which haé stroﬁg similari=
ties to that ﬁroposed for the olivine melilitites. It is in=
structive to édnsider fhe siﬁilarities and differences in the
mineralogy and mineral chemistry of olivine melilitites and

kimberlites, and the significance of the differences.

5.2 MINERALOGICAL SIMILARITIES BETWEEN OLIVINE MELILITITES
AND KIMBERLITES

5.2.1 OLIVINE

Olivine is present as a dominant phase in both olivine meli=

1itites aund kKimberlites. FEuhedrsl and subhedral olivinas,
which are presumed to be cognate phenocrysts, are common in
rélatively unaltered kimberlites (Boyd and Clement, 1977).

These phenocrysts lack skeletal habit, and in this rcspegt
differ from the idiomorphic olivihes in many of the Mg-pcor
olivine meii}itites. ‘However skeletal habit is pOOrlf deves

loped in the most Mg-rich olivine melilitites, which ave in
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turn depleted in Mg relative to kimberlites. Skeletal habit
may therefore be related either directly or indirectly to

bulk rock compositions.

Data published by Mitchell (1973) show that cores of eubedral
olivines from the Wesselton kimberlite Mhichheferms"ground=
mass'" olivines), define a trend of decreasing Mg/Fe au.l Ni
and that thelmargins of Sﬁch_olivines are often enriched in
Mg relative to the cores. Marginal revéfSed zoning 1n kim=
berlite olivines has.also been reported‘By Dawson and Haws
thorne (1973), Emeleus and Andrews (1975) and Bbyd and Clamant‘
(1977). These patterns of chemical variation are clcsely
analogous to those definedlby the hopper olivine populatiunsu

in the olivine melilitites.

Mitchell (1973) notes . .that the large rounded olivinés in the
Wessélton kimberiite (which he considerévto be phenocfys?;)
are commonly more iron-rich than fhe assbciated idiomorphic
"groundmass" olivines, show a wide range in Ni'confént, and
do not appear to define any coherent pattern of Mg/Fe varia=
tion. Nixon and Boyd (1973(b)) record a wide range in compo=
sition for the large rounded olivines from the Liqhobong kim=
~berlite, while Emeleus and Andrews (1975) have establiﬁh?& a
range of Po76 to FOSS in olivines from some Greenland joriu=
sions. - The latter authors' data indicate that the morc iron-
rich individuals show reversed zonation towards more Mg-rich
comppsitions. It 1s suggested that such zonation patterng
are analogous to those defined by the unusual hopper< in the

Namaqualarnd olivine melilitites.
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The limited data available make it difficult to identify HILN
olivines in kimberlites. By definition, such olivines arc
relatively iron-rich and Ni-poor compared to the idiomorphic

olivines in the same rock. In kimberlites they may be repre=

sented by the most fayalitic olivines in the megacryst suite

(e.g. Fo 0.09% Ni, Gurney ef al., 1977). Nixon and Poyd

78°
(1973(b), Table 45) present analyses.of_idiomofphic and large
rounded olivines from the Lighobong kimberlite. The formor
fend tO‘be‘highly fosteritic (pp to FOQS) whilevthe:]aﬁtgf
show a range in composition and include anrelatively itot-.
rich and Ni;dépleted inaividual (F087, 0.01% Ni) which could
be a HILN olivine. ‘Diffefences in CompOéitidnrof ihfex?ed
HILN olivines in kimberlites and those in the'olivihe melili=
© tites may reflect: .

(1) . The small number of published analyses of oliviues

 from kimberlites.

(ii) The relatively high bulk rock nickel and magnesium

| contents of kimberlites, which mighf result in the
crystallization of HILN olivines that are enriched in
these elements relative to HILN olivines in the olivis=

ne melilitites.
(i1i) Higher oxygen activities in kimberlites than tooss at=
tained in the olivine melilitites.

Gurney et af. (1977) report a range 1n composition cf Fogq to
. O ¢ N

FO78 for olivine megacrysts from the Monastery kimbeclite.
~Their data indicate a compositional gap from Fog, to Fo..,
(o] O of

which may reflect either inadequate sampling, or the presunce .
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of two distinct olivine megacryst populations. The most fay=
alitic megacrysts are iron-rich and Ni-poor (Fo78, 0.09% Ni)
relative to compositions from several kimberlites (Mitchell,
1973j "Emeleus and Andrews,‘1975; Boyd and Clement, 1977}.
There are no published data for idiomorphic olivines from the

Monastery kimberlite. However, a bulk rock analysis reported

o

by Gurney et af. (1973) gives an Mg/ (Mg + Fe) fatio of 79.
(Fe = total iron). Olivines in equilibrium with liquids of
analogousicomposition would normaily be éxpected £o:be highly
fosteritic, ahd therefore more magnesium-rich than. the iron-
‘rich megacrysts. There is thus evidence to sugéést that
iron;riéh kimberlitic megacrysts will prove to have a cOmpn;
sitional relétionship to idiomorphic olivines analogous to
that thch has been established for megacrysts and hoppers

from the Zwartheuwel olivine melilitite.

The identification of olivine populations in kimberlites that
are closely analogous to those defined in olivine melilitites
suggests that the two rock types followed closely similaw

paths of physico-chemical evolution.

5.2.2 PICROILMENITE

Picroilmenites with up to 12% Mg0, although vare, are fﬁuid
in many of the olivine melilitites. Their compositions fall
within the range reported for kimberlitic picroilmenites ULQg=
gerty, 1973, 1975), althoﬁgh Cr contents i1n the latter ave
sometimes (though not invariably) grossly higher than in thase

from the olivine melilitites which have been analysed.
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The model propdsed for the evolution of the olivine meliliti=
te magmas offers a possible explanation for unusual chemical
features found in some Rimberlite ilmenites. Haggertyv(1975)
has describéd.ilmenites from the Lighobong kimberlite that
show reversed zoning with respect to Mg/Fe. These chgmicnl_
trends may reflect changing partition coéfficients associated

with loss of CO, and depolymerization of the magma‘duriﬂg-asﬁ.

