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Aesrnacr

The garnet lherzolite nodules in kimberlite from South Africa consist essentially of

olivine, orthopyroxene, garnet, clinopy'roxene, and serpentine with minor amounts of

phlogopite and opaques occurring in some samples. The average chemical compositions

of 41 samples are: SiOz 44.66ak, LlzOt 1.22/6, total F-e as FeA 7 .8716, MgO 42.9470, CaO

0.8116, NazO 0.1557c, KzO o.123/6, TiOz ]ess than o.10076, MnO 0.1130/6, Cr2o3 0352To,

NiO 0.370%, Co 89 ppm, Sr 31 ppm, andZn 42 ppm The MgO/(total Fe as FeO) ratios

of the rocks range from 4.63 to 6.14. A1zOa, CaO, NazO, MnO, CrzO:, Sr, and Zn decrease

while NiO increases with increasing Mg/(total Fe as FeO) ratios. The systematic chemical

variations in the garnet lherzolites may be interpreted as due to different degrees of partial

fusion of the undepleted upper mantie materials consisting of some members of the garnet

therzolites with relatively low MgO/(total Fe as FeO) ratios.

INrnoouctroN

In recent vears, interest in the studies of mafic and ultramafic nodules
in basaltic and kimberlit ic rocks has been sharpened largely because
these rocks may be fragments of the Earth's upper mantle. Furthermore
ultramafic rocks are generally considered as having some sort of genetic
relationships with basalts.

Experimental petrologists (Kushiro and Yoder, 1966; Green and
Ringwood, 1967; MacGregor, 1965, 1968) have defined the sets of sub-
solidus mafic and ultramafic phase assemblages that can exist within
well-established pressure-temperature stability fields in the upper
mantle. Among the ultramafic assemblages garnet lherzolites that occur
as inclusions in kimberlite pipes have been considered as potential pri-
mary upper mantle material (O'Hara, 1963; Reay, 1965). However,
White (1966) suggested that lherzolite nodules in Hawaiian basaltic rocks
are either residues from fusion or fragments of the infusible part of a
heterogeneous mantle, chiefly because of their low potassium contents.

Further interest in ultramafic rocks is evidenced by the work of Hess
(1964) who considered olivine nodules, ultramafic intrusions, and Saint
Paul rocks to be potential upper mantle materials. In addition, Fisher
et al. (1969) have studied the elemental abundances in ultramafic rocks
and found wide difierences in their chemical compositions. They con-
cluded that either the mantle is chemically very heterogeneous or that
none of the rock types (i.e., dunites, pyroxenites, and peridotites) studied
is representative of primitive mantle material. Ilowever, they indicated

zgeE



LitEi<26urn w)nurnS pnou sours .qi;nic.q. zoss

that garnet peridotite nodules in kimberlites might be representative of
the pr imary upper mant le.

Recent ly  Kuno (1969) has compi led near ly  n inety bulk  chemical
analyses of ultramafic nodules and found systernatic variation ln theit
chemical compositions. He suggested that the lherzoiite nodules in
kimberiite with relatively lower MgO/(total Fe as FeO) ratios may be
the primordial mantle material and the source rock of basaltic magmas.

In the present study, forty-one garnet lherzolite nodules in kimberlite
from South Africa have been petrographically and chemically studied.
The origin of the rocks is discussed on the basis of these results.

Pnrnocnapny

The garnet lherzolite nodules in kimberlite were collected at Bult-
fontein, Wesselton, and Jagersfontein Mines near Kimberley, South
Africa by I. D. MacGregor and B. T. C. Davis. The geology of the area
has been discussed in detail by Williams (1932). The ultramafic nodules
at these three mines are made up of harzburgite, spinel harzburgite,
garnet harzburgite, wehrlite, lherzolite, spinel lherzolite, and garnet
lherzolite. lt is difficult to place a quantitative value on the ratio of one
rock type to another in different pipes. However, a rough estimate indi-
cates that garnet lherzolites constitute one third of the nodules at these
three localities.

The size of the nodules generally ranges from 5 to 20 cm in their great-
est dimensions. In general, the rocks have a hypidiomorphic equigranular
texture with grain size ranging from 0.2 to 0.5 cm. Layered structures
characteristic of crystal cumulates are not observed in the nodules. Some
nodules have a crude planar fabric marked by the rorighly planar ar-
rangement of elongated olivine and orthopvroxene grains. Furthermore,
olivine and orthopyroxene crystals in some nodules have undulatory ex-
tinction indicating the rocks have been subjected to shearing stress.
Triple-point adjustment which resulted in near 120" contacts among
three grains has been noted in some samples suggesting considerable
subsol idus recrysta l l iza t ion.

