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ABSTRACT

Mineralogical and chemical data of some Basutoland (South Africa) kimberlites are
presented. The minerals fall into three groups, viz., those belonging to kimberlite proper,
those of the ultrabasic nodules and those of the eclogite-granulite-amphibolite group of
nodules. The kimberlite minerals include ilmenite, pyrope, diopside (with probably ompha-
citic varieties) and the more ferriferous olivines and orthopyroxenes. They are found as dis-
crete grains and pebbles and, more rarely, as “clots” or segregations in the serpentinous
kimberlite matrix. The ultrabasic nodules consist essentially of chrome pyrope. chrome
diopside, enstatite and forsteritic olivine. Significant proportions of the hanléite “‘mole-
cule,” Mg; Crz (SiOd)s, in the chrome pyropes and the chrome acmite “molecule,”
NaCrSi;Os, in the chrome diopsides were recorded. The eclogite-granulite-amphibolite
nodule group is characterised by pyrope-almandine, omphacitic clinopyroxene, rutile,
plagioclase and hornblende.

The ultrabasic nodules are similar to some of the peridotite “bombs” in basalts and
probably represent mantle material. Such mineralogical differences as occur between the
two types are attributed to differences in depths of origin.

The eclogite, granulite and amphibolite types of nodule are mineralogically similar to
rocks observed in metamorphic terrains and are, therefore, crustal xenoliths. The occasional
presence of diamond, described by earlier writers, in eclogite nodules is contributory evi-
dence in favor of a deep-seated eclogite zone in “shield areas” of the earth’s crust (where
kimberlites usually occur).

Certain garnet-bearing nodules (griquaites) which are similar in appearance to eclogites
are considered to be cognate with kimberlite.

INTRODUCTION

The term “kimberlite” was proposed by Lewis (1888) for the brec-
ciated, serpentinized, peridotitic rocks occurring in the Kimberley area
of South Africa. Similar rocks are found elsewhere in Africa, e.g., South-
West Africa, Northern Angola, Belgian Congo, Southern Rhodesia,
Tanganyika and French Sudan, and also in other parts of the world,
e.g., Siberia, Brazil, Central India, Western Australia and Western
North America. Typically they occur in the Precambrian “shield” areas
of the earth’s crust.

The form of the kimberlite bodies, revealed by diamond mining (Wag-
ner, 1914; Williams, 1932), is that of a downward-tapering volcanic plug
or pipe which in cross section is irregularly rounded and lobed, often

1 Present address: Geological Survey of Uganda, P.0. Box 9, Entebbe, Uganda.
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being adjoined by one or more dikes. The pipes, varying in mean diam-
eter irom tens of yards to about half a mile, may contain several kimber-
lite rock types, each with a distinctive diamond content. Such intru-
sions are considered to be products of several distinct eruptions (Wag-
ner, 1914, p. 36). Contact metamorphic effects in the adjacent country
rocks or inclusions within the kimberlite are remarkably slight, in spite
of the fact that it is commonly believed (mainly on evidence provided by
the presence of diamond) that kimberlite originated at great depth.

In addition to inclusions of country rock (accidental xenoliths), vary-
ing greatly in shape and size, there occur rounded garnet-bearing ultra-
basic and eclogitic nodules, referred to by Williams (1932, II, p. 354) as
““cognate xenoliths,” thus implying a genetic connection with kimberlite.
Bonney (1899, 1901) and Davidson (1943), however, maintain that such
nodules, including diamond-bearing types, have been derived from the
Precambrian basement during intrusion of kimberlite.

A mineralogical and geochemical study of kimberlite mineral concen-
trates and of a representative selection of ‘“cognate” nodules mainly
from Basutoland, forms the basis of the present work. Our aim is to deter-
mine the origin of these nodules and their role in kimberlite genesis, and
to assess the evidence they provide on the nature of the earth’s outer
layers in ‘“shield” areas.

BasuToraND FIELD OCCURRENCES

The country rocks consist, in the western lowland areas and in river
sections in the south, of alternating Karroo sandstones, mudstones and
shales (mainly Triassic age) with numerous dolerite dikes. Predominant,
however, are the overlying near-horizontal, deeply dissected, amygda-
loidal Drakensberg lavas, which form the highlands of eastern Basuto-
land and are several thousands of feet thick.

The kimberlite intrusions (Fig. 1) have been described by Stockley
(1947), Dawson (1960, 1962) and Nixon (1960). Those in the western
lowlands contain country-rock xenoliths of sandstone and shale as well
as more rounded basaltic boulders of the Drakensberg type, suggesting
that the eastern volcanics occupied an area much further west at the
time of kimberlite intrusion (probably Upper Cretaceous). Conversely,
the eastern highland kimberlites contain local nodules of shale and sand-
stone, carried through the Drakensberg lavas from the underlying sedi-
mentary rocks.

The pipes are invariably located on kimberlite dykes having a regional
trend of about WNW-ESE. Within the lavas (where most contacts with
kimberlite have been observed) there is little evidence of tectonic dis-



1092 P. H. NIXON, 0. VON KNORRING AND J. M. ROOKE

turbance or contact metamorphism even in the larger intrusions, for
example, the 1 mile diameter Kao pipe.

PETROGRAPHY

Kimberlites. The three well known kimberlite types, defined on their
degree of weathering as Yellow Ground, Blue Ground and Hardebank,
are all found in Basutoland, but in the highlands the topmost Yellow
Ground is typically absent, since physical rather than chemical weather-
ing predominates.
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Fic. 1. Map of Basutoland (southern part omitted) showing position of kimberlite localities.

Yellow Ground is a soft, yellow, friable or clayey rock consisting of
decomposed olivine pseudomorphs and rotted phlogopite flakes held
together with a zeolitic, calcitic and limonitic secondary mineral aggre-
gate. Ilmenite, pyrope and chrome diopside may be conspicuous in this
highly oxidized and hydrous rock. The less altered Blue Ground contains
a high proportion of serpentine minerals; structures such as joints and
small shear zones with slickensiding are found.

Hardebank, the fresh hard kimberlite, is a carbonated, serpentinized,
micaceous peridotite containing garnet, pyroxene and ilmenite. Chem-
ically (anal. 1, 2, Table 1) it is characterized by high magnesia, a high
K:0/Na;0 ratio and low alumina. Two main varieties have been recog-
nized (Wagner, 1914), (a) basaltic kimberlite, (b) lamprophyric or mica-
ceous kimberlite.

In (a) phenocrysts of olivine or its serpentine pseudomorphs usually
form 50-709%, of the rock; the groundmass is rich in serpentine, perov-
skite, calcite and iron ores. Phlogopite is usually present but is not so
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TaBLE 1. ANALYSES OoF KiMBERLITES, ULTRABASIC AND EcLocITic ROCKS

1 2 E3 | Eil A (I E4 5 6
_____ = S | N N —
Si0; 35.02 | 36.33 | 45.15 | 42.30 | 42.42 | 44.35 | 46.98 | 46.26 | 50.24
'TiO, 1.22] 1.89| 0.15| 0.18| 0.30| 0.14 | 1.22 | 0.28 | 0.16
ALO; 3.90| 5.00| 2.27| 2.87| 1.32| 2.97 | 15.26 | 14.45 | 7.71
Cr0; — = | 0,21 = 0.40 | 0.41| 000 — | 0.54
FesOs 5.5 | 7.43 | 0.27| 2.46 | 4.27 | 0.67 | 1.42 | 4.41 | 1.02
FeO 4.14| 3.40| 6.35| 5.25| 6.96 | 7.59 | 9.76 | 5.82 | 4.64
MnO 0.06| 0.10| 0.12| 0.12 | nd. | 0.13| 0.18 | nd. ‘ 0.11
MgO [31.29 | 26.63 | 42.21 | 40.01 | 40.80 | 40.80 | 11.51 | 11.99 | 17.79
Ca0 6.80 | 6.78 | 2.08| 1.75| 1.19 | 2.55 | 11.34 | 11.66 | 16.66
Na,0 0.34| 0.37] 0.24| 0.18| 0.72| 0.20| 2.30 | 2.45 | 0.97
K:0 1.05| 2.43 | 0.00| 0.06| 0.45 | 0.01 | 0.03 | 1.51 | 0.11
0+ 7.43 | 7.25| 0.65| 4.49 || 0.06 | — -
H,0~ - — | 012 0ou } 0LI0Y Gogf = } LI |
P:0; 0.87 | 0.66| 0.03| 0.04| 0.10| 0.02| — — | o0.0s
NiO = .t - — — | 03| — — —
CO, 2.73 | 1.64| — = = ‘ 0.00 | — = -
S — - — — | 04| — — - —
= — | 99.85 [100.15 | 99.67 (100.24 |100.00 | 99.93 1100.00
G . —~ | 325 - 3.256§| — | 3.62| — | 3.4
(calc.)

1. Average chemical composition of basaltic kimberlite, 10 analyses (Nockolds,
1954).

2. Average chemical composition of micaceous kimberlite, 4 analyses (Nockolds,
1954).

E3. Lherzolite nodule, kimberlite, Thaba Putsoa. Analyst: M. H. Kerr.

E11. Lherzolite nodule, kimberlite, Fm. Lourwencia, S. W. Africa. Analyst: M. H. Kerr.
3. Lherzolite dunite bomb, basaltic rock, Parto Moniz, Madeira (Gagel, 1912).
4. Peridotite zenolith, basalt, Ludlow, San Bernardino Co., California (Hess, 1960,

p. 179).

E4. Eclogite nodule, kimberlite, Kao, calculated from mineral analyses; pyrope-
almandine, 49.5%,; omphacite, 49.5%; rutile, TiOs, 19,; minus water, recalcu-
lated to 100%. Analyst: M. H. Kerr.

5. Eclogite, Burgstein, Otztal, Tirol (Hezner, 1903).
0. Griquaite, Roberts Victor Diamond Mine, S. Africa, recalculated to exclude
calcite and water (Wagner, 1928).

conspicuous as in (b) where it may form 509 of the rock (hence the
higher K20 content; Table 1, anal. 2). Wagner (1914) states that perov-
skite and iron ores are relatively scarce in the micaceous variety.
The trace elements in fourteen Basutoland kimberlites have been dis-
cussed in detail by Dawson (1960). A wide variety is present including
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Rb, alkaline earths (Sr, Ba), group III elements (Y, La) and groups IV
and V elements (Ti, Zr, Nb, V, and P). As in other ultrabasic rocks the
Ni to Co ratio is high.

Kimberlite mineral concentrates. Heavy minerals (G>2.9) constitute
varying proportions of the kimberlite rock, but probably the 79, deter-

TABLE 2. RELATIVE PROPORTIONS OF MINERALS IN KIMBERLITE CONCENTRATES

(x=rare; xxxxx=abundant)

2 " Ortho- o Phlogo- Other notable
Locality Ilmenite | Garnet Olivine - .
: pyroxene pite minerals
Kao No. 1 ANKXX XXX XXX X XX Diamond, chrome
diopside
Lighobong X % X EXXXX x | Diamond,
No. 1 chromite
Thaba Putsoa KXKX XXEX X XXX NAX Dark green
diopside
Solane XXXXX XXXXX X XX X
Hololo AXX x x AXRNX ¥ | Diamond
Louwrencia, ‘
nr. Gibeon, XX XXX XXX XXX XX Chrome diopside
S.W. Africa (%xx)
S ——
Sekameng XXKX XXX XX XXX
Molibi’s
(Berea XXKK XAXX XX xxxxx | Chrome diopside
Plateau)!
| et - i B
Ngopetsoeu* | x| X XXX ‘ X | Chrome diopside

1 Adopted from Stockley (1947)

mined for hardebank from Kao pipe represents an average. Kimberlite
washings typically contain minerals, for example chrome-diopside,
derived from ‘“‘cognate’ xenoliths which have been disrupted during
intrusion of the kimberlite; hence a wide variety of garnet, clinopyrox-
enes, etc., is present. The relative proportions of the major heavy min-
erals in some Basutoland kimberlites are shown in Table 2.