2
cent (see Section 3.2.2.4). The Lighobong ilmenites are cha=

racterized by complex reaction rims. The reaction rim se=

gquence is magnesioferrite spinel - secondary. ilmenitc - Ti-.
ferrian pleonaste - perovskite, and is ascribed by Haggerty

 to changing oxygen activity of the magma. - A more detallaﬁi‘
explantion is feasible if oxygen activities on the carbon sa=
turation sufface_are assumed to be appropriate to kimberlites.
"It is then possible to envisage a complex series of intgrséc=
btions of the carbon-gas and various solid-solid bufférs 45 a
result of changing‘temperatﬁre and pressure during the final
emplacementlof the magma. Fig. 5.1 illustrates a possible

ma gma path (A-B-C) through pressure-temperature'énd foz spuce.
At 2 Kb and 900°C (A) the carbon-gas buffer iies above the
wustite-magnetite curve. An essentially isothermal pressare
decrease from 2 Kb to 1 bar related to the final emplacepent
of the kimberlite (A to B) would cause the carbon-gas buficr
to fall below the wustite-iron curve. With subsequent ischa=
‘ric cooling, the C~CO—CO2 buffer would rise above the iron-
wustite and wustite-magnetite buffers (B to C). Such an em=
placement scquence might result in the formation of a reins

tively oxidized phase (magnesian ferrite spinel) at A, a 1e=
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latively reduced phase (secondary ilmenite) at B anﬁ.asecqnd
more oxidized pﬁase (Ti-ferrian’pleonaste) at C. Note, how=
ever, that although an oxygen activity approximating the
carbon-gas buffer has been assumed for the Lighobong kimber=
lite, these principles could be applied to other external gas

buffers. ~

5.2.3 PEROVSKITE AND TITANOMAGNETITE

Ubiquitous microphenocrysts of perovskite and titanomagnetite
-are characteristic of both olivine melilitites and kimberii= -

tes.

5.2.4  MANTLE-DERIVED XENOLITHS

Rare garnet lherzolifes have been found in one of the Nama=
qualand olivine melilitite pipes, and chrome—rich‘garnét and
clinopyroxene are commonly recovered ffom borehole concentras=
‘tesvfrom many of the Namaqualand pseudo—kimberlites,'inclw=-
ding a number which closely resemble hydrothermally altered
olivine melilitites. These accidental inclusions are similar

to those reported from kimberlites.

5.3  MINERALOGICAL DIFFERENCES BETWEEN OLIVINE MELILITITES
' AND KIMBERLITLS :

(a)  Diamonds have never been reported from olivine mulili=
tites.
(b)- Ultramafic xenoliths and associated xenocrysts arc Tar

morce common in kisherlites than in olivine melilitites.

Pressures of equilibration of xenoliths in the former
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pipes (e.g. Boyd and Nixon, 1975) are generally higher

than for those in the olivine melilitites (Moore, 1973).

(c) Melilite is invariably absent in kimberlites (Clement

et al., 1977).

(d) There are marked differences betWeen the groundmass. as=.
semblages bf olivine melilitites and kimberlites. C(li=
nopyroxene and nepheline are invariably the dominant
late-stage'minerals in the former‘rbcks, whereas in .
kimberlites, the‘groundmass_normaily-conéiétsbof varys=. .
ing proportions of the mineréis phlogopite, Calcitcy"
serpentine, diopside, montechellite and apatite (Clo=

ment et al., 1977).

5.4 FACTORS DETERMINING THE MINERALOGICAL DIFFERENCES Bil=

' TWEEN KIMBERLITES AND OLIVINE MELILITITES ,
Diamonds.haﬁe been found in exotic eclogite and peridotite
inclusions in kimberlites (Hattoﬁ and Gurnéy, 1977; Dawson
and Smifh, ]975), and 1t 1s possible that many if'not'ail
diamonds are derived from disaggregated mantle'material,. The
absence of a carboﬁ phase in the olivine melilitites may
therefore be partly related to the rarity of ultrabasic xcno=
1iths in these rdcks, which in turn wmay be largely dutormined
by the interaction of magma ascent rates, settiing'vc]oci?ies
“and rates of resorption of unstable phases, and not c¢f geunctic
importance. Thus it would appear to be unwise to atiach proat
significance to the absence of diamond in the olivine mzlilis=

tites until the factors governing the occurrence of the phase
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in kimberlites are fully understood. Tﬁé most importaut mi=
neralogical differences betwen olivine melilitites and kim=
berlites would therefore appear to lie in their coﬁtrasfing
groundmass assemblages and-the absence. of melilite in the
latter rocks. In other words, the two rock types appear to
have followed rather similar evolutionary paths untilvthevreé
latively late stages of crystallization. It is therefoto ne=
cessary to ;onsidér the factors contfolling the differenons
in thé 1a£ercrystallizing minefals in oliviﬁe melilitites and.

kimberlites.

It has been pointed out (Section 3.2.1) ﬁhat the presence of
melilite in the Namaqualaha.vblcanicé iéirelétea to both‘thé
emplacement and cooling history qf the magma, and to the re=
'*‘1atiye abundance of alkaiis (Veldé and Yoder, 1975; Yoder‘
and Velde, 1975). Moreover, fhe stability field of melili=

2

‘The absence of this mineral in kimberlites may therefore Dbe

te contracts in the presence of H,0 and co, (Yoder, 1973).
related to the abundance of volatiles in these magmas, and
possibly also rapid ascent rates within the melilite stabili=

ty field.