The modal compositions of the samples were determined by counting
at least 1500 points in relatively large thin sections under a petrographic
microscope. In general, the sections are thought to be representative of
the samples.

Modal analyses of these rocks (Table 1) illustrate the predominance
of olivine (40 60 vol. percent) and to a lesser extent, orthopyroxene (30-
40 vol. percent). The clinopyroxene and garnet contents are generally
Iess than 8 percent of the rocks by volume. Phlogopite occurs in some
samples and its abundance is usually less than 3 percent of the rock b1'
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volume. Petrographic descriptions of the mineral components of the
rocks are given in the following:

Olivine: it occurs as pale grass greenish, subhedral to anhedral grains
with numerous veinlets of fibrous serpentine. fn some cases over half of
the olivine may be replaced by an aggregate of serpentine but the asso-
ciated orthopyroxene and clinopyroxene are relatively unaffected by the
alteration. Garnet inclusions have been noted in some olivine grains. The
olivines have compositions varying from Foaz Fara to Foss Faz.
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LHERZOLITE NODULES FROM SOUTH AFRICA 2t01

Orthopyroxene: orthopyroxene occurs as pale greenish brown, sub-

hedral to anhedral grains which occasionally contain veinlets of serpen-

tine. Poikilitic texture is generally iacking however, some orthopyroxenes
have narrow intergrown lamellae that may be exsolved clinopyroxenes.
In some samples orthopyroxenes are partially altered to phlogopite. The

compositions of orthopyroxenes generally vary from Ens6 Fs12 to Engo

Fsr.
Clinopyroxene: ciinopyroxene is characterized by its bright emerald

green color. It is generally anhedral, interstitial and smaller in size than

the associated olivine and orthopyroxene which suggests that clino-
pyroxene grew in a restricted environment. In some specimens the clino-

pyroxene contains narrow intergrown lamellae that may be exsolved

clinopyroxene of another kind. MacGregor and Carter (1970) reported

that clinopyroxene in garnet peridotite from Roberts Victor Mine varies

in composition from Dise (En-Fs)s Jdg to Dizz (En-Fs)s Jdla.
Garnet: it occurs as reddish brown rounded grains or as inclusions in

olivine. The edges of the garnet are frequently altered to dark kelyphitic

aggregates which are tentatively identified as chlorite*phlogopite

{spinel(?). Unit cell and index of refraction data suggest that the garnet

is pyrope rich (Pyzs Alrz Grra).
Phlogopite: phlogopite generally occurs as pleochroic brown to straw

yellow interstitial materials. In many cases, it may represent the altera-

tion product of orthopyroxene and garnet. IIowever, some relatively

Iarge subhedral plates of phlogopite may be of primary origin.
Opaques: they occur as anhedral grains or as alteration products asso-

ciated with serpentine in cracks or along grain boundary. No attempts

have been made to investigate the opaques in detail.

Crrnltsrnv

The samples used in the chemical analysis were prepared as follows: 1) Fresh parts

of the rocks were crushed into pea size pieces (200 300 grams) using a hammer. 2) Rock

pieces were washed with double distilled water three times and dried under heat lamps.

3) 200-300 gram rock pieces were ground into powders (grain size generally between 
'100

and 200 meshes) in an AhO: Spex mill. The powdered samples are generally considered to

be representative ol the bulk samples due to their relatively larger weight.

The chemical analyses were carried out with a Perkin-Elmer Model 303 atomic absorp-

tion spectrophotometer. Ten artificial standards of garnet therzolitic compositions were

carefully prepared from Johnson and Matthey spectrographicaliy pure chemicals and were

used to construct the working curves. U. S. Geological Survey rock standards DTS-1 and

PCC-1 were used as references.

All the elements except silicon were analyzed using the solutions prepared by dissolving

1.0000 gm of rock powders in a mixture of distilled HNO: and ultrapure HF. In case of

silicon determinations the solutions were prepared by NaoH fusion of 0 0500 gm rock

powders in nickel crucibles followed by water leaching and HCI acidification (modified

from Shapiro and Brannock, 1962).
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The instrumental settings for the analyses are those listed in Perkin-E1mer Analytical
Methods for Atomic Absorption Spectrophotometry. Nitrous oxide was used for the deter-
minations of Si, Al, Mg, Ca, Ti, and Sr.