BASUTOLAND KIMBERLITES 1095

Dull metallic, bluish-black, flattened ellipsoids of ilmenite, up to 2
inches across, are present in all Basutoland kimberlites. They may have
striations, “pluck” marks and flat “soles” which are indications of the
abrasions inflicted during kimberlite intrusion. Some pebbles contain
narrow cylindrical channels and spherical cavities (about 1 mm in diam-
eter), lined with secondary perovskite, leucoxene, goethite, haematite and
calcite; these appear to have been formed by the escape of gas.

Garnet (pyrope)—excluding the garnet constituent of the “cognate”
xenoliths—occurs as discrete, reddish-brown, rounded nodules with
numerous irregular kelyphitised fractures. A kelyphite rind may be pres-
ent but it has commonly been stripped off during kimberlite intrusion.
The garnets vary from a few millimeters to more than several centimeters
across, as in Solane and Thaba Putsoa pipes; Williams (1932, II, p. 368)
illustrates a six-inch diameter nodule.

Rounded dark bottle-green clinopyroxene (diopside) nodules, consist-
ing of single crystals, are also common in the Solane and Thaba Putsoa
pipes. They are fractured and show a size range similar to that of the
pyropes. Scattered minute spherical inclusions of nickel-bearing sulfides
of the pentlandite type are observed. Similar clinopyroxenes, some eu-
hedral, are present in the groundmass of less heavily serpentinized
Basutoland kimberlites. These appear to be the “augites” described
from South African kimberlites by Bonney and Raisin (18935), Wagner
(1914, p. 68) and Williams (1932, T, p. 125). Du Toit (1934) distinguished
between this type of clinopyroxene and at least one other kimberlitic
variety, as is seen from his statement “ . . . I have referred some of the
diopside—but not the green chrome diopside—to the magma, and
perhaps a little of the enstatite also.”

Distinct from the above is a diopside (S89, from the Premier Mine)
which occurs as an off-white nodule, consisting of finely fibrous sheaves
of radiating crystals and bounded peripherally by a pale green porcelain-
oid layer of serpentine. From its texture there is little doubt that it
formed in kimberlite at a relatively shallow level.

The “‘cognate” xenolithic clinopyroxenes are described further on.

Few orthopyroxenes, unless patently fragments of ultrabasic nodules,
have been observed in Basutoland kimberlites or their heavy mineral
concentrates, presumably because of their extensive alteration to serpen-
tine. However, certain olive green and grey bronzite fragments from
Kao, Lighobong No. 2 and Thaba Putsoa kimberlite washings must at
present be assigned to the kimberlite rock, for this mineral has not been
observed in the compound inclusions.
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Olivine, according to Williams (1932, II, p. 365), has three modes of
occurrence in kimberlite rock:
1. Megascopic olivine phenocrysts of the type found in peridotite and pyroxenite
nodules.
2. (a) Porphyritic crystals of the first generation.
(b) Smaller serpentinized groundmass crystals of the second generation.

Owing to heavy serpentinization of Basutoland kimberlites, most of
the olivine phenocrysts probably belong to group 1, having been derived
by fragmentation from comparatively fresh ultrabasic nodules. However,
the available data are insufficient for one to say with certainty that
group 2 (a) differs petrographically or mineralogically from group 1 and
the extent to which it is represented.

Olivines of group 2 (b) have been observed in several kimberlites, par-
ticularly in dikes as at Molatoli, where the euhedral crystals are up to
2 mm long, partially serpentinized, and show conspicuous 001 parting.
They undoubtedly crystallized within the kimberlite itself.

Other minerals from Basutoland kimberlites include phlogopite, occur-
ring in hexagonal plates up to 1 cm across or as nodular aggregates
accompanied by other kimberlitic minerals. Alteration to friable, in-
elastic, metallic blue green or dull bronze vermiculite is common.

Perovskite is an invariable constituent of the kimberlite groundmass;
in some cases at least, peripheral alteration of ilmenite has given rise to
the mineral. Typically, it occurs as resinous, dark smoky-brown, semi-
opaque cubes (<0.2 mm across), modified by a development of octa-
hedral faces. Re-entrant angles, due to lamellar twinning, occur along the
cube edges. The larger crystals especially are anisotropic, apart from
opaque patches of ilmenite (?).

A patite, although not detected in Basutoland kimberlites, is probably
present as minute crystals, chemical analyses showing the presence of
P20;. Wagner (1914, pp. 70, 83) and Williams (1932, II, p. 391) have
described kimberlitic apatites.

Zircon exhibits golden fluorescence in ultraviolet light, and has by this
method been detected in 25 out of 55 hand sieve concentrates from Kao
pipe. It occurs as short rounded, colorless prisms with frosted surfaces;
a specimen from Kao pipe No. 2 had a cream-colored skin of baddeleyite.
The common occurrence of zircons in South African kimberlites has led
to the belief that they are genetically connected with kimberlite rather
than derived from accidental inclusions; however some have doubtless
originated in this way, for example from basement granites,
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Ultrabasic nodules. This is the commonest type of “‘cognate’ xenolith in
Basutoland kimberlites. The nodules, ovoid and up to 2 feet in diameter,
are sharply demarcated from the enclosing kimberlite (Fig. 2). They
have a coarse holocrystalline equigranular texture with a grain size of
about 2-3 mm and comparatively fresh appearance. The marginal parts
of nodules may be serpentinized or replaced by a hard compact “shell”
of kimberlite which apparently protected the inside from alteration. The

FiG. 2. Ultrabasic nodule, Lighobong, Basutoland.

minerals in some nodules, e.g. E3 lherzolite from Thaba Putsoa, have
granulated margins, irregular extinction and translation lamellae, indi-
cating that the rock has been subjected to strong shearing stress. Mylo-
nitic textures have also been observed (Fig. 3).

Chemically the ultrabasic nodules are comparable to ultrabasic
“bombs” and xenoliths in basalts (Table 1, Nos. E3, E11, 3 and 4).
Compared with kimberlites, however, they are lower in Ti (ilmenite and
perovskite in kimberlites), Ca (calcite), K (phlogopite), P (apatite),
H,O+ (serpentine); but they are richer in Si and Mg. Cr and Ni are also
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higher (>3000 p.p.m.; Nixon, 1960), but the variety of trace elements
found in kimberlites is lacking.

Modal analyses of ultrabasic nodules (Table 3) illustrate the predomi-
nance of olivine and, to a lesser extent, enstatite. Nodules, or patchy
segregations within them, may however show high proportions of
chrome pyrope and/or chrome diopside (G12, Table 3). Other constitu-

Frc. 3. Ultrabasic nodule E3 showing mortar texture. Note the irregular extinction of the
well-cleaved olivine grains. Crossed polars ()X40).

ents are kelyphite, rimming the garnet, and in a few nodules, chromian
spinel, phlogopite and graphite.

The main mineral species are described below in the same order as for
kimberlites.

Chrome pyropes, in both the kimberlite heavy mineral concentrates
and the parent ultrabasic nodules, occur as near spherical, deep blood-
red or purple grains. The kelyphitic alteration rind (normally stripped off
the garnets in the concentrates) consists of a sharply demarcated inner
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TaBLE 3. MINERAL ComPOSITION OF ULTRABASIC NODULES FROM KIMBERLITE

E1l E2 ‘ E3 ES E8! E9 J Enl G12
Olivine 55 50 66 69 56 61 65 20
Enstatite 36 39 15 7 41 34 12 25
Chrome diopside il 3 11 18 0 1 17 35
Chrome pyrope 3 3 3 1 } 2 3 ‘ 5 20
Kelyphite 5 5 5 5 1 1|

! Includes 19, primary chromian spinel.

E1. Lherzolite, Kao pipe.

E2. Do., Maliba Matso pipe.

E3. Do., Thaba Putsoa pipe.

ES. Garnet wehrlite (= gordunite), Thaba Putsoa pipe.

E8. Saxonite, Thaba Putsoa pipe.

E9. Lherzolite, Lighobong dyke.
E11. Lherzolite, pipe at Farm Louwrencia, Nr. Gibeon, S.W. Africa.
G12. Garnet pyroxenite, Dutoitspan pipe, S. Africa.

zone of brown semi-opaque, optically unresolvable fibrous material
clearing outwardly into a border of spinel granules, phlogopite, chlorite
or amphibole (Fig. 4).

Chrome diopside is easily recognised on account of its bright emerald
green color. In thin sections of ultrabasic nodules it shows an irregular

Fic. 4. F1c. 5.

F1c. 4. Two garnets (black) surrounded by kelyphitic alteration rinds in ultrabasic
nodule E30, Thaba Putsoa. The right hand gamet has almost completely broken down.
Crossed polars (X40).

F16. 5. Lobate chrome diopside with marginal turbid alteration zone. Ultrabasic
nodule E32, Thaba Putsoa. Plane light (X40).
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shape with lobes interfingering between accompanying minerals, sug-
gestive of growth in a restricted environment. A marginal turbid altera-
tion zone is typically present (Fig. 5). The chrome diopside from nodule
ES5 contains narrow lamellae that may be exsolved clinopyroxene; this is
perhaps significant in view of Holmes’ (1936) tentative identification of
clinoenstatite intergrowths in a chrome diopside from Jagersfontein.

Enstatite occurs as pale green laths which are normally clear but may
contain rounded olivine inclusions or secondarily formed serpentine and
phlogopite. Holmes (1936) describes examples of complete metasomatic
replacement of enstatite by phlogopite and even the conversion to
phlogopite of complete ultrabasic nodules.

The allotriomorphic pale yellowish-green olivine of the ultrabasic nod-
ules is characterized by anastomosing veinlets of fibrous serpentine. Less
commonly, the olivine may be almost completely replaced by an aggre-
gate of serpentine, chlorite and magnetite, as in nodule E11 from Seka-
meng. In this case the associated chrome diopside and chrome pyrope
are relatively unaffected by the alteration.

Shiny, black, rounded octahedra of primary chromian spinel, several
mm across, have been observed in some nodules, for example, saxonite
nodule, E8, from Thaba Putsoa pipe and the altered nodule, E10, from
Sekameng pipe. It is therefore assumed that similar chromian spinels in
the kimberlite washings (some of which have a matt rather than a shiny
surface) have been derived from such nodules. Individual octahedra from
Qaqa pipe are brown and translucent near the margins, but black and
opaque towards the centers, although the reverse condition was also
observed. In polished section no intergrowth or exsolution features were
detected. Spinels in the kelyphitic rims differ in being much smaller and
having sharper outlines.

Graphite, like diamond, has been recorded from kimberlite and from
its eclogitic and peridotitic inclusions (Wagner, 1914, pp. 72, 125, 126).
The mineral makes up about 0.039%, by weight of saxonite nodule ES,
and occurs as slightly rounded, six-sided, striated crystals having a very
bright metallic luster.

Eclogite and other nodules. These types of inclusion are relatively rare in
Basutoland and, to judge from the literature, in most other kimberlites.
They are similar in texture and chemical composition to non-kimberlitic
rocks of high grade metamorphic terrains; compare, for example, the
analyses of the eclogite nodule, E4, from Kao pipe and the eclogite from
the Tyrol (Hezner, 1903) shown in Table 1. Similarly, a garnet scapolite
gneiss nodule (E39) from Lighobong kimberlite dike can be matched with
a gneiss from the Basement Complex of Ghana, described by von Knor-
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ring and Kennedy (1958). Other nodules containing kyanite and horn-
blende are also similar to rocks unassociated with kimberlites. Wagner
(1928, p. 138) has argued that such nodules have a common origin and
form a continuous series; he states,

“The gabbroic eclogites are similarly linked by varieties containing plagioclase and cyanite

with the garnet amphibolites and thus with the amphibolites occurring as xenoliths in the
gneiss at the bottom of Kimberley Mine.”

TABLE 4. MINERAL COMPOSITION OF ECLOGITE AND RELATED
NoDULES FROM KIMBERLITE

| F4 E6 E7 E13 ‘ E39
Garnet 27 26 13 25 | 25
Kelyphite 20 - 10 -
Omphacite (clinopyroxene) 70 7 14
Rutile 0.5 2 — 1 —
Kyanite — 22 — — =
Scapolite — — — — 5
Biotite - - 17 — =
Natrolite 0.5 40 42 48 —
Sanidine — 10 — 2 ==
Plagioclase — — — — 56
Calcite, talc, serpentine — — | 28 7 ==

E4. Eclogite, Kao pipe.
E6. Eclogitic nodule, Qaqa pipe.
E7. Do., Kao pipe.
E13. Eclogite, Kao pipe.
E39. Scapolite gneiss nodule, Lighobong dyke.