The contrasting groundmass assemblages of kimberliﬁes and
olivine melilitites can also be explained in terms of the difs=
fecrent volatile contents of the respective magmas. at the time
of emplacement in the upper crust. Crystallizatibﬁvof phlo=
gopite in kimberlites could be ascribed to late—sfagc TOAC
tions such as those proposed by Yoder (1975). Stability of

the mineral would probably be enhanced by the high K/dNa ratios
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(which reflect relatively low Na concentrations) typical of
these rocks. Such chemical characteristics may in part con="
trol the absence of nepheline in kimberlites. Their signiiil=

cance is discussed ahead.

Serpentine is a common groundmass mineral.in kimberlite (Cle=
.ment et al., 1977). The phase is unstable at elevated tewpe=
ratures. However, if kimberlite emplacement temperatures
were as low as those suggested by McFadden and Jones (1977)
roughly 350°C'~ serpentine may have crYstallized as a.primary
late-stage magnesian’ phase, perhaps at the expense of clino="
_pyroxene, which 1s a ubiquitous_groundmass mineral in olivine .

melilitites.

The'presence of calcite in kimberlites prbbabiy'reflects é
high CQ2 content in the magma at‘thé time of emplacememﬁ,

The mineral may therefore have crystallized as a prlr'*‘ pha=
Sé, either dlrnctly from the kimberlite magma, or {rom lute-
stage immiscible carbonate-liquid (Clement, 1975). - The ab=
Sence of groundmass carbonates in the olivine melilitites is
ascribéd.tothelossofCOzandanimmiécible»carbonatefraction du=
ring magma ascent. ‘The rounded carbonate inclusions and the
fluid inclusions in the hopper olivines are considered to re=.
cord the loss of such components. Carbonato dykes'a#e'fuund
" to the east of the Gamoep pipe cluster (H Jenner-Clarie ; oral
communication) and are associated with the Zandkopsdrift_pipe
(Garies clustcer). Thesc may be the field expreséion of cars

bonate liquids associatcd with the olivine melilitites. .

Loss of COZ and an inmiscible liquid from silicatce melis pro=
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bably reflects the decreasing solubility of the former compo=
nents in the latter phase with decreasing pressure (Mysen e
af., 1975). The reason for the efficient separation o:E'C()2
and an immiscible carbonate liquid from olivine melilititcs
but not kimberlites is unclear but may have been controlled
by several complementary factors: Hollowéy and Eggler (1976)
suggest that the solubility of CO, in siiicatevmelts should
increase in this order of network modifying_catibns: Mg, Ca,
Na, K. ‘Aithough kimberlites are in general dépleted‘iﬂ Ca v
relative to olivinevmelilitites, fhéy are markédly enriched
.in Mg. It is possible that: as a result of the interacticn
of these chemical characteristics, CO2 Solubility in tite £o§=
mer magmas would be higher fhan in the latter, other factors
being equal. Saturaﬁion with respect to this component>might
thus be expécted to - occur. at shallower depths in kimber=
lites than in olivine melilitites. At such éhallow-depthi,
rapid éxpansion-and exsolution of gases dissélvedlinsthe mag=
ma might lead to a rapid final eﬁplacement; with insufficieht
time for the comﬁlete'separation of.the immiscible silicate
and Carbonate phases. The volume of gases present in kimber=
lite magmas at low pressures would probably be enhanced by
the decomposition of the carbonate anion to CO, associated
“with the depolymerization of the magma (Section 3.2.2.4).
consequence of the rapid‘expansion of this and associated pa=
ses would be a strong, adiabatic cooling, which probably de=

termined the low emplacement temperatures typical of kimbers=

Iites.




A further factor might have influenced the depth at which an im=
miscible carbonate and COZfrich vapour began to SeparateAfromv

kimberlite magmas:

Mysen et a£.:(1975) demonstrates that COz'solubilitiés in sili=
cate melts increase with increasing temperature. Because kimber=
1ites'are”in;general enriched in MgO relative to olivine melili=
tites, they would be expected to have higher liquidus temperatu=
;res fhan'the latter magmas. Such higher températures would coun=
ter the effect of decréasing CO2 solubility with pressure until

~relatively shallow depths at which rapid degassing would occur.

Field evidence (Section 2) indicates thaf the emplacement of oli#

'vine‘melilitite in the ﬁpper crust was probably achmpahied by a

'jcdnvective downflow of magma>at the ﬁipe margins. Aarélétively
‘gentle'magma'overturn during ascént might have provided a very

efficient mechanism for kneading an immiscible carbonate phase

from the complementary silicate liquid.

Ih~summéry theréfore,.there_are.many sttong mineralogiéal simila=
rities between kimberlites and olivine melilitites. The princi=
- pal mineralogical differences are‘in‘thé contraSting.groundmass.
assemblages of the two rock types, and these can be explained in‘
terms of the higher volatile contents of the former magmas at the
time of crystallization at upper crustal 1eVels./‘This in turn
appears to relate to the efficient loss of volatiles and an im=
miscible carbonate liquid frbm olivine melilitites but ineffi="- .
~cient sefarafion of these components from kimbérlites. ‘This sug=
~gests that the e#qlutionary paths of the two respective ﬁagmas
were ﬁloéely similar, and differed chiefly in fheir late-~stage

history.
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5.5 CHEMICAL RELATIOVSHIP BETWEEN OLIVINE MELILITITES AND
SOUTH AFRICAN KIMBERLITES