Duplicate analyses on seven samples indicate the tollowing precision: si+ 4To, Al+ 3Ta,
Fe*2/6, Mg+2/o, Ca*2/o, Na+2/o, K+ l|a, Ti+3ya, Mn*l/o, Cr*3/o, Ni+3%,
co+3/o'st+3o/o anrJZn*2/6 of the amounts present. T'he results of the chemical analy-
ses are listed in Table 2. The range and average of 41 analyses are as follows: sior 41.g0-
47.jook @vg. M.667o), AlzOz0.53-2.2lok @ve. I.227o), total Fe as FeO (hereafter referred
to as )FeO) 7.10_l9.17%o @vg.7.87ok), MgO 38.00-45.80a/6 @vg.42.94%), CaO 0.35_
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A systematic variation in chemical composition of the garnet lherzo-
lites has been noted in the ternary plot of MgO-ZFeO-CaO (Fig. 1). The
author has found no correlation between the degree of serpentinization
and CaO content of the rocks (see Table 1 and Table 2) suggesting that
the variation in CaO is essentially related to the variation of chemistry
and/or abundance of clinopyroxenes in the rocks.
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The MgO/>FeO ratios oi the 41 garnet lherzolites vary from 4.63 to
6.14. Despite the l imited range of the ratio, consistent variation trends
have been found in the plots of A!O3, CaO, NazO, MnO, Cr2O3, NiO, Sr,
andZn versus MgO/)FeO rat ios of  the rocks (F ig.2 and Fig.3) .  Wi th
the exception of nickel all the elements mentioned above tend to decrease
with increasing MgO/>FeO ratios. The negative correlation between
CrzOa and MgO/ZFeO is probably due to the concentration of chromium
in clinopyroxene (Carter, personal communication) which tends to de-
crease with increasing MgO/)FeO ratio.

r hlfrrtoit
vflerollu
o l4cnlrtrir

f t t
Frc. 1. MgO-ZFeO-CaO variations in garnet therzolites from South Africa.

It should be mentioned that no correlation has been noted between
KrO and MgO/ZFeO ratios of the rocks suggesting that potassium of the
rocks may have been involved in a complex history. As mentioned before,
petrographic evidences suggest that some phlogopites may represent
alteration products of orthopyroxene and garnet. rrowever, it is uncertain
whether the alteration has resulted from reactions that occurred in the
kimberlitic liquids during the upward transport of the nodules or,whether
it has resulted from reactions that occurred within the upper mantle
prior to the kimberlitic intrusion. It should be noted that Kushiro el ol.
(1967) suggested that phlogopite can be formed in the upper mantle
down to 150-200 km if the water pressure is equal to or neariy equal to
total pressure and if potassium is available.

)*o
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Frc. 2. AlzOs, CaO, NazO and.I\[nO vs. MgO/)FeO ratios for garnet lherzolites
from South Africa. Symbols same as Fig. 1.



2t06 IU-CHIN CHEN

nt
ottt

rt
tl

ttl
3r

rln

t

l r !

t  
t  o  I  t a  a -  - '

t  
{ :  ,  '  

r * . - t t ! " r .  . '
t  o '

I

r  a  r  a l

ia

- a ?
l l l

o  t v

oot

I
t

t ^
o l a

t  v  
l  o l  r

^ t  t  r t t a 1 t a o a t  t
o o r-olrit r

a

a

C '

I t

o

t a
a

_ t
r v  a

t a  r
l l
r o t

^ ! a I
^  d l v  t  r- r  o  a

t

t{0tIIr0

;

i.t

Frc. 3. Cr:Oa, NiO, Sr and Zn vs. MgO/>FeO ratios for garnet
lherzolites from South Africa. Symbols same as Fig. 1.



LIIERZOLITE NODULES FROM SOUTII AFRICA

TABLE 3. CHEMICAL COMPOSITIONS OF TIID UPPER I'IANILE

ESTIMATED BY VARIOUS AUTHORS

2to7
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EFeO
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CaO
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& o
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MnO
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I+4.95
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40.3o
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89 .5
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o.32
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o.04
o . 1 0

o.40

n . d .

n .  d .

4

4 j . 7 6

8.45

3.08

o .57

o . 1 4

o.20

n .  d .

n .  d .

n .  d .

5

44.2o

8.29

47.p

2.40

o .25

o.oo15

o .10

o . 1 5

o.30

o .20

n ,  d .

n .  d .

n .  d .

4 .

7. Average of four garnet lherzolites with MgO/=FeO ratios less than 4.9O
( t t r i s  paper ) .

2. MiltIe peridotite (Kushiro and Kuno, 1963, Table 1, colm !a).

Hesst TJTre C peridotite (Hess, 1964, Table 2, colun 1).

R ingwoodrs  pyro l i te  (R ingwood,  1956) .

5. Undepleted upper nantle estinated by Harris et al. (1957, Table 2, colwn 5).

Analyses in Uti except where indicated in ppm

n.d . :  no t  de temined

Since Kuno (1969) indicated that the lherzolite nodules in kimberlite
with relatively low MgO/)FeO ratios may be the primordial mantle
material, the author has calculated the average chemical composition of
four garnet lherzolites (B50, J47, W14, and W20) with MgO/)FeO
ratios less than 4.90 (Table 3, column 1).