The eclogite nodules in particular have been susceptible to hydro-
thermal alteration, showing a development of natrolite, calcite, talc or
serpentine (see modal analyses in Table 4), reducing the nodule to a
cream colored friable mass. Sanidine (in nodules E6 and E13) and
rounded, polished grains, about 0.15 mm in diameter, of both colorless
zircon and honey-yellow monazite (in E6 and E7) also appear to be sec-
ondary.

The eclogitic reddish-orange or pink pyrope-almandines measure up to
5 mm across and may show crystal faces. There also occur inclusions of
rutile and triangular arrangements of unidentified highly birefringent
spicules with inclined extinction. The kelyphitic rim, consisting of nar-
row, opaque, brownish-black, finely crystalline magnetite and chlorite
or distinct hornblende and chlorite crystals, is not so well developed as
in the ultrabasic nodules.

The omphacites of the eclogites form clear dark leaf-green or greyish-
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green crystals. On alteration they become paler and translucent with
marginal replacement (as well as along cracks and cleavage planes, and
completely in nodules E6 and E7) by secondary minerals, especially
natrolite.

Tetragonal prisms of black, orange, red or yellow rutile, sometimes
geniculately twinned, are typically found in eclogite and granulite nod-
ules.

Other primary minerals which have been observed in eclogite, granu-
lite and amphibolite nodules and so might be expected to occur sporad-
ically in kimberlite mineral concentrates are: biofite, kyanile, augite,
plagioclase, sphene, apatite and magnetite. To this list can be added
stllimanite and corundum described by Williams (1932).

E16 Pyrope-omphacite nodule, Old Kaalvallet Diamond Mine, near
Welkom, Orange Free State. This nodule is treated separately because,
although superficially an eclogite, similar for example, to E4 nodule, its
detailed mineralogy bears certain resemblances to the discrete kimber-
litic garnet and clinopyroxene nodules described above.

It is composed of rounded, fractured, only slightly kelyphitised gar-
nets, many exceeding 1 cm across; equally coarse, highly cleaved dark
“bottle” green omphacite containing stringers of calcite forms the other
major component. Other minerals, notably rutile, are absent.

MEeTHODS

Being usually fairly coarse-grained the minerals in the various xeno-
liths were easily separated, although care had to be taken in the removal
of adherent secondary alteration minerals, e.g., serpentine, calcite and
kelyphite. Hand crushing, sieving and repeated separation in methylene
iodide and Clerici solutions, together with electromagnetic separation
and hand-picking, enabled pure mineral products to be obtained.

The refractive indices, determined in sodium light using calibrated
liquids spaced at 0.005 intervals, are accurate to within +0.002. The
optic angle measurements were made on a four-axis universal stage using
double axis measurements supplemented with a few single axis ones.
Corrections were applied for refraction and displacement of light within
the central layers of the sphere (Wyllie, 1939), as well as for the refrac-
tive index of the hemispheres and the 8-index of the mineral. The maxi-
mum error is =+ 2°,

The extinction angle, in the absence of twinning, was determined by
bringing the X-direction of the mineral into coincidence with the micro-
scope axis using the universal stage and measuring Z/\¢ directly (maxi-
mum error +3°).
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Density was determined by the suspension method and ehecked by the
normal pyknometer method when sufficient pure material was avail-
able. The results (given as D'-%°/4°/air) are accurate to £0.02.

Color is an important distinguishing feature, especially in the garnet
groups, and is expressed as a formula (Rock Color Chart, 1948) which
incorporates hue, light value, and chroma (vividness). The color indices
are given for minerals crushed to 100 mesh size.

Measurements of the unit cube cell edge, @ obtained by using Mn fil-
tered FeK, radiation and a calibration standard of NaCl, are accurate
to +0.01 A.

Trace elements were determined by spectrographic analysis using
anode excitation in a 7 amp d.c. carbon arc. Samples were diluted 1:1
with carbon powder containing indium and palladium as internal stand-
ards. Concentration calibration was by means of matching series of
standards synthesized from Johnson Matthey ‘“‘Specpure” materials,
and working curves were established by microphotometry.

Precision varies between elements but averages +109% of content.
Accuracy cannot be specified in the absence of primary standards for the
minerals under examination, but confidence in the technique has been
established by reference to granite G-1 and diabase W-1 (Rooke and
Fisher, 1962).

MINERALOGY AND CHEMISTRY
Garnets.

1) Pyrope. Two analyses, E15 from Thaba Putsoa pipe and Kbl from
Kimberley pipe (Table 5), of discrete, fractured, reddish-brown nodules,
indicate a composition of over 709, of pyrope; a small amount of chro-
mium is present.

Typically this garnet has a refractive index of about 1.750 with a
density of 3.71 and a cell edge length averaging 11.53 A (Table 6). The
color, especially of the finer grains, has a distinctly yellowish tinge indi-
cated by the color indices YR (yellow red).

The garnet from the Kaalvallei nodule, E16, has a lower proportion of
pyrope (57%; Table 5), but, nevertheless, in physical properties it
resembles more closely the pyropes described above than the lower
pyrope-bearing eclogitic pyrope-almandines. This is shown in Fig. 6.

2) Chrome pyrope. Chemical analyses of garnets (Table 5, nos. E1,
E3, E11, G12 and E10) from ultrabasic nodules from Basutoland, South
Africa and South-West Africa, show that 709, of the pyrope ‘“mole-
cule,” together with subsidiary amounts of almandine, is present. About
69 of uvarovite (equivalent to about 29, Cr;Qy) is typically present. A
reddish-purple garnet sample, A79, picked from kimberlite washings at
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TABLE 5. ANALYSES OF GARNETS FROM KIMBERLITES AND
ASSOCIATED XENOLITHS

Analysts: M. H. Kerr (E15, E1, E3, E4), O. von Knorring (Kb1, A80, E16, E10),
E. Padget (A79, G12), J. R. Baldwin (E11, E7)

Pyrope

— Pyropes— — — = — « —Chrome pyropes — «—almandines—

E15 Kbl A80  E16 El E3 E11 A79  G12  E10 E7 E4
Si0. 42.04 42.86 42.49 41.50 41.71 42.44 42.77 42.73 42.11 41.90 39.19 40.21
TiO:2 0.92 0.27 — 0.46 0.61 0.52 0.30 0.27 0.12 0.11 0.00 0.00
AlOs 21.84 23.00 23.20 21.53 21.55 22,24 21.91 19.83 22.10 16.92 21.34 22,51
Cra0s 0.43 0.30 0.49 0.12 2.97 1,98 1.90 2.92 191 7.52 0.00 0.00
Fe:03 1.971 7 71\ 8.36 1.68 0.02 1.56 1.25 0.81 0.35 1.24 1.26 1.57
FeO 7.47f : : 13.81  7.36 4.75 6.79 7.01 8.24 6.17 25.66 17.01
MnO 0.24 0.30 0.19 0.27 0.31 0.16 0.26 0.33 0.36 0.59 0.43 0.32
MgO 20.51 20.15 20.26 15.33 20.79 21.53 20.70 21.54 19.85 19.64 8.74 11.67
CaO 4.37 5.20 5.54 5.30 5.22 490 4.65 4.69 4.80 6.27 3.79 6.58
H:0* — — — -— - - — 0.29 = — —

0.17
H:0" 0.02 — — — 0.00 — — 0.11 — — --

99.96 99.81 100.33 100.00 100.54 100.08 100.53 100.13 100.24 100.36 100.41 99.87

Percentage composition in terms of garnet end-member moleculest
Spessartine 0.5 0.6 0.4 0.5 0.6 0.3 0.6 0.6 0.7 1:2 0.9 0.7
Andradite 5.3 — — 4.8 0.1 4.2 3.3 2.1 1.0 3113 3.6 4.5
Uvarovite 113 0.8 1.3 0.4 8.2 ShT 5.4 8.2 5.4 2.8 =
Grossularite 4.6 12.3 12.4 8.8 4.7 2.7 3.1 1.3 5.9 = 6.8 13.6
Almandine 15.0 15.3 16.1 28.5 14.3 9.6 13.9 13.6 16.4 12.4 55.2 36.6
Pyrope 73.3 71.0 69.8 57.0 72.1 77.5 73.7 74.2 70.6 61.7 33.5 44.6
Hanléite
=8.6

1 Calculated from cation percentages in the order listed and recalculated to 100%,.

E15. Pyrope, discrete nodule, Thaba Putsoa pipe, Basutoland. Analyst: M., H, Kerr.

Kbl.
ASg0.
El6.

ElL.
E3.
E11.

AT9.
G12.
E10.
E7.

Pyrope, discrete nodule, Kimberley pipe, S. Africa. Analyst: O. von Knorring.

Pyrope, (pale lilac) hand picked from concentrate, Kao pipe, Basutoland. Analyst: O. von Knorring.

Pyrope-rich garnet, garnet-omphacite nodule (eclogitic), Kaalvallei pipe, S. Africa. Analyst: O. von
Knorring.

Chrome-pyrope, lherzolite nodule, Kao pipe, Basutoland. Analyst: M. H. Kerr.

Chrome-pyrope, lherzolite nodule, Maliba Matso pipe, Basutoland. Analyst: M. H. Kerr.

Chrome-pyrope, therzolite nodule, pipe at Farm Louwrencia, nr. Gibeon, S. W. Africa. Analyst: J. R.
Baldwin,

Chrome-pyrope, hand picked from concentrate, Kao pipe, Basutoland. Analyst: E. Padget.

Chrome-pyrope, garnet pyroxenite nodule, Dutoitspan pipe, S. Africa. Analyst: E. Padget.

Chrome-pyrope, Serpentinised nodule, Sekameng pipe, Basutoland. Analyst: O. von Knorring.

Pyrope-almandine, eclogite nodule (altered), Kao pipe, Basutoland. Analyst: J. R. Baldwin.

E4. Pyrope-almandine, eclogite nodule, Kao pipe, Basutoland. Analyst' M, H. Kerr.

Kao, shows similar features, and is considered to have been derived from
disrupted ultrabasic nodules. On the other hand, a garnet sample (A80),
composed of several spherical, clear, pale purple grains from the same
concentrate, is low in chromium and therefore chemically similar to the
pyropes. In appearance and physical properties it can, however, be better
equated with the chrome pyropes (see Fig. 6).
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Chrome pyropes E9 (Cr:0;=>5.14%) and E10 (Cr:0;=7.529%,; Table
5) contain unusually high amounts of chromium. In E10, at least, there
is not sufficient calcium to account for all chromium as uvarovite and
another chromium ‘“molecule,” hanléite Mg;Crs(SiO,);, must be em-
ployed. The name was originally used by Fermor (1952) for a magnesia-
chrome garnet found in 1864 near Hanlé Monastery, Rupshu, Kashmir.
A few milligrams of a bluish-green garnet in a concentrate (number K47)
from Kao kimberlite was seen, by spectrographic analysis, to contain a

178 |
76 L

174 |

ey —

i s

1145 II-\SQ {151 11-60 11-65 1170 11-78 i-80 1-85
a —

Fi16. 6. Refractive index, #, plotted against cell edge length, g, of garnets from kimber-
lites and associated nodules. The positions of the garnet end-members (almandine, ALM,
pyrope, PY; & grossularite, GR) are located according to the values given by Skinner
(1956).

similar amount of calcium to E10, but even more chromium (hanléite).
This is reflected in its physical properties as compared with the other
chrome pyropes (Table 6). The refractive index, in particular, although
usually between 1.735 and 1.750, rises above these values with increas-
ing chromium content (Fig. 7). The chromium-rich specimen K47 shows
abnormally high n, G and ¢ values. X-ray data of K47 and of a normal
chrome pyrope (E11) are compared in Table 8.

3) Pyrope-almandine. The relatively high almandine component is
illustrated by analyses (Table 5) of garnets from eclogite nodule E4
(36.6% alm.) and an altered natrolite-bearing nodule E7(55.29, alm.).