5.5.1 RELATrONSHIP BETWEEN THE NAMAQUALAND-BUSHMANLAND OLIVINE
MELILITITES AND ASSOCIAQ;ED ”PSEUDO—KIMBERLITES"
. Relative to the Namaqualand~3ushman1and olivine~melilitites, the
assoc1ated "pseudo-kimberlites" are depleted in Fe, Ca, Rb and
Ba (Figs. 4.3(a), 4.4(a) 4.21 and 4.23) and enrlched in SlOZ and
H,0 (Fig. 4.2(a}). The concentration ranges for the remaining
elements anelysed partieliy overlap those established for the
olivine melilitites, although the composdtional fields for the
,tmo fock types are slightly separated.in~many bimary‘plots; An
exceptlon to this rule is found for the Zr-Nb comp051t10na1
- fields (F1g 4.27) wh1ch ‘show complete overlap for the two rock
types. Zr and Nb are generally considered to be immobile duringv
-balteratiom processes (Pearce and Cann, 1971), and‘the.overlap of
‘the fields of the two rock types on the Zr-Nb binary plotvsup=
ports the field interpretotion of the ”pseudo—kimberlites"Vbedng
merely altefed equivalente of the.olivine‘melilitites.‘ The sepa=
rate compositiondlvfields for the two rock types as defined by
many<other element pairs_might therefore be primarily related to
~alteration processes. Howemer, to establish suchra relationship
with any confidence, it woold be necessary to carry out a detail= ,
.ed‘study of the’chemieal variation of the "pSeudo-kimberlites"
and of the effects of alteratlon to the 011v1ne melilitites.
Sultable samples for such a study were not available to the au=
thor.  Nevertheless, whatever the klnshlp of these rocks, it is-
clear that the ”pseudo-kimberlites"'analysed'are comparatively
‘Mg0~poor, and inkthis respect differ markedly in chemistry from

oo
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typical kimberlites.

5.5.2 - BULK ROCK CHEMISTRY OF SOUTH AFRICAN DIAMOND—.BEABING'
KIMBERLITES '
Fig5.4.n(b) illustrate bulk rock chemical data f0r a suite ofiV
South African diamondiferous kimberlites, and their'relationship '
to the Naméqualand—Bushmaﬁland olivine melilitites; Chemical
 déta‘for thé former rocks are from unpublished analyses kindly
- made aVailable by Drs C R Clément (De Beers Consdlidated Mines)
an& J J Gurney (UniVerSityvof-Cape Town). Because the mbdel fqr
~the olivine melilitites‘appeals to the sepérafion of volatiles
and an immiscible carbonafe liquid during ascent, the kimberlite
data have been recalculated on an anhydrous, calcite-freé basis.
The elements S, Zr; Nb, Ca, P and Y all show a stfonglpositive
cprrelation with bulk rock CO, contents in kimberiites (Figs."-
4.43 - 4.46). This indicates that the chemical behaviour of these
elements will bé strongly qontroiled by the propoftioh of carbo=
nate present in the rbck; Conseauently, in order to attempt ;0'
;‘monitorkthe éffects of prdcesses such‘as Csttél.fractionation,
- only those samples with less than 4% CO2 héve>been used in'fhe
‘plots; vSuch a "window" wasvaiso.aimed at'eliminating highly al=

tered specimens.

Because detaiied mineralogical data for the kimberlite suite‘weré
not available to the author, and as the rélatively Mg—pﬁor, Si—i
rich samples appear to be contaminated by crustal material (C R
Clement, oral'communication), it is felt that oﬂly.a qualitativé

discussion of the kimberlite data is warranted at this stage.

Consideration of the chemical variation of the major elements
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A1,0,, Si0,, Fe,0, Ca0 and Ti0, (Figs. 4.1{al- 4.5(a]) suggests

273
‘that kimberlite bulk rock compositions can be related essentially.,
by addition or subtraction of varying proportions of olivine and
ilmenite. ThlS is 1ndeed not surpr1s1ng 011v1ne is almost in=
variably the dominant phenocryst phase in kimberlites whlle 1lme~
~ nite is commonly a dominant component Ofpklmberlite concentrates.i
However, it does not follow that simple Raleighetype fractiona=
"tion occurredt Most kimberlite pipes are composite intrusions,

: ‘withrseveral'generations of kimberlite present. C R Clement |
(oral communication) notes that in ‘Vcases where it has been
possible to establish a relative age sequence for these different
1ntru51ons, there does not appear to be any systematlc chemical

- variation w1th t1me, as might be expected if they: tapped a common
magma chamber conta1n1ng a liquid being modified by progre551ve |
_crystal fractionation. A poss1ble explanatlon‘for such a rela=
,tlonship - or rather lack of one - is that a mechanlcal mlxlng A
of solid phases and residual fluids occurred durlng turbulent em=
placement of the kimberlite magma, and that bulk rock chemlcal

varlation was dominantly determined by such a mlxlng process.

In contrast to the fairly-coherent behaviour of the majority of

the major elements relative to. MgO the elements Zr, Nb, Sr and

P (Figs. 4.18(b), 4.19(b), 4.25(b} and 4. 6(b}) and Y, Rb, Ba, K

and Na do not display wellfdeflned chemical variation patterns. i
This probably reflects theistrong influence of a carbonate com=h
:ponent on the distribution of the first five,elements, and the
effects of separation of volatile components on theplatterrfour;
It is also possible that fractionation of minor phases such as

zircon, which occurs as discrete megacrysts, may have strongly -
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influenced chemical variation of minor elements such as Zr.

' 5.5.3 - RELATIONSHIP BETWEEN DIAMOND~BEARING SOUTH AFRICAN KIM=
BERLITES AND OLIVINE MELILITITE'S

Relative to the Namaqualand-Bushmanland olivine melilitites,

kimberlites are in general enriched infMgO'and SiO2 but depleted

~in Al1,0 Fe,0 Ca0 and.TiOZ. When the latter four elements are

2732 273?
plotted against MgO, the field of kimberlite compositions strad=
- dles the continuation of the overall chemical trends defined by

the olivine melilitites, suggesting a systematic relationship be=

. tween the two rock types.