The upper mantle compositions estimated by Kushiro and Kuno
(1963), Hess (1964), Ringwood (1966), and Harris et al. (1967) are also
l is ted in  Table 3 (column 2,3,4 and 5)  for  compar ison.

It is interesting to note that the chemical compositions of the upper
mantle estimated by various authors are generally similar except for
potassium whieh shows wide range of variation,
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Various hypotheses have been proposed for the origin of ultramafic
nodules in basaltic and kimberlit ic rocks. Wyll ie (1967, p. 327) sum-
marized the interpretations into four major categories: 1) The nodules
represent xenoliths picked up within the Earth's crust. 2) The nodules
are cumulates from primary basaltic magma formed as bottom cumulates
in temporary reservoirs or formed marginally during upward flow. 3) The
nodules represent primary mantle material. 4) The nodules are residual
mantle material after extraction of basalt.

MacGregor (1968), based on experimental data in the four components
system CaO-MgO-AI2OB-SiO2, indicated that the stability range at
solidus temperature for garnet peridotite is 18 to 55 kilobars correspond-
ing to a probable depth of origin of 60 to 180 km. The conclusion reached
by MacGregor strongly suggests that the garnet lherzolite nodules
analyzed in the present study are of upper mantle rather than crustal
origin.

The consistent variation trends (Figs. 1, 2, and 3) discussed before
suggest that the nodules are probably genetically related by crystal-
liquid equilibrium. Although the chemical variations may be interpreted
as due to crystal accumulation from primary basaltic magma yet several
textural evidences observed by the author apparently fit the criteria
argued by White (1966, p. 305) as not favoring an origin of crystal ac-
cumulation:

1) No mineralogical layering is developed within the garnet lherzolite
nodules.

2) Modes of cumulative rocks generally vary widely but those of
garnet lherzolites do not.

3) Poikilitic pyroxenes, a distinctive feature in many cumulative
rocks, are generally lacking in the garnet lherzolites.

It should be mentioned that the four garnet Iherzolites (B50, J47,
W14, and W20) with MgO/2FeO ratios less than 4.90 generally have
higher AI2O3, 2FeO, CaO, NarO, MnO, Sr, and Zn and lower MgO and
NiO contents as compared with other garnet lherzolites analyzed in the
present study. These four garnet Iherzolites are the most undepleted
samples studied and may represent the primordial upper mantle material
and the source rock of basaltic magmas. Continuous extraction of basaltic
magmas from the undepleted upper mantle material upon partial fusion
would leave residues increasingly enriched in magnesium and nickel but
depleted in aluminum, iron, calcium, sodium, manganese, strontium, and
zinc. The mineral assemblages of the residues would probably change
from olivineforthopyroxene+small amounts of elinopyroxete (i.e.,



LHERZOLITE NODULES FROM SOUTH AFKICA 2r@

lherzolites with relatively higher MgO/>FeO ratios) through olivine

f orthopyroxene (harzburgite) to olivine (dunite). The author suggests
that the chemical range and the systematic chemical variations found in
the garnet lherzolites studied may be interpreted as due to difierent de-
grees of partial fusion of the primordial upper mantle material consisting
of garnet lherzolites with relatively low MgO/ZFeO ratios.

An important point in the discussion of upper mantle composition is

whether liquid depletion has occurred. It might be argued that all the
materials sampled have undergone some degree of partial fusion so that
estimates of the composition of actual primordial upper mantle should
make allowance for the removed liquid (Harris et al., t967).

Ringwood's pyrolite model (1966), which assumes an upper mantle
composition equivalent to 3 parts Alpine peridotite and 1 part Hawaiian

olivine tholeiite, has been corrected for liquid removal. Ilowever, most

of the upper mantle compositions listed in Table 3 were estimated with-
out liquid correction which resulted in the relatively low potassium con-
tent as compared rvith the pyrolite model.

The author suggests that the wide variation of potassium in the esti-

mated upper mantle compositions may be interpreted as due to secon-

dary introduction of potassium into some of the primordial upper mantle

materials. As mentioned before, whether the introduction occurred in
the upper mantle or near the surface is still uncertain.

It should be noted that the chemical compositions of the four garnet

lherzolites (B50, J47, W14, and W20) with relatively low MgO/)FeO
ratios generally do not fall within the dominant compositions of the 41

samples studied. This points out the danger to deduce primordial upper
mantle composition using dominant ultramafic rock composition com-
piled from Iiterature without appropriate petrological and chemical

considerations.
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