The physical properties of the pyrope-almandines vary mainly accord-
ing to the proportions of Fe?t, Mg?t and Ca?*—almandine, pyrope and
grossularite—as seen in Fig. 6. They can usually be distinguished from
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the chrome-pyropes by their color and greater density (Table 6).
X-ray powder data for garnet E4 are given in Table 8.

4) Minor and trace elements of the garnets. The discrete pyrope
nodules exemplified by E15, Kbl and a specimen from Thaba Putsoa
T4 (quoted in Nixon, 1960)! have chromium at a level between the
chrome pyropes and pyrope-almandines (Table 7; Fig. 8). They may
contain considerable traces of Ni and Zr.

The spectrographic data for garnet E16 serves to emphasise its inter-
mediate nature between the pyrope and pyrope-almandine groups.

K47
—7

Aanln/ie
iy TR,

L . i L i L L —

3 4 5 6 7

270 Cr,0O, —

Fic. 7. Plot of refractive index against % Cr:0, in chrome pyropes.

Points which favor its placing in the pyrope group are its high Ti and Ni.
In its low Zr content it resembles eclogitic pyrope-almandine E4.

The chrome-pyropes from the ultrabasic nodules (Table 7; E1, E3,
E11, A70, G12 and E10) contain relatively high amounts of Cr and V,
moderate amounts of Ni and Sc, and low Co.

In the eclogitic pyrope-almandines Ni is comparatively low. The
almandine-rich specimens E7 and E6 contain some Zn (visual compari-
son), and significant amounts of Y and Zr (Fig. 8). It would appear that
the eightfold co-ordinated sites in the garnet lattice (occupied mainly by
Fet) are able to accept the large Zr*" in spite of its high charge. The
comparatively low Vin the pyrope-almandines may be due to preferential
acceptance of this element by associated minerals, especially biotite or

! Spectrographic data (J.M.R.) of four garnets quoted from Nixon (1960); values for
each element in the following sequence: E2—chrome-pyrope, lherzolite nodule, Kao pipe;
E6—pyrope-almandine, altered eclogite nodule, Qaqa pipe; E39—pyrope-almandine,
scapolite gneiss nodule, Lighobong dyke; T4—pyrope, discrete nodule, Thaba Putsoa pipe;
(in ppm) Ga®*+2, 12,9, 9; Cr3* > 1000, 300, 300, —; Li+ <3, 10, 3, <3; Ti** 800, 250, 650, —;
Niz+ 50, 4, 15, 180; Co2* 8, 45, 45, 35; V3+ 300, 90, 70, 300; Zr** 50, 130, 7, 120; Sc** 120,
95, 60,95; Y3+ < 30, 160, <30, 35; Pb?+ 5,2, <2, 3; Ba?* 10, <10, <10, <10;in all four spec-
imens Be <3, Sr<30 (o< 30, La <100, Mo<3, Nb<30; Mn not determined.



BASUTOLAND KIMBERLITES

TABLE 6. PHYSICAL PROPERTIES OF GARNETS FROM KIMBERLITES
AND ASSOCIATED XENOLITHS

1107

| 3
No, Occurrence and locality " a A og, cales i(;odl;);
| Pyropes
T1 Discrete nodule, Thaba Putsoa pipe 1.750 11.531 3.696 — 5YRS/S
St Concentrate, Solane pipe 1.751 11.535 3.726 - S5YRS5/5
L1 Do., Lighobong pipe 1.750 11.535 3.711 — =
K44 Do., Kao pipe 1.756 11.537 3.762 — 5YR5/6
E15 Discrete nodule, Thaba Putsoa pipe 1.749 11.526 3.683 3.706 5YRS5/5
Kb1l Do., Kimberley pipe 1.748 11.528 — - —
A80 Composite sample from concentrate, 1.732 11,509 — - ]
Kao pipe 1.734 11,525 - = 3R8/2
1.735 11.511 — — 8RP7/2
Pyrope (olmandine-rich)
Eil6 Nodule, Kaalvallei pipe, S. Africa 1.733 11.545 - — -—
Chrome pyropes
El Lherzolite nodule, Kao pipe 1.749 11.548 3.692 3.710 9R4/2
E2 Do., Maliba Matso pipe 1.748 11. 546 3.681 — 1R4/2
E3 Do., Thaba Putsoa pipe 1.747 11,537 3.680 3.662 10RS5/2
ES Garnet wehrlite (=gordunite), Thaba
Putsoa 1.749 11.538 3.679 — 1YR5/5
E8 Saxonite nodule, Thaba Putsoa pipe 1.749 11.533 —_ —
E9 Lherzolite nodule, Lighobong dyke 1.753 11.351 3.718 — 7RP3.5/2
E10 Altered nodule, Sekameng pipe 1.758 11,565 3.715 3.748 5RP3/2
E11 Lherzolite nodule, pipe at Farm Lou-
wrencia, nr. Gibeon, S.W. Africa 1.743 11.528 3.712 3.698 8R5/2
G12 Garnet pyroxenite nodule, Dutoitspan,
South Africa 1.746 11.531 3.711 9RP5/2
A79 Heavy mineral washings (concentrate),
Kao pipe 1.746 11.528 3.690 3.715 =
L2 Do., Lighobong pipe 1.747 — 3.68 == =
K45 Do., Kao pipe 1.738 11.528 — — ==
K46 Do., Kao pipe 1.767 11.500 — — L=
K47 Do., Kao pipe 1.799- 11.650 3.756 o 6G3/2
1.807
Pyrope-almandines
A78 Concentrate, Kao pipe 1.758 — 3.770 — ot
E39 Scapolite gneiss nodule, Lighobong
Dyke 1.760 11.585 3.800 — 3YR6/4
E4 Eclogite nodule, Kao pipe 1.761 11.579 3.835 3.826 1YR6/4
E13 Eclogite nodule, Kao pipe 1.768 11.565 3.898 == -
E7 Eclogitic nodule, Kao pipe 1.784 11.539 3.995 3.999 10RS/4
E6 | Eclogitic nodule, Qaga pipe | 1.79 ‘ 11.521 | 4.076 — 1YR5/4

hornblende. Relatively low values of Cr and Ti have been determined
spectrochemically; the low titanium level is characteristic of eclogite
garnets (Eskola, 1922).

Pb, possibly replacing Ca, is present in most garnets from the Basuto-
land kimberlite pipes at levels less than 10 ppm. Comparatively large
amounts of Ba as in E3 (45 ppm) could be due to kelyphite impurity.
Other elements detected include Cu, Ag, Na, K, Sr, Be and Sn.

The threefold division of the main Basutoland garnet {ypes into
chrome pyropes, pyrope-almandines and pyropes can be recognized in
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TagLe 7. TRACE ELEMENTS IN GARNETS FROM KIMBERLITES
AND ASSOCIATED XENOLITHS

Analyst: J. M. Rooke; in parts per million; occurrences
and localities of specimens given in Table 6

r(Ad) S E15 Kbt As0 Ei6 E1 E3 E11  A79 Gl2 E10 E7 E4

Ga¥*  0.62 2 8 4 2 4 3 4 5 3 3 2 8 6
Cr* 0.63 — 20501 20501 3350' 8201 203001 13550t 13000" 20000* 13050 51450t 350 750
Lit 0.68 3 <3 <3 30 <3 <3 <3 <3 <3 <3 <3 10 <3
Tit*+ 0.68 — 55001 16001 250 2750+ 3650t 31001 18001 1600t 7001  650' 160 550
Nizt 0.69 10 190 70 75 140 9 160 70 35 65 70 9 30
Mozt 0.70 3 <3 <3 5 3 <3 <3 <3 <3 <3 <3 4 <3
Co2+ 0.72 5 50 5 70 65 9 8 30 10 50 8 70 13
Vit 0.74 10 400 70 35 8 450 350 150 300 %0 190 13 50
Zrst 0.79 3 120 110 15 15 45 35 25 20 20 45 120 3
IMn2* 0.80 — 1850 2300 1500 2100 2400 1250 2000 2550 2800 4550 3350 2500
S+ 0.81 10 110 40 60 75 90 95 110 130 110 160 120 40
Yt 092 30 70 35 <30 30 <30 <30 <30 <30 40 <30 80 <30
Pbr+  1.20 2 6 2 3 <2 10 25 3 3 4 2 <2 10
Batt 1.3¢4 10 <10 <10 10 <10 14 45 <10 <10 10 <10 <10 <10

In all samples Be <3, Sr <30, Ge <30, Nb <30, Ta <100 and La <100 (except E11: La=100)
N.B. Visual examination shows Zn to be present in E7 and E4.

r—ionic radii for 6 fold co-ordination (Ahrens, 1952).

S =sensitivity.

1 Signifies chemical determinations.

other descriptions of kimberlites. In the Siberian kimberlite province
both chrome-poor pyropes (orange) and chrome-bearing varieties
(violet) occur (Burov et al., 1958); the latter may contain amounts of
chromium equivalent to 13% uvarovite (Milashev, 1958). Bobrievich
et al. (1959) have given analyses of pyrope-almandines from two eclo-
gitic nodules, one of which contains diamond. The garnets from South
African kimberlites (Wagner, 1914; Willlams, 1932) are pyrope-rich
varieties with Cr:O; varying from nil to 5.10%. Almandine-rich types
are not recorded.

>

Fic. 8. Spectrographic and chemical data of some garnets and clinopyroxenes from

kimberlites and associated xenoliths plotted to show the distribution of elements between:

(a) chrome-pyropes O, and chrome-diopsides @.

(b) pyrope-almandines [ ], and omphacitic pyroxenes [ B

(c) pyropes A, and diopside A.

An arTow indicates that one or more specimens in the group are below the limit of detection
shown.

Note: Pyrope-rich garnet E16 is plotted with the pyropes as it bears a close chemical
relationship to this group. Its associated omphacite (E16) must be plotted with
the omphacitic pyroxenes of the eclogite group, however, until it has been
proved that the omphacites as well as relatively sodium-poor diopsides (E14) are
related to the pyropes.
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TasLE 8. X-Rav Data or GArNETs K47, E11 axp E4

K47 El1 E4
(e=11.659) (a=11.528) (a=11.579)

hkl d I d 1 d 1
400 2.92 vs 2.90 vs 2.896 s
420 2.61 vs 2.59 vs 2.588 vs
332 2.489 m 2.462 m-s 2.464 W
422 2.382 s 2.364 m-s 2.364 m
510,431 2.288 m 2.267 m-s 2.276 m
521 2.134 w 2.109 m 2.111 m
440 — — 2.043 vw 2.045 vw
610, 532 1.894 m 1.875 m 1.876 m-$
620 1.846 w-m 1.826 w - -
631 — : — - 1.705 w-m
444 1.684 w | 1.665 m 1.671 m
640 1.618 m 1.601 S 1.605 m-s
642 1.560 s 1.543 Vs 1.546 s
800 1.459 w 1.444 m 1.447 w-m
840 1.305 m 1.290 m 1.295 w-m
842 1.273 m 1.259 3 1.264 m
664 1.244 m 1.231 m 1,235 w

(vw=very weak; w=weak; m=moderate; s=strong; vs=very strong.)

K47. Hanléite pyrope from kimberlite concentrate, Kao, Basutoland.

E11. Normal chrome pyrope from lherzolite nodule, Farm Louwrencia, South West
Africa.

E4. Pyrope-almandine from eclogite nodule, Kao, Basutoland.

Kelyphite. A chemical analysis of the inner fibrous zone (Table 9), to-
gether with a norm calculation based mainly on Barth’s (1955) meso-
and epinorms, suggests that it is composed of minerals which are observed
in the kelyphitic outer borders. A similar conclusion was reached from
an examination of electron micrographs prepared from diluted macerated
fibrous kelyphite (Fig. 9). Three forms were observed, probably repre-
senting chrome-bearing spinel (opaque equant grains arrowed A),
enstatite and/or hornblende (laths and blades arrowed B), and mica
and/or chlorite (plate-like aggregates arrowed C). Enstatite and spinel
have been detected in the fibrous zone optically (Wagner, 1914, p. 65)
and also by x-ray methods in E1. It is interesting to note that enstatite
(aluminous) is one of the breakdown products of synthetic pyrope under
high pressure-temperature conditions (Boyd and England, 1959).