The kimberlites ére in;general depietéd in the incompatible ele=
ments PZOS,'Zr, Nb, Sr andevrelative to the Gariesiolivine meli=
litites and the concentratidn of these elements in many of the
bkimberlite Sampleskcorrespondvto the low end of the concentration
krange for the'Gamoep volcanic§~(Figs. 4.6(bl, 4.18(5}, 4.19(b} |
and 4.25(b); Y data not-iilustfatgd)- These eléments allAshbw
a strong positive correiatibn with &6}5(§,e;_carbonate) concen=
t:afions‘in kimberlites. The mbdel»for'the evolution of the 61i=7
vine melilitites involvesAthe separation of an immiscible carbo= 
~ nate liquid dﬁring ascent. This process would therefore be ex=
pected to result in a relative depletion of theselelements in the
’»cqmplemeﬁtary silicate liquid. Convérsely, it seems Iikely that
the original homogeneous CO,-rich parent olivine_mélilitite magﬁ
mas may have been énriched in these gleménts relative to bulk

. rock compositions of the olivine melilitites, and'possibly also
relative to the kimberlite'bulk rock compositions. If so, this

would imply an overall decrease in their concentration with in=
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creasing Mg bulk rock content - {.e. from compositions represen=
ted by the Garies olivine melilitite protomagmas through those

représented by the Gamoep protomagmas to kimberlites.

The Mg-rich éharacter of kimberlites suggests that they may be
more primitive rock types than olivine melilitites. This is.sup=
pdrtedvby the presence of_abundant highly fosteritic (up to'F094)
~olivines in many kimberlites (Mitchell, Emeleus and Andrews, 19753
Boyd and Clement, 1977). This indicates that the liquids from
which such'olivines'crystallized may originally have been in
equilibrium with mantle olivine - in other wordsvthat they were
relatively unfractionated. Ithontrast, the more iron-rich (up
to Fo 6) 1d10morph1c olivines characteristic of even the most Mg-
" rich olivine melilitites suggest crystalllzatlon from a more
evolved liquid. However, in the absence of petrologlcal and mi=
" neral chemistry data for kimberlites, itAié notApdssible fo for=
‘mulate a detailed model to account fdr_the chemical differences
between these rocks and olivine mélilitites. ‘Thus, it is not yet
certain whether the 1étter couldvbe dérived from kimberliteé by a
process of crystal fractionation combined with loss ofan“imﬁ13ci=
ble carbonaté and volatile components 6r whether faétq;s_such as
‘.the depth and degree of partial melting played an important role
in determining the cheﬁical differences betﬁeen the two magma

types.

It is however possible to speculate on the significance of one
striking chemical difference between kimberlites and olivine me=
lilitites -~ that of the relatively low Na contents and consequent=

ly higher K/Na ratios in the former rock types. There areseveral
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alternative explanations that might account for such chemical

differences:

The low Na contents in kimberlites could be inferpreted in terms
'v of derivation.from a source depleted in Na, or one which contain=
ed a Na-rich mineral that remained stable during melting, a1=
though.such a phase 1is difficult to envisage. An alternétive,
ahd favoured explanation for the low Na contents of kimberlites
'is that the element has been seleétively removed from tﬁese mag= -
maé in a vapour phase duriﬁg ascent to the surface.‘.Van‘Groog'
'"_and Wyilie (1973) point out that in equilibriavinvolving siliéate
'ahd carbonate 1iquids.and a vapour, Na 1is stronglybpartitioned
into the latter phase. - If saturation with respectvto CO2 occur=
red at a shallower depth in kimberlite magmas rélative to olivi=
ne melilitite-liquids, it is plausible that a greater proportion
"of this component would:be lost as vapour in the former liquids,
while in the_latter,:greater proportions wéuldbbe lost as an im=
miscible carbonate liquid. ) | '
CIf Na has been selectively remQVed from’i}mberlites by a vapour
transport'mechanism; it would be expected that the wall rocks
would éhowvevidence for this process in the form of fenitizatidn
 effe¢ts analogous to those associated with many alkaline igneous
complexes. However; as kimbeflites'are small bodies in compari=
son to suéh complexes, the fenitized aureole would be expected to-
'be‘restricfed. Moreovef,'kiﬁberlite temperatﬁres.in'the upper
crust tend to be low (McFadden and Jones, 1977), presumablyvas a’
result of the cooliﬁg associated with rapid expansion of volcanic
. gases at upper.trustal levels. As a result, temperatures in ther

wall rocks may have been too low for efficient fenitization pro=
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5.5.4 HIGH MG CONTENTS OF KIMBERLITES

A p:imary parent magmavfor kimberlités has not been unequivocably
identified, althoﬁgh it is likely to‘have been Mg-rich, and may
"be répresented by a roughly intermediate kimberlite composition.
This would imply MgO contents of about 30%. The high concentra=
tions of incompatibleielements in these rocks indicates thaﬁ they
vcannot'haye been derived by high degrees of partial melting, as
has been'sﬁggested for ultramafic’komatiites‘with éQuiValent MgO
concentrations. It is therefore necessary to*considervihe fact=
ors controlling thé‘Mg—rich‘character of kimberlites.; They may -

include the following:

1)  The olivine-liquid,partitioh'coeffi;ients may be higher fof
carbonateﬁrich'magmas than for C02~free magmas of equivalent com=
position (Section 3). This would in turn imply that carbonate-
rich 1iquids»génerated in equilibrium with mantle éiivines would
be more Mg-rich than carbonate-free ﬁagmgs_generated inveQﬁili=

brium with olivines of identical composition.

2)  Kimberlites are enriched in Fe and Ti relative to ultrabasic

rocks such és komatiites with equivalent MgO contents. This maf‘

~indicéte that the former volcanics were derived from a source
COntainihgla Fe-Ti bearing mineral (e.g; ilmenitg) which broke
downlduring thé early stages of melting to produce a relatively
Fe-rtich initialiliquid. In order to remain in equilibrium with

mantle olivine, such a liquid would also have to be Mg-rich.

It should be noted that the two alternatives presented are not .

N
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mutually exclusive.

In summary, it is spggested that_the‘minEraiogiCal.differ¢nces
between olivine’melilitites and.kimberlitesrcan bhe explained“

" largely in terms of efficieht separation of volatiles and an im=
misciblércarbonate fiuid from the former magmas, butvinefficient'
separation of these components from the kimberlites. 'Factors'g
v,controlling the chemical differenceé between th¢‘tw0 rock types
are not yet established, bﬁt the themistry of the kimberlitesvin; |

dicates that they are more primitive rock types.

' The depth at which volatiles are lost and a carbonate liquid be=
gins to separate from the respective magmas will be depehdent on
‘several factors. The following (discussed in detail in Section

5.4) are probably the most important:
(1) Compositiqnal effects, in particular the MgO content of the

1iquid-

(ii) Magmartemperature, as'carboﬂéfe solubility in silicate 1li=

- quids shows a positive temperatﬁre dependénce (Mysen et a£.;1975)r

5.5.5 - TECTONi'C IMPLICATIONS OF ’CHE'MICAVL DIFFE'RENCES BETWEEN
OLIVINE MELILITITES AND KIMBERLITES o
‘Diamondiferous kimberlites are confined to the centraltpartsbéf
‘the craton in southern Africa (Dawson, 1971), thlstrblivine me=
~1lilitites occur closer to thé continental margin.' The chemical
characteristics of kimberlites,‘Gamoep olivine melilitites and
Garies olivine melilitites indicate a progresgive decrease in
bulk rock MgO contents of these alkaline volcanics from the;inte=

rior of the craton outwards. The significance of this pattern is
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uncertain, though may indicate a'relatiohship between lithosphe=
ric thickness and the depth at which magmas are generated, or al=
ternatively, the degree to which they evolve by crystal fractio=

nation during ascent.
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6. TECTONIC FRAMEWORK OF POST-GONDWANALAND ALKALINE VOLCA=
NISM IN SOUTHERN AFRICA

6.1 GENERAL
Plate tectonics concepts provide a unifying framework for in=
terpreting volcanic activity at plate margins. However, the

factors controlling intraplate volcanism, which is frequaently

alkaline in nature, remain poorly understdod. - In this section,

+

it is intended to draw attention to apparent relationships

which may have bearing .on the origin of alkaline igneous rocks

Q

(Tl
Pl &

by available data, but are felt to be sUfficiently“in?:if'ind
.to stimulate further investigation.v Thus while»sﬁggestioms
are made regarding the significance of these apparent relu=”
tionships, they,shouid at this stage still be regarded as spe=

culative.

6.2  AGES OF ALKALINE VOLCANICS IN SOUTHERN AFRICA

Moore (1976) has suggested that there have been four distinct
-episodes of alkaline igneous activity in Southern,Africasince
the opening of the proto-Atlantic some 127 m.y. ago. ThéAold=
est of these 1s représented by early Cretaceous sub-volcanic .
complexes which define alkaline igneous lineaments in thi:

west of the country, and have a range in ages spanning the
~time of separation of Africa and South America. The three
younger cvents (Turonian, late Cretaceous-early Tertiary and
Oligocene) are represented by a variety'of volcanic pipes,

including kimberlites, olivine meclilitites, olivine nephcli=
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nites, phonolites and trachytes, pointing to a distinctly
different style of alkaline igneous activity compared to-
that represented by the early Cretacebus sub-volcanic comple=

xXes.

Many new radiometric age determinations for alkaline rocks
in southern Africa are now available; and are summarized to=
gether with'earlief data in Table 12.a.There_are'an apprecia=
ble number of kimberiite ages, andsevéral1§éalitiesvhaVﬁhéen‘
dated ﬁsing different technidﬁés.' For .the Monast@ry pipe,
| | 206, ,238 ‘

Ugrs 1S

~the agreement between the Rb/Sr, Pb/ U and K/Ar ag
excellent and indicate_pipeiemplacement at 90 m.y. (Turonian).
. ' o .. ) C ' L ' 5., ,25%8.
There is similarly a close agreement in Rb/Sr and 20OPD/""'SU

‘ages for the De Beers pipe, which is roughly coeval with the

2
206Pb/“.3_8U ages 1or .

g

'thasterykimberlite. However, Rb/Sr and
the Roberts Victor pipe are.groésly disparate (127 m.y. and
92.2 m.y. respectively). Moreover, three zircons from ithe
Bultfontein kimberlite give a rahge in agés from 81,7 m;y; to
91.2 m.y. Such disagreement.severely complicates the . intors
prefation of the radiometric data. Several A1ternafivg cxp1a¥
natiohs could be advanced to accountAfor thevdifferent ages
obtained for the same pipe, and it ‘is not yet possible to es=
tablish which is applicable in each case. They includn 002

following:

(a) Different ages for the same pipe may represent thosce of

different i1ntrusions over a considerable period of time.
Many kimberlites are characterized by multiple intrusions

(Hawthorne, 1975).
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(b) Post emplacement alteration may result 1n a spuricas

age.

(c) The material analysed may have been exotic and in iso=
topic dis-equilibrium in the source area. The age would
therefore not record the time of pipe emplacement.

(d) Annlytical error. This would lead to an error of lcss

than 100 000 years for the 206Pb/238Uvzirconvages (D=

vis, 1977) but ﬁfobably 2-4 m.y. for the K/Ar and Rb/Sr

determinations.