A chemical comparison of garnet E1 with its associated kelyphite
(Table 9) shows that kelyphite contains more Cr*t, Mg?+ and particu-
larly OH but less Si*t and Al3+.
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TABLE 9. CHEMICAL ANALYSES OF E1 GARNET AND ITS ASSOCIATED KELYPHITE!

Oxides ‘ No. of Cations/96 0(incl. OH)

Gt Kel | ‘ Gt | Kel | Gain or Loss
Si0, 41.71 36.18 Si 23.69 20.22 —3.47
TiO, 0.61 = Ti 0.26 ‘ = ?
ALOs | 21,55 19.63 Al 14.43 12.93 —1.50
Cr:03 2.97 4.55 Cr 1.33 2.01 | +-0.68
FesO; 0.02 2.38 Fet 0.01 ‘ 1.00} ‘ 5. 77
FeO 7.36 .71 Fezt 3.50 2.20 :
MnO 0.31 0.25 Mn 0.15 0.12 |  —0.03
MgO 20.79 22.90 Mg 17.60 19.07 +1.47
Ca0 5.22 1.60 Ca 3.18 2.75 —0.43
Na;0 - 0.46 Na . 0.49 +?
K:0 0.47 K — 0.34 +?
H,0+ = 3.80 = 14, 16H+ (as OH)
H,0- - 0.38 = | |

100.54 100.31 ! Analyst: O. von Knorring,

No. of 0 ions (incl. OH) per 100 cations =149 .63 (Garnet) and

157.03 (Kelyphite).
3.692 (Garnet) and
3.204 (Kelyphite).

G=

A possible normative inter pretation of El kelyphite data

| | |
si | Al Cr FeLM“+| Ca | NatK on) |
g
— , I N I = - )

Cation %, 33,08 21,15 3.29 | 36.62 ‘ 4.50 | 1.36 (23.16) | 100,00
Enstatite 5.28 5.28 | ‘ 10.56
Hornblende 15.75 4.50 9.00 4.50 (4.50) 33.75
Biotite 4.08 3 4.08 1.36 (2.72) 10.88
Chlorite 7.97 | 11.96 (15.94) 19.93
Spinel 9.31 | 3.29 | 6.30 18.90
5.98

Corundum

5.98  (taken in by hornblende, biotite and enstatite)

Yoder (1952) has shown experimentally that breakdown of pyrope into
kelyphite can take place simply by the addition of water at approxi-
mately 600° C. and at less than 30,000 psi.

E1 kelyphite contains 7.4 more oxygen ions per 100 cations than its
associated garnet (which closely approximates to the theoretical 150
O?~ per 100 cations; Table 9), thus indicating an increase in volume
(Barth, 1955). This is reflected in the generally lower density of kelyphite
as compared with garnet and in the familiar appearance of radiating ex-
pansion cracks in the nodules immediately surrounding the kelyphitized
garnets.

A spectrographic analysis (by J.M.R.) of kelyphite E1 gives the follow-
ing elements (in ppm): Ga (3), Li (12), Ni (110), Co (13), V (180),
Zr (15), Sc (130), Sr (35), Pb (4) and Ba (300), showing that in compari-
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son with its associated garnet it is enriched in alkali- and alkaline earth
metals. These are probably held in such constituent minerals as chlorite,
mica and hornblende. The lower vanadium value may be due to this
element being masked by Fe#t in secondary chrome-bearing spinel and

Fic. 9. Electron micrograph of E1 kelyphitic rim (ibrous inner zone).
Magnification X 34,200
A=opaque equant grains (spinel).
B=narrow laths and blades (hornblende and/or enstatite).
C=plates and lamellae (mica, chlorite and/or talc, etc.)

magnetite, some of which was extracted during the purification proc-
esses.

The petrographical, mineralogical and chemical evidence suggest that
in the ultrabasic nodules, at least, kelyphite formed rapidly from chrome
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pyrope by the addition of water but with minor migrations of other
constituents, the reaction being promoted by a decrease in pressure,
probably due to kimberlite intrusion.

Chinopyroxenes.

1) Diopside. A partial analysis (M. H. Kerr) of a dark bottle-green
nodule, E14 from Thaba Putsoa, gave Na,O=1.849, and Cr.0;=0.249.
The analysis of another seemingly nonomphacitic (but markedly sub-
calcic) diopside is given by Williams (1932, IT, p. 379) and is quoted here
in Table 10, No. 9. There is insufficient evidence to state whether these
kimberlitic clinopyroxenes, including those which occur in the ground-

TABLE 10. ANALYSES OF CLINOPYROXENES FROM KIMBERLITES
AND ASSOCIATED XENOLITHS

| Diopsides ,I Chrome diopsides Omphacites
Vo. 9 589 B | o No.7 | No.8 E4 Et6
5102 52.40 54.52 54,61 53.75 54.09 53.36 54.76 55.06
TiOs 0.66 tr 0.23 0.25 0.28 0.34 0.4% 0.51
AlOs 1.73 0.01 1.30 2.83 1.57 9.66 8.33 7.67
Cr203 0.31 — 0.92 1.30 2.03 == — —
Fe:05 3.68 — 1.14 1.27 0.74 1.69 1.29 1.68
FeO 4.25 1.74 3.02 1.62 1.47 5.68 2.70 4.01
MnO tr. 0.51 0.10 0.07 0.09 tr. 0.04 0.07
MgO 21.61 17.44 20.88 16.19 16.96 9.50 11.59 11,97
Cal) 13.30 25.34 16.20 20.64 21.10 12.18 16.35 14.22
NaxO — 0.27 1.28 172 137 6.82 4.63 4.70
K0 — 0.12 0.12 0.11 0.15 tr. 0.05 0.08
H,0+ 1.20 0.26 0.41 0.24 0.22 1.05 — =—
H>0~ 0.44 0.10 0.07 0.10 0.08 — — =
P20s tr. — —_ 0.07 0.00 §$=0.22 — —
100, 121 100.31 100.28 100.16 100.642 100.50 100.18 99.97
i =y i - —

atoms 7

{'a 26.9 49.3 i34 45.5 45.0 39.3 46.0 40.2
Mg(+Ni) 61.2 47.3 9.9 49.6 Si2 42.6 45.4 47.2
Fett4-Fait |

—+Mn 11.9 34 6.7 4.9 3.8 18.1 8.6 12.6
% of Al

inZ 1.8 0.0 0.6 2.0 | 1.4 1.0 2.3 1.9

calculated as in Hess (1949).
1includes 0.549% minor oxides.
2 includes 0.499, minor oxides.

No. 9 Subcalcic diopside nodule of “fair average composition.” Analyst: J. Parry (Williams, 1932, TI, p. 379).

589 Diopside “concretion,” Premier pipe. Analyst: E. Padget.

E3  Subcalcic chrome diopside, from lherzolite nodule, Thaba Putsoa pipe. Analyst: M. H. Kerr.

G12  Chrome diopside, garnet pyroxenite nodule, Dutoitspan pipe. Analyst: E. Padget.

No. 7 Chrome diopside with lamellae of (?) clinoenstatite, Jagersfontein pipe. Analyst: L. S. Theobald (Holmes,

1936).

No. 8 Omphacite, Jagersfontein pipe. Analyst: J. Parry (Williams, 1932, I, p. 329).

E4 Omphacite, eclogitic nodule, Kao pipe. Analyst: M. H. Kerr,

E16 Omphacite, eclogitic nodule, Kaalvallei pipe. Analyst: O. von Knorring.
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mass, embrace more sodium-rich types. However, if it is argued that the
garnet of E16 “eclogite’” nodule from Kaalvallei is a member of the
pyrope group, then its associated omphacite (analysis in Table 10) is
likely to be related to the diopside group. The pyropes and diopsides of
kimberlites have already been described.

Diopside S89, consisting of radiating crystals, has a chemical composi-

TaBLE 11. PHYSICAL PROPERTIES OF CLINOPYROXENES FROM KIMBERLITES
AND ASSOCIATED XENOLITHS

|
No. | Locality G @ 8 ¥ | y—a |ZNec | 2V+ (ii?(}:;
Diopsides l ‘
E14 | Thaba Putsoa 3.314 1.672 | 1.677 1.697 0.025 | 39° 58° 9Y 5/2
K37 | Kao (average of sev-
eral grains; occa-
sional (001) twins) —  |re. 1,678 —  |ea. 1.705 |sa. 0.026 —  |za. 64° —
S89 | Premier
(finely fibrous) — 1.669 | - — — 54°
Chrome diopsides
E1 Kao 3.283 1.673 | 1.684 1.697 0.024 | 41° 62° 8GY 6/4
E2 Maliba Matso 132253 1.674 | 1.682 1.696 0.022 | 40° 64° 10GY 6/4
E3 Thaba Putsoa 3.269 1.670 | 1.677 1.693 0.023 | 383° 565° 8GY 6/3
Es Thaba Putsoa 3.295 1.672 | 1.678 1.692 0.020 | 38° 543° 7GY 4/4
E9 Lighobong 3.272 1.675 | 1.683 1.698 0.023 | 40° 68° 10GY §/5
E10 | Sekameng 3.302 1.676 | 1.685 1.701 0.025 | 403° | 693° | 10GY 5/6
E11 | Fm. Louwrencia 3.280 1.676 | 1.684 1.698 0.022 — 63%° 9GY 5/4
G12 | Dutoitspan 3.279 1.677 | 1.685 1.702 0.025 | 40° 71° 9GY 5/4
A Jagersfontein,
S. Africa — >1.66 — — 50° | 70°-75°
B Ngopetsoeu 1.672 | 1.680 1.605 0.023 — 71° —
(see Fig. 1) calc.
C Premier, S. Africa — 1,671 | 1.0681 1.699 0.028 — 69° —
calc.
D Zarnitsa, Siberia — 1.680 1.706 0.026 — 63°
Omphacitic pyroxenes
E4 | Kao 3.333- 1.673 | 1.681 1.695 0.022 | 41° 70° 4GY 4/2
3.347 mean
E13 | Kao 33817 1.672 | 1.679 1.693 0.021 | 41%° 71%° e
E39 Lighobong 3.332 1.686 | 1.693 1.710 0.024 | 41° 63°
E16 Kaalvallei 1.672 | 1.679 1.699 | 0.027 | 36° 64° ==

A, from Holmes (1936); B, Stockley (1947, p. 98); C, Partridge (1934); D, Smirnov (1959).

tion (Table 10) indicating the almost pure diopside end-member. Be-
cause of its fibrous nature and poly-synthetic twinning parallel to (100),
optical properties were difficult to determine. However, the values ob-
tained, viz., 2V+=54° and a=1.669, are similar to those for skarn
pyroxenes close to the diopside end-member (Hess, 1949). ’

2) Chrome diopside. A feature of some of the old kimberlitic chrome-
diopside analyses, seen also in E3 (Table 10), is the presence of more Mg,
compared with Ca, than is required to make up the diopside formula,
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resulting in the appearance of appreciable enstatite in the norm. These
enstatite-diopsides or subcalcic diopsides indicate, in view of the sub-
solidus relations of MgSiO; and CaMgSi:O¢ (Atlas, 1952; Boyd and
Schairer, 1957) that unusually high temperatures were required for their
formation. The effect of any great pressure, which may have attended
their formation, is unknown.

Both the subcalcic and the normal chrome-diopsides (the latter ex-
emplified by analyses G12 and No. 7, Table 10) are characterized by Na*
which is electrostatically balanced in the crystal lattice by trivalent
Cr, Al and Fe®*. A partial analysis by O. von Knorring of an extremely
vivid green chrome-diopside, accompanying the chromium-rich garnet in
nodule E10 from Sekameng, showed 2.429, Na,O and 2.689,Cr.0;. Thus,
the réle played by aluminium as part of the jadeite molecule in other
pyroxenes (omphacites) is taken over, at least partially, by chromium (as
chrome acmite, NaCrSi;Og) in the chrome-diopsides. The vivid emerald
green of chrome-diopside E10 is an indication of the high chromium
content.

The proportion of Al** replacing Si*+ and the fotal Al* are lower than in
some other chrome-diopsides, notably those occurring in the ultrabasic
nodules in basalts (Ross ef al., 1954).

The physical properties of chrome-diopsides from ultrabasic nodules
in kimberlites, including some quoted from literature (Table 8), show
significant variations. The generally high 2V, compared with the diopside
end member (2V,=58°), is probably due to the presence of sodic pyroxene
components, especially chrome acmite (2V,=140°; Roy and Tuttle, 1956).
As might be expected from Bowen’s (1914) optical data for the synthetic
clinoenstatite-diopside solid solution series, subcalcic chrome-diopside
has relatively low optic axial angle and refractive indices; probably the
birefringence and extinction angle are also low.

3) Omphacitic pyroxenes. These differ from the chrome-diopsides in
being dark grayish-green. They are characterized chemically (Table 10,
No. 8, E4 and E16) by a high content of Na and Al (jadeite) but very
limited Al-Si diadochy; and Cr is very low. They are thus chemically
comparable with omphacites in regionally metamorphosed eclogites
(Hezner, 1903; Alderman, 1936). The omphacites E4 and E13 in eclogite
nodules from Kao, and another clinopyroxene (Na,0O=2.31%, analyst:
J. R. Baldwin) in garnet-scapolite gneiss nodule E39 from Lighobong,
show typically high densities (Table 8). The high optic axial angles of E4
(70°) and E13 (713°) are attributed to larger proportions of sodic py-
roxene (jadeite) component, although omphacite E16 (2V=64°) seems
to be an exception in this respect.

4) Minor and trace elements of the clinopyroxenes. Spectrographic
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results are shown in Table 12 and Fig. 8 (which includes results given in
Nixon, 1960). Of the trace elements in bottle-green diopside, E14, only
Ga and Cr show contrasting values, being intermediate between those of
the chrome-diopsides and omphacites. Diopside S89 differs from the other
clino-pyroxenes in containing relatively more Sr, Ba, Co, Be, Mn and less
Ni, V, Cr, Ti and Sc.

TasLE 12. TRACE ELEMENTS IN CLINOPYROXENES FROM KIMBERLITES
AND ASSOCIATED XENOLITHS
Analysts: J. M. Rooke and A. M. Fisher; in parts per million; localities and occurrences
given in Table 10, except for E14 (discrete nodule, Thaba Putsoa)

r(A) 5 E14 589 E3 ‘ G12 No. 7 E4 E16
Be?* 0.35 3 <3 7 <3 <3 — <3 <3
Gast 0.62 2 7 <2 3 6 — 17 15
Cr3t+ l' 0.63 10 1600* | <30 | 6300* | 8900t | 14000 | 1200 | 1300
Lit 0.68 10 <10 | <10 | <10 | <10 — 10 | <10
Ti*+ 0.68 3 |>1000 300 | 1400 | 1500! 1700 | 2600 | 30501
Niz+ 0.69 10 750 12 850 600 240 300 | 1000
Co** 0.72 5 60 60 40 30 == 30 45
Vi 0.74 10 500 30 400 600 400 450 450
Zrtt 0.79 3 25 40 8 45 900 55 25
Mn?t 0.80 30 |>1000 | 4000' | 1000 650 700 400 700
Sc¥t(v) | 0.81 10 10 | <10 10 20 == 20 10
Sr2+ | 1.12 10 95 450 90 550 80 250 150
Ppt 1.20 3 10 <3 <3 8 — <3 <3
Ba?t 1.34 10 <10 150 30 | 40 — <10 | <10

In all specimens Cu <30, Ge <30, Y <30, Mo <3, La <100,Nb <30, Ta <100.
No. 7 quoted from Holmes (1936), analyst: L. S. Theobald.

r=ionic radii, S=sensitivity, v=visual determination.

1 Chemical determination.

The spectrographic analyses of subcalcic chrome diopside E3 and normal
chrome diopside G12, supported by analyses of chrome diopsides E1 and
E10 (Nixon, 1960),' show that the subcalcic variety contains relatively
less Sr (occupying the Ca site), but more Ni, Mn and Co (occupying the
Mg, Fe site).

1 Spectrographic data (J.M.R.) of three clinopyroxenes quoted from Nixon (1960):
El-chrome-diopside, lhersolite nodule, Kao pipe; E10-chrome diopside, serpentinized
nodule, Sekameng pipe; E39-omphacitic pyroxene, scapolite gneiss nodule, Lighobong
dike; (in p.p.m.) Ga’* 2, <2, 25; Cr3+>3000, 18000, 400; Lit <10, <10, 25; Ti**>1000,
400, >1000; Ni** 600, 550, 450; Co?* 35, 25, 55; V** 550, 550, 650; Zr+* 70, 60, 100; Mn2*
850, 600, 300; Sc**+ 20, 20, 30; Sr2* 130, 250, 140; Pb?+ 4, <3, <3;Ba?" 20, <10, 15; in all
three specimens Be <3, Cu <30, Ge <30, Y <30, Mo <3, La <100, Nb <30, Ta <100.

1 Element determined chemically.
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In both the chrome-diopside series and the omphacites, however, stron-
tium is remarkably high, considering that this element is usually con-
centrated in the later stages of fractional crystallisation. The early clino-
pyroxenes of the Skaergaard intrusion, for example, contain only about
10 ppm (Wager and Mitchell, 1951), most of the strontium being con-
centrated in the associated plagioclase. In the rocks under consideration
this mineral is usually lacking, thus resulting in a Sr-enrichment of the
clinopyroxenes.

Scandium, on the other hand, is low compared with ~80 ppm (Wager
and Mitchell, 1951) in the early Skaergaard clinopyroxenes. This is
attributed to the presence in the kimberlitic rocks of garnet which ac-
cepts a greater proportion of Sc.

Orthopyroxenes and olivines. In the ultrabasic nodules of Basutoland these
minerals contain over 90 per cent of the enstatite and forsterite compo-
nents respectively (Table 13). They appear to show very restricted com-
positional ranges, a feature also characteristic of the ultrabasic inclusions
in basalts (Ross et al., 1954). In the latter case, however, the Fe/Mg
ratios are slightly higher, as is also the aluminium in the orthopyroxenes.
The orthopyroxenes of the ultrabasic nodules in kimberlites contain
small but significant amounts of sodium and chromium.

In accordance with their chemistry, the physical properties of these
orthopyroxenes and olivines show a narrow range (Table 14).

As might be expected, kimberlite and its washings contain mineral
fragments of ultrabasic nodules with similar properties to those described
above, but there are also some with optical properties indicative of higher
Fe/Mg ratios (e.g., orthopyroxenes, A, A’, A”, A" and olivines M3, Lol
in Table 14). The euhedral olivines M3, at least, have crystallized within
the kimberlite itself.

The minor and trace elements (Table 15) show less variety in the ortho-
pyroxenes and olivines than in the garnets and clinopyroxenes, probably
because only 4 and 6 coordinated sites are available in the mineral lattice
(compared with 4, 6 and 8 in clinopyroxenes and garnets).

Of the elements not shown in the chemical analyses nickel is the most
conspicuous, especially in the olivines where it is the fourth most abun-
dant cation. The euhedral olivines M3 and T13 from kimberlite show a
relatively higher proportion of Ti, as well as Fe, compared with those in
the ultrabasic nodules.

Micas. The composition of phlogopite (Table 18, No. 1) in kimberlites
changes on weathering to that of an oxidized, potassium-poor mica, i.c.,
vermiculite. A dull bronze vermiculite, composed of friable inelastic



1118 P. H. NIXON, O. VON KNORRING AND J. M. ROOKE

TABLE 13. ANALYSES OF ORTHOPYROXENES AND OLIVINES FROM ULTRABASIC NODULES

Orthopyroxenes ‘ Olivines
E2 | E3 | E8 E9 ‘ E8 F9
Si0. 58.48 | 37.11 | 56.61 | 57.70 40.94 41.03
TiO, tr. 0.13 0.00 tr. 0.00 0.00
ALO; 0.88 1.00 0.86 0.37 0.06 0.00
Cr04 0.25 0.35 | 0.17 0.34 | .0.00 0.00
Fex0 0.72 1.82 1.35 1.18 0.00 1.37
FeO 3.93 3.61 3.73 3.79 7.30 6.56
MnO 0.02 0.12 0.10 0.09 0.01 0.09
MgO 34.71 | 34.02 | 35.90 | 35.55 50.80 51.01
Ca0 0.50 1.50 0.70 0.55 tr. 0.18
Nas0 0.23 0.35 0.09 0.24 0.03 0.08
X:0 0.08 0.03 tr 0.00 | 0.00 tr
H,Ot [ 1 1 1 -
y 5

o 021 } 028 ) 044 |; 043 | 0.38 -

100.01 | 100.32 | 99.95 | 100.24 99,52 100.32
Atoms%,
Ca 1.0 2.8 1.3 1.0
Mg 92.2 89.3 | 91.5 91.8
FetFed*+Mn 6.8 7.9 7.2 7.2

M

. S 93.1 | 919 | 927 | 9.7 92.5 92.0
Mg+Fe4+Mn
% Alin Z 1.1 20 | 18 1.0 (incl. Fe*)

E2. Enstatite, lherzolite nodule, Maliba Matso.
(analyst: M. H. Kerr)
E3. Enstatite, lherzolite nodule, Thaba Putsoa.
(analyst: M. H. Kerr).
E8. Enstatite and olivine, saxonite nodule, Thaba Putsoa.
(analyst: M. H. Kerr)
E9. Enstatite and olivine, lherzolite nodule, Lighobong.
(analyst: J. R. Baldwin).

lamellae, from Kao pipe compares chemically with that of a bluish-green
mica from Dutoitspan pipe described by Maskelyne and Flight (1874)
under the name “vaalite” (compare Nos. 2, 3 and 4, Table 18). A com-
parison of the calculated chemical formula of the Kao specimen with the
theoretical vermiculite formula of Barshad (1948) is given below.

1) Kao vermiculite

(H20)3.52(Na.0gK . 01Ca.oMg. 05) 22 (Mgz.uFeﬁQ)z 53(Sia e Tl gsAl .HQFC?;‘;})S.%OIO(OH)L%
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TABLE 14. PavsICAL PROPERTIES OF ORTHOPYROXENES AND OQLIVINES FROM
KIMBERLITES AND ASSOCIATED XENOLITHS

No. Occurrence
Orthopyroxenes
Et nodule, Kao
E2 nodule, Maliba Matso
E3 nodule, Thaba Putsoa
E8 nodule, Thaba Putsoa
E9 nodule, Lighobong
Et1 nodule, Louwrencia,
S.W.A.
B concentrate, Kao
C concentrate, Kao
D concentrate, Kao
E concentrate, Kao
A concentrate, Kao
A’ concentrate, Loghobong
No. 2
A concentrate, Kao
A7 concentrate, Thaba Putsoa
Mir pipe, Siberia
(Smirnov, 1959)
Olivines
E1 | nodule, Kao
E2 nodule, Maliba Matso
E3 nodule, Thaba Putsoa
ES nodule, Thaba Putsoa
E8 nodule, Thaba Putsoa
E9 nodule, Lighobong

E1l1 nodule, Louwrencia,

S.W.A.

M3 kimberlite, Molatoli

(mean)
1 kimberlite, Kaunyane

Lol kimberlite, Lighobong

- kimb. pipes, Siberia
(Ilin et al., 1959)

— kimb, pipes, Siberia

(Shand, 1934)

— kimb. pipes, Siberia

(Smirnov, 1959)

- kimb. pipes, S. Africa

(Partridge, 1934)

— kimb, pipes, Tanganyika

(Fozzard, 1956)
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Three determinations of 2V = +4-88.7°, 4-88.7°, —89°

1119
¥ Color
¥ b % index
.671 0.011 +794° | 10Y 6/3
669 0.011 +74° 10Y 64/2
671 (2)] 0.010 (1)| +784° | 10Y 6/2
672 (1)| 0.011 (0)| +79° 10Y 6/3
670 (1)| 0.010 (1) +77° 10Y 5/3
672 0.010 +79° 9Y 6/3
671 0.011 +77°
670 0.010 +75° —
669 0.012 +703° —
.669 0.012 +713° —
676 0.012 +87°
678 0.012 —89° —
.680 0.011 —86%° =
.683 0.012 —83° s
.676 0.010 -
684 (5} 0.033 (4)| +-873°
.685 0.034 +4-87° =
.686 0.035 +873° | 10Y 7/2
.687 0.034 (3)| 1+88%° —
.683 0.034 +864° 6Y 8/4
.685 (4} 0.035 (41| 4-87° 7Y 7/4
.686 0.034 +874° 6Y 7/4
.694 0.038 90° —
.690 0.036 +-883° —
697 0.037 —80%° —
.682 0.040 +80-83" —
== +86-87° -—
690 0.038 — '

Figures in parentheses indicate an alternative value for the third decimal place; the true figure lies in be
tween the two values.