The zircons have been interpretéd as being’part of the dis=
crete nodule association - (ﬁavis,'op. cit.),_whiéh Gurney et
af. (1977) imply are cognate kimbeflite minerals. If such

interpfetationé are corfect, then the Zifcon ages would pro=
bably be the most reliable estimates of the time of pipe -m=
placement. Howéver, in view of the unCeftainties invglfcd,

the significance of many.of the ages listed;in Table 12 must

be considered equivocal.

‘Figure 6.1 is a histogram of ~all available radio=.-

metric ages. They show aAconsiderable_Spread, but“dé='
fine four maxima which correspond to those inferred by Moure
(1076). Prof. R V Dingtle (oral communication, 1978} paints
out that these data suggest a periodicity of roughly 30 n.y.
for the apparent peaks in volcanic intensity on the .subconti=
nent.  Whether the spread in ages between the maxima is an ars
tifact of érrors associated vjth-the differcnt technigues used

or reflects continuous volcanism 1s at prcesent uncertsin.
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Marsh (1973) has ihterpreted the lineaments defined by the
early Cretaceous sub-volcanic complexes as representing lines
of weakness which lie on the same small circles about-thc Af=
rica-South America plate rotafion pole as major'oceanic trans=
foym faults. He suggested that igneous activity was trigger=
‘ed by the build-up of stress along such lines of weakness as

a result of the break-up of Gondwanaland.

In contrast to the prominent lineaments defined by thé carly'
Cretaceous complexes, the later kimberlite$ and other alkali=
ne pipes have a wide‘and irregular distribution across the
~sub-continent, indicating that thé origin of these latter
Volcanics is mnot readilyvexplained in terms of the model pfo=.
posed by Marsh. Moore (1976) has suggested that the.thrco |
'youﬁger periods of volcanic activity all show a close tempo=
ralnrelationship'to major'breaks in the offshore sedimentiary
record. Such breaks were interpreted as fepresehting major
marine regressions related to epeirogenit,upwarpihg of the
sub-continent, and it was suggested that Volcanism was trig

a.

gered by sub-lithospheric stresses related to such upwarying

It is therefore instructive to consider the pattern of such

upwarping.

6.3 EPEIROGENTIC UPWARP PATTERNS

“Du Toit (1933) has proposed a rather complex pattern of epei=
rogenic warping of the sub-continent during the Tertiury
and Pleistocenc. The elevation of Cretacecous, Tevtiary au:

Pileistocene marine sediments and the gentle seaward dip of
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some of these sedimenté was ascribgd‘to this warping. .Fig.

6.2 shows the loci of his inferred axes of ﬁaximum uplift.
With the exception of the southwest portion of the Griquuland-
Transvaal axis, they follow major river divides. Du Toit

(op. cit.) regarded the Orange River as being an antecedent
course, and interpreted a pronounced steepening in river gra=
dient as marking the pointvof intersection with theGriquaiand~'
Transvaal axis. Lafge pans to the south of this axisron the
north-draining HartébeeStJRiver were_ascribed to the ponéing.,

effect of the upwarping.

Recent daté-ffom Carrington’énd Kenslef (1969) and Tankard
(1976) show that Pleistocene-raisedvbeaches'on the'Namaqugland'
coast to the west of Garies occur at mafkedly higher levels
than elsewherevaldng the west céast._ These unusually high
]evel_raised.beaches lie on the coaéfward extension of the
Griqualand—Traﬁsvaal axis, and their elevation may theréfore
be'reiated to recent.uplift along that axis. This supports

Du Toit's observation'thaf upwafping fook place during the

Pleistocene, and is probably still active.

King (1963) proposed that the escarpment river divide also

represents a line of epeirogenic uplift. This axis 1s shown
by the dashed line in Fig. 6.2. The west coast escarpment

‘axis runs in a roughly north-south direction, and thus across
the prominent NE-SW lines of uplift proposed by Du Toit.
This suggests that the pattern of uplift may have varicd du=

ring the Tertiary and the Pleistocene. River drainage basins

in southern Africa are separated by a series of rcguiarly
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spaced and roughly concentric river divides (Fig. 6;3). The
significance of this pattern is not clear, particularly as
drainage divides in the interior of the sub-continent are
poorly defined, but, by analogy with Du Toit's interpretation,
may be related to vertical movements of the sub-continent.
‘Such movements must however have been of pre-Pleistocene age,
and may therefore havg been related to,uplift during the Ter=
tiary and possibly also the Cretaceous period. Episodcg‘uf
alkaline Volcanism‘may therefore have been associated with
uplift along such "hypothetical carlier axes. Fig. 6.4 shows
a possible distribution of Cretaceous and Tertiar} upwnrﬁ
~axes. They differ from those prdposed by Du Toit and Kiag

in the following aspects:

- (3). A northern (Okavango) axis is identified, separatiag
peorly defined drainage basins in the north. of Botswas

na and Namibia.

(11) The Rhodesian axis is extended in an E-W direction

(dashed line) and then swings to the NW.

(iii) ;Thé Transvaal axis swings to the NW (dashedvline) yas
'

ther than extending SW towards the west coast. Tha NW
extension of this axis cfosses the palaeocoursc of‘ﬂne.
Molopo River, which previously drained southwords 1ato
the Orange River. The Molop&lnow terminates in a pan
just to the north of the proposed NW extension of
Griqualand-Transvaal axis, and it is possible that the
original drainage pattern was disrupted by the upwurp:

ing (see Fig. 6.3)..
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The escarpment axis is arbitrarily placed slightly
coastward of the escarpment river divide (shown by the

short-dash line) on the assumption that there has been

some degree of scarp retreat subsequent to uplift.