2) Vermiculite, theoretical formula (Barshad, 1948)
(H:0)x(Mg, Ca),(Al, Fe?*, Mg).(Si, Al, Fe#*),010(OH)s

where x=No. of mols. of water, y=0.22—0.36, z< 3.

The Kao vermiculite has G=2.27, ny=1.537, and 2V —

ca. 5°.

Brown and bluish-green micas from other Basutoland kimberlites, which
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also have the vermiculite property of exfoliating in a small flame, showed
v values of between 1.539 and 1.591. Cleavage along (010) is commonly
developed.

The unaltered phlogopites have higher refractive indices and v usually
lies beteen 1.595 and 1.610. The absorption scheme is: Z=Y>X, with
pleochroism: X =pale yellow, Y and Z=yellow brown. Reversed absorp-
tion and pleochroism, as described in the Bachelor Lake kimberlites by
Watson (1955), also occur.

The eclogitic nodule E7 from Kao and amphibolite nodule EMB 12

TABLE 15. QUALITATIVE SPECTROGRAPHIC DETERMINATION OF TRACE ELEMENTS IN
ORTHOPYROXENES AND OLIVINES FROM KIMBERLITES AND INCLUSIONS
Analyst: A. M. Fisher

Trace (in approx. order of

Major \'Imcgp . decreasing abundance)

(<ca. 10%) <ca. 1000 ppm
E8, Enstatite | Si, Mg. Fe, Cr, Al, Ni, | V, Na, Co, Ti, Pbh.

Ca, Mn.
E9, Enstatite | Si, Mg. Fe, Al, Cr, Ni, | Mn, Na, V, Ti, Co.

Ca.
E8, Olivine Si, Mg. Fe, Ni. Mn, Cr, Ca, Co, Al, Na.
E9, Olivine Si, Mg. Fe, Ni. Cr, Mn, Ca, Co, Na, AL
L8, Olivine Si, Mg. Fe, Ni. Cr, Mn, Ca, Co, Bi, Na, Al, Ti.
M3, Olivine Si, Mg, Fe | Ni. Cr, Mn, Ca, Ti, Co, Na, Al

T13, Olivine | Si, Mg, Fe | Ni. Cr, Mn, Ca, Al, Ti, Co, Bi, Na, V, Pb.

Labelling as in Table 14 apart from L8 (phenocryst in kimberlite dyke, Lighobong)
and T13 (euhedral phenocryst in kimberlite dyke, Thaba Putsoa).

from Dutoitspan contain brownish-black biotites having higher n,
values than the phlogopites described above. Biotite E7 has: G=3.02,
v¥=1.634 and 2V — =¢q. 5°; bictite EMB 12 has G=ca. 3.0, y=1.614 and
2V — varying between about 2-15°.

Ilmenite. A feature of the chemical analyses of kimberlitic ilmenite is the
high proportion of magnesia and ferric oxide (Table 18, Nos. 5 and 6),
corresponding to more than 309, of the geikielite (MgTiO;) and haema-
tite (Fe;,0;) “molecules” respectively. The main substitutions in these
ilmenites may therefore be written
Fe?t = Mg?* (geikielite)
‘and  Fe?* 4 Titt = 2Fe%t (haematite)

In both cases the replacing ions are of relatively small size, thus causing
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TaBLE 16. X-RaYy PowDER DATA ¥OR ILMENITE FROM KAO
(FeKe radiation)

hkl d it hkl d I
102 3.69 m 208 1.360 vw
104 2.1 vs 1.0.10 1.321 w
110 2.52 s 220 1.260 w
113 2.21 m 128 1.195 w
204 1.84 m 2.0.10 1.171 w
116 1.700 s 134 1.144 w
108 1.610 w 226 1.109 m
214 1.487 m 2.1.10 1.064 m
030 1.454 m

a contraction of the lattice. The x-ray measurements are given in Table
16.

Qualitative spectrographic analyses (J.M.R.) of two ilmenites from
Kao and one from Thaba Putsoa show the presence, in all three samples,
of the following elements: Ti, Fe, Mg, Mn, Si, Al, Cr, V, Ni, Nb, Zr, Co,
Cu and Ca.

The densities of ilmenites from Lighobong No. 2, Solane, Kao and
Thaba Putsoa vary between 4.51 and 4.56 (Berman balance).

Perovskite. A chemical analysis (Table 18, No. 7) shows this mineral to be
composed of over 969, CaTiO;, with a small amount of ferrous iron. This
may replace calcium in the crystal lattice or represent ilmenite (FeTiO;)
impurity. A spectrographic analysis (J.M.R.) showed traces of Mg, Si,
Na, Mn, Sr, Cr, V, Nb and La. The x-ray powder data (Table 17) are
similar to those of a perovskite, for which Murdoch (1951) determined
a=15.2610.01.

TaBLE 17. X-Ray POWDER DATA FOR PEROVSKITE FROM SOLANE
(CuKe« radiation)

hkI d I hkl d I
004 3.81 m 246 2.04 vw
024 3.41 vw 008 1.91 s
044 2.70 vs 028,446 1.84 vw
006 2.54 vw 048 1.70 vw
026 2.42 w 119,357 1.67 vw
226 2.30 w 139 1. 56}

444 220 | w 448 1.55 -
046 2.12 vw
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Minor kimberlitic minerals. (See also Table 19.)

P. II. NIXON, O. VON KNORRING AND J. M. ROOKE

1) Chromian spinel. A chromian spinel from a concentrate at Qaqa
pipe was prepared for analysis, but an x-ray photograph of the sample
showed the presence of ilmenite impurity. This mineral proved impossible
to separate (possibly because it was intergrown with the chromian spinel

TaBLE 18. ANALYSES OF VARIOUS MINERALS FROM KIMBERLITES

‘ 1 | 2 3 4 5 6 ‘ 7 8
Si0; \ 41.20 | 35.25 | 40.77 | 40.83 | — 0.40 ‘ =
TiO, 1.39 | 0.50 | 0.58 49.35 47.95 57.3 | 11.40
ALO; 10.5t | 10.11 | 11.69 | 9.80 | 0.33 - 1.5 | 10.68
Cr:04 = — — = s 0.75 — |a2.20
Fe:0s ‘ 1.68| 6.32| 7.31| 6.84 | 13.71 13.15 — .
FeO 3.82| 1.41| 1.63| — |27.57 28.00 1.3 | 23.30
MnO | — 0.03| 0.04| - 0.05 - — | 0.20
MgO ‘ 24.71 | 22.55 | 26.08 | 31.34 | 8.65 9.00 — | 11.14
Ca0 0.90 | 0.56| 0.65| — 0.20 tr. 40.0 | 0.47
Na:0 0.20| 0.63| 0.73| 0.67| — - — —
K»0 9.50| 0.15| 0.17| — = — =
H,0+ 4.58 | 8.9510.35| 9.72 = —
H,0— 1.06 | 13.37 | 0.00 | — = = =
CO. 0.28 | - — -~ | Insol. | Vs0,=0.20 | — s
F o — — | resid. | Nby0;=0.13 | — =

| 0.18

| e =

l99.83 99.83 [100.00 | 99.20 (100.04 99.58 100.1 | 99.61

! Includes Nb, V, etc., oxides.
2 All iron calculated as FeO.

00 =3I QN UL i W N =

. Phlogopite, Driekopjes Mine, South Africa (Wagner, 1914, p. 59).
. Vermiculite, Kao, Basutoland. Analyst: M. H. Kerr.

. No. 2 recalculated minus H:O—.
. Vermiculite (vaalite), Dutoitspan pipe, South Africa. (Maskelyne and Flight, 1874).
. Ilmenite, Kao pipe, Basutoland. Analysts: M. H. Kerr and O. von Knorring.

. Ilmenite, Zarnitsa, Siberia (Smirnov, 1959).
. Perovskite, Solane, Basutoland. Analyst: O. von Knorring.
. Chromian Spinel octahedra, Qaqa pipe, Basutoland. Analyst: O von Knorring.

but on such a fine scale as to be not detected in polished section). Calcula-
tions from the chemical analysis of the sample (Table 18, anal. 8) show
the chromian spinel to have the following approximate formula: (Mg s
Fe4;) (Alss Crigs)Os This neglects the small amounts of calcium and
manganese present and also assumes that the accompanying ilmenite
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contains Mg: Fe?+ in the ratio 1:2 (as seems to be usual in kimberlitic
ilmenites).

The brown translucent part of the chromian spinel was found to be
lighter and less magnetic than the black opaque part. The refractive
index and overall density are given in Table 19 together with data for the
chrormian spinel from kelyphite in lherzolite nodule E9. That this spinel
(probably picotite) is also inhomogeneous is seen from the variation in
refractive index between the centers and edges of the octahedra.

2) Amphibole. Some properties of this mineral, from an amphibolite
xenolith, EMB 12, from Dutoitspan pipe, are given in Table 19. They
are comparable to those of the hastingsite which Holmes (1936) has identi-
fied in amphibolite and hornblende gneiss nodules derived from the Pre-
cambrian basement, in Wesselton kimberlite pipe, South Africa. An
amphibole crystal from Kao pipe No. 2 differs in having an optic positive
character.

3) Zircon. In samples from kimberlite (Lighobong No. 2) and an
altered eclogitic nodule (E6), yttrium is low (Table 19) compared with
the amounts found in other zircons; for example, Dennen and Shields
(1956) found 1.6-4.3%, Y,0; in 15 zircons from various acid igneous rock,
detrital sediments, etc. The E6 zircon differs from the Lighobong sample
in lacking Mn but containing Sn** (0.71) which presumably replaces Zrt
(0.79).

4) Rutile. Spectrographic analyses of black rutile (maroon in powerful
light) from altered eclogitic nodule E6 and a bright reddish-brown rutile
fraction from eclogite nodule E13 (Table 19) are very similar considering
the marked color difference. The Fe content of E6 is higher but, even so,
only present in trace quantities (<ca. 1000 ppm).

5) Graphite. Spectrographic analyses of this mineral from ultrabasic
nodule E8 (Table 19) and from diamond (Chesley, 1942; Raal, 1957;
Bunting and Van Valkenburg, 1958) reveal that the impurities consist
chiefly of some of the more common elements.

Some properties of monazite and kyanite from nodule E6 are given in
Table 19.

PETROGENESIS

Ulirabasic nodules. These may be regarded either as segregations from a
kimberlite magma or as xenoliths. The main objection to a cognate origin
is that a suite of minerals (pyrope, diopside, ilmenite, perovskite, the
more ferriferous olivines and orthopyroxenes) more obviously geneti-
cally connected with kimberlite, has been described; to add the ultra-
basic nodule mineral varieties (chrome pyrope, chrome diopside, chro-
mian spinel, olivine and enstatite) would necessitate postulating unlikely
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abrupt changes in the composition of the kimberlite parent magma, par-
ticularly in its chromium content. -

If the ultrabasic nodules are to be regarded as xenoliths it is probable,
from the local presence of diamond (Williams, 1932, 11, p. 417) and the
ubiquitous occurrence of the nodules in kimberlites, that they have been
derived from a deep-seated and widespread ultrabasic zone (Wagner,
1914; Holmes, 1936; du Toit, 1954) i.e. the earth’s mantle.