The proposed distribution of Cretaceous-early Tertiary axis

is extremely speculative, and will require detailed geomprpho=

logical and sedimentological'Studies for verification. More=

~over, the following intriguing relationships should be taten

into account:

(i)

(i1)

Thé north—easterly portioﬁ_:Of the Griqualand-Transvaal
axis runs parallel and close to a'majorvanticlinal axis
which divides the 2.0 b.y. Transvaal Supergrbup into a
major northerﬁ and a subsidiary southern tectonic ba=

sin. The upwarp axis also crosses the Halfway llouse

granite batholith, which was interpreted by Brock (1964)

as being a rising continental block during Witwaterss=

rand times (2.3 - 2.4 b.y.).

The northeast section of the Escarpment axis runs close

-to and roughly parallel to the axis of the Lebowmbo mo=

nocline which represents a line of early Jurassic war=

- ping (Du Toit, '1930). Along the south coast, this axis

(iii)

(iv)

runs close to and parallel to the axis of maximum sub=
sidence of the palaeozoic Cape Basin.

The Khomas axis recognized by Du Toit (1933) lies along
a line of late-Precambrian to early Cambrian uplif:

(Haughton, 1969) .

Present-day scismiscity in northern Botswana suggests
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that the Okavango axis is still active.

Whether these relationships are coincidental, or indicatec
that epeirogenic uplift took place along similar axes over
long periods of geological time, or that the axes are all of
different ages, is not yet clear, but obviously fundamentnl
to understanding epeirogenic processes. However, many of tHe 
90 m.y. kimberlite; aré located in the broad 2oné between the
Griqualand—Transvéal and Escarpment axes. (Fig. 6;5). Volca="
nism may thus have heen related to‘Sﬁb—lithospheric strasses
assoclated with an episode'df Turonian uplift along these
axes, by analogy with the model proposed by Moore-(1976). Si=
milarly, early Tertiary and Oligocene volcanics are closaly
spatially associated with the west coast Escarpment axis, and
volcanic activity may have been triggered by uplift alcsg this
axis. It is possibly significant that younger volcanic pipes
appear to be concentrated close to the continental margin (Da=

vis, 1977).

Factors determining epeirogenic upiift are pooily understood.
However, although data are scarce, it would appear that pe=
riods of continental uplift may bear a temporal relationﬁhip:
to variations in spreading rates at the northern mid~Atlan§ic
ridge. Periods of slow seafloor spreading are i1lluscrois. in
Fig. 6.1 (data from Coney, 19771; Pitﬁman and Talwani, 1972;
Hays and Pittman, 1973 and Rona, 1973). These show a roﬁgh
correspondence with episodes of continentdl,uplift and vn?:é=
nism. If significant, these cerrelations suggest thait cpoiro=

senesis and volcanic activity on the sub-continent syoe peaati=
A 3 &
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cally related to more widespread but poorly understood carth

processes.’

It 1s interesting to speculate on the contrasting magnitude

I

of the early Cretaceous alkaline complexes that define promi=
nent NE-trending igneous lineaments, and the younger kimbur=
lite and olivine melilitite pipes. The fdrmer are typically
large intrﬁsions, several kilometrés across (Martin, et aé..
-1960;  Mathias, 1974), and have Clearlf'entailéd the emplace=
ment of large volumes of magma. Kimberlifes-and relatec pi=
pes on the other ﬂand are fdf‘mofé'numefous and more widcs
ﬁpread; and individual pipes appear to have beéen associated
with relatively smailvvolumes of_magma;. This would appeuar to
be true of eveﬁ very large kimberlites (e,g. the Mwadul j:ipe
in Tanzania, Edwards and Hawkins, 1956) for at depths oé

roughly 2 km beneath the palaeo-land surface, feeder pines

are typically only tens of metres across (Hawthorne, 1675).

Oue possible explanation for such contrasting styles of volca=
nism is that the pattern of stresses which %Tigger igneous ac= .
tivity in part controls the volume of magma emplaced at auy
given focus. Thus, where stresses are concentrated along nar=
row linear zones, these form favoﬁrable-lbci for the accumula=
tion of large magma volumes, dnd lead to the emplacenent of
large-scale sub-volcanic complexes. However, whefe'strosﬁes
are dispcfsed as a result of uplift over broad linear zonss,

magma accumulation 1s not as -efficiently accomplished, and

the result is a large number of relatively small volcanic pi=
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In Section 4, it was suggested that in the presence of COZ’
more magnesium-rich magmas are derived by melting at greater
depths (and consequently higher temperatures) thaﬁ Mg-poor 11=
quids. This would account for the progreésive increase in MgO
content from the Garies volcanics through those in the Gamoepv
cluster to kimberlites. ‘Reference to Figure 6.4 shows that
this sequence of increasing MgO content is from the coast in=
land. If alkaline magmas are dérived;frbm,the low vé3ocity
_zona (Green, 1971) this suggests a thickening of the piata to=
“wards the interior of the continent resulting in a cehtral

keel. This is consistent with the model proposed by Nixoa e

af. (1973), who believe that sheared nodules in northern lL.éso=

o
-

tho are derived from greater depths than those in the Hast-
Griqualand area, which is closer to the eastern continent.l

margin..

The‘discuésion iﬁ this section has étressed the genetic rala=
tionship between alkaline volcanism and epeirogenisis in sous=
thern Africa. However, th¢ model involving upWarping of the
continent is not proposed as a unique "trigger' to élkaline
volcanicsm, but should be regarded as complementary to ths
prdcesses suggested by Marsh (1973), and also the "membruare
tectonics' model put forward by Turcotte énd Oxburzh (ﬁﬂfﬁ).
These all essentially reflect variations on a tectonic thome
involving lithospheric mechaﬁics. Further,:the factorﬁ deters=

mining epcirogenic uplift are poorly understood, and bog ve=

finement to our understanding of plate tectonics proces
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