A similar origin has been suggested for some ultrabasic nodules occur-

TaBLE 20. MINERAL COMPOSITION OF ULTRABASIC NODULES FROM
KIMBERLITES AND DREISER WEIHER BASALTS
(FRECHEN, 1948)

‘ Kimberlites! Basalts?
Olivine ‘ 55 ‘ 60
Enstatite | 26 25
Chrome diopside 1 10
Chrome pyrope and kelyphite/spinel 8 S

! Mean of values given in Table 3.
* The values are the mean of the four nodules quoted in which all four constituents are
present.

ring in basaltic rocks (e.g., Ernst, 1936; Hess and Maxwell, 1953; Ross
et al., 1954; Kuno et al., 1957; Ringwood, 1958; Harris and Rowell, 1960).
This conclusion is based on their constant mineralogical, chemical and
textural features, especially as the nodules are associated with a variety
of host rocks such as basalts, limburgites and phonolites. They also consti-
tute one of the few known rock types that yield a suitable seismic velocity
(eclogite is the other well-known type). Compared with the kimberlitic
ultrabasic nodules, they appear to show a similar bulk chemistry (com-
pare analyses 3 and E11 with 3 and 4 in Table 1) and also a comparable
mineralogical composition (Table 20), although more data are required to
substantiate these observations. The nodules from both kimberlites and
basaltic rocks (Ross, Foster and Myers, 1954) contain olivine as the
dominant component, with enstatite next in abundance, though any
component may in places predominate. Coarse holocrystalline texture
with uncommon grain deformation and foliation features typify both
occurrences,

There are a few significant mineralogical differences, outlined in Table
21.1f the bulk chemical similarity of the two types of nodule be accepted,
these group characteristics indicate a difference in mineral facies. The
presence of pyrope-rich garnet and, rarely, diamond (Williams, 1932) in



1126 P. H. NIXON, 0. VON KNORRING AND J. M. ROOKE

the kimberlitic ultrabasic nodules implies crystallization under high pres-
sure (eclogitic) conditions—uide the stability relations of pyrope deter-
mined by Boyd and England (1959) and those of diamond determined by
Bovenkerk et al. (1959). The lack of these minerals in ultrabasic nodules
from basalts suggests that they originated at lower pressure and/or at
higher temperature.

The low proportion of Al'Y (occupying the z site in the crystal lattice)
to Al VI (y site) in the kimberlitic chrome-diopsides, is the same as that

TasLE 21. MINERALOGICAL AND CHEMICAL DIFFERENCES BETWEEN
ULTRABASIC NODULES IN KIMBERLITES AND BASALTS

(a) Kimberlites (b) Basalts

1. Garnet present (sometimes primary | 1. Primary spinel present
spinel) I

|
2. Pyroxenes without much Al, most of | 2. Pyroxenes contain Al but usually less Cr

which enters the garnet

3. Low proportion of AI'Y to AlV?in clino- | 3. Higher proportion in the clinopyroxenes
and probably the orthopyroxenes of Al™V (in z position) to AlV!

4. Clinopyroxenes may be subcalcic 4. Clinopyroxenes not usually subcalcic

5. Minerals have lower Mg/Fe ratios than
corresponding minerals in (a)

recognized in eclogite omphacites by Alderman (1936)-—see also values
of % Al in z (Table 10)—and is probably due to the influence of high
pressure. This has also been inferred by Le Bas (1962) from cell-dimen-
sion measurements of Al-bearing clinopyroxenes obtained by Kuno
(1955), Sakata (1957) and Brown (1960).

By contrast with normal chrome-diopsides, the subcalcic chrome-
diopsides in some ultrabasic nodules from kimberlites would seem to be a
result of high temperature crystallization, although pressure must also
influence their formation.

Minerals from the kimberlitic ultrabasic nodules have slightly higher
Mg/ Fe ratios than the corresponding minerals in the basaltic ultrabasic
nodules. This does not necessarily mean that the Mg/Fe ratio derived
from the overall composition of the ultrabasic nodules from kimberlites
is higher, for only a slightly greater proportion of garnet as compared
with chromian spinel in their respective nodules would be enough to
equalize the Mg/TFe ratios of the two rocks, The Mg/Fe values for the
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kimberlitic ultrabasic nodules E3 and E11 are 11 and 10 respectively,
compared with 7 for the lherzolite-dunite bomb in basalt from Madeira
and 9 for the peridotite xenolith in basalt from California (from analyses
quoted in Table 1).

From the foregoing evidence it appears that the ultrabasic nodules in
kimberlites are analogous to those in basalts, and have therefore probably
been derived from the mantle, but have originated at greater depth.

Eclogite and other nodules. There is no doubt that amphibolite, granulite
and other metamorphic rock xenoliths in kimberlite are fragments de-
rived from the earth’s crust, for they are similar to rocks exposed in
metamorphic terrains, besides being totally different from the host
kimberlite. A difficulty arises when eclogite nodules are considered, for
they characterize (albeit sparingly) most kimberlites. Moreover, rare
eclogite nodules containing diamond are known (e.g., Bobrievich et al.,
1959). However, since du Toit (see Williams 1932, I, pp. 285-286) and
Wagner (1914) have described sequences of related nodules ranging
from low grade metamorphic rocks to granulites and eclogites, there is
little doubt that some eclogites at least are true xenoliths. The main issue,
therefore, concerns the proportion of xenolithic eclogites.

The Basutoland nodules E4, E6, E7, E13 and E39 (Table 4) contain
garnets, falling naturally into a single series (Fig. 6), in which the alman-
dine component is the main variable. Since nodules E39, E6 and E7 are
clearly of xenolithic origin as they contain such non-kimberlitic minerals
as scapolite, kyanite and biotite, a similar origin is inferred for the
omphacite-bearing eclogites E4 and E13.

The garnet in the eclogitic nodule, E16 from Kaalvallei shows affinities
with the pyropes (Fig. 6) and the rock may, therefore, be cognate.

A significant feature of the eclogitic nodules is the presence of either
primary rutile, as in the xenolithic nodules E4, E6 and E13, or ilmenite,
the latter being essentially a kimberlitic mineral, discussed below.

The depth from which xenolithic eclogites originated is conjectural,
but the local presence of diamond in them and their widespread occur-
rence in kimberlites are the main reasons why they have been regarded
as representatives of a primary eclogite zone within the earth (e.g.
Fermor, 1913; Goldschmidt, 1922) possibly overlying a peridotite
mantle (Wagner, 1928) or interlayered with its upper zones (Holmes,
1936). Unlike the ultrabasic nodules, true eclogite nodules are rarely
found in non-kimberlitic volcanic rocks which suggests that the eclogite
zone, if present, is largely restricted to regions of the earth’s crust where
kimberlites occur (i.e., “shield’” areas).
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Cognate nodules. Under this heading are listed the discrete nodules and
grains of ilmenite, pyrope, diopside, certain olivines and enstatites, etc.
thought to have originated within the kimberlite magma. Although
rarely observed in Basutoland kimberlites, local segregations of a com-
posite nature containing two or more of these minerals, e.g., olivine,
ilmenite and pyrope, have been recorded by Wagner (1914, p. 119).
Nodules containing olivine and bronzite, with and without diopside and
pyrope, are also listed by this author who regards some of them (p. 131)
as having

“resulted from the clotting together under plutonic conditions of eatly products of the
consolidation of the kimberlite magma, or from the breaking up of rock thus formed.”

If, as is generally agreed, ilmenite is mainly a primary constituent of
kimberlite, the occurrence of ilmenite-diopside and ilmenite-pyrope
nodules (Wagner, 1914) is strong evidence that pyrope-diopside nodules
(also described by Wagner, 1914), as well as the discrete pyrope and
diopside nodules, are also cognate. These particular garnet-clinopyroxene
nodules may be termed “griquaites,” (See anal. 6, Table 1) a name
suggested by Beck (1907) who, in fact, regarded all the “‘eclogite”
nodules in kimberlite as cognate segregations. Unfortunately there are
insufficient mineralogical and chemical data to delimit with certainty the
eclogite xenoliths and the griquaite segregations. Nodule E16 for ex-
ample, although having a garnet which may be classed with the pyropes,
also contains omphacite, a mineral typical of the eclogites. It must be
stressed, however, that the compositional range of the kimberlitic clino-
pyroxenes (diopsides) is unknown.

Kimberlite. The major clues to the origin of this rock are provided by its
inclusions and the nature of its field relations. As has been seen the inclu-
sions point to sampling by the kimberlite magma of rocks occurring at all
levels in the earth’s crust and in the upper zones of an ultrabasic mantle.
Wagner (1914), Taljaard (1936) and Holmes (1936) have emphasized
the close spatial and chemical relation of kimberlites to melilite basalts
in the field and considered the two genetically connected. The chemical
nature of the original kimberlite magma is obscured by the fragments of
rocks and minerals, both cognate and foreign, present in kimberlite.
Large volumes of gases, notably H.0 and CO, were also probably present,
as is suggested by the observed extensive hydration and carbonation of
the rock.

* The name *griquaite” has been used to designate the igneous facies equivalent of the
metamorphic eclogite facies (Eskola, 1958).
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The original magma may therefore be expressed in terms of a number
of variables, thus:

Parental magma=Lkimberlite+volatiles—accidental inclusions (ultrabasic and crustal
fragments)4-cognate segregations (ilmenite, pyrope, griquaite, etc.)

Holmes (1936) considered that the original magma was essentially an
olivine melilitite (melilite basalt) from which ‘“emanations” consisting
mainly of water, carbon dioxide and phosphorus pentoxide had been lost
and to which had been added xenolithic ultrabasic mantle material
(Iherzolites, etc.) thereby producing kimberlite. One of the main diffi-
culties is to account for the low Nays0%, of kimberlites (Table 1, Nos. 1
and 2) compared with other alkalic volcanics (K,0 values are of the same
order). Holmes and Harwood (1932) originally accounted for this by
postulating a removal of omphacite-bearing eclogites from the magma,
but rescinded this hypothesis when subsequent helium determinations
demonstrated that the eclogitic nodules examined were true xenoliths
(Holmes and Paneth, 1936).

The griquaite nodules and the discrete bottle-green clinopyroxene
nodules on the other hand, are considered to be cognate and, if segregated
from the magma, e.g., by gravitational settling, would reduce its sodium
content. For this to have been effective the cognate clinopyroxenes must
include omphacitic varieties similar to E16 omphacite, for example.

It is significant that the amount of cognate minerals varies greatly in
different kimberlites; in South Africa they may constitute more than half
the kimberlitic rock (Harger, 1905; Voit, 1908). This would account for
the relatively high sodium content of some kimberlites. In view of this, as
well as the variation in the proportions of different types of cognate and
xenolithic inclusions and the extensive secondary alteration of kimber-
lite, it is difficult to compute the chemical nature of the original magma.
It may be noted, however, that melilitite basalt (as postulated by
Holmes (1936) and others) and nepheline melilite basalt compositions can
be obtained for the parental magma by substitution of chemical values
in the equation given above.

On account of a lack of experimental data on rock melting under very
high pressures, it can only be conjectured that the parental magma arose
by partial fusion of part of the earth’s (ultrabasic) mantle. The origin of
the volatiles and variety of trace elements in kimberlites is equally ob-
scure although separation of large quantities of cognate minerals from
the magma (visualized as taking place under reduced temperature condi-
tions) would effect some concentration.



1130 P. H. NIXON, O. VON KNORRING AND J. M. ROOKE

ACKNOWLEDGMENTS

We are indebted to Professor W. Q. Kennedy, F.R.S., for his interest
and encouragement during this study. Thanks are due also to Mrs.
M. H. Kerr, Mrs. E. Padget, Mrs. A. M. Fisher and Miss J. R. Baldwin
for their cooperation with regard to chemical and spectrographic anal-
yses. Grateful acknowledgment is made to Col. J. Scott of Johannesburg
for his generosity during the field work in Basutoland; and to Keir and
Cawder (Glasgow) Ltd. and the Anglo-American Corporation of South
Africa for research grants (to P.H.N.).

REFERENCES

AHRENS, L. R. (1952) The use of ionization potentials. Pt. 1. Tonic radii of the elements.
Geochim. Cosmochim. Acta. 2, 42-48.

ALDERMAN, A. R. (1936) Eclogites in the neighbourhood of Glenelg, Inverness-shire.
Quart. Jour. Geol. Soc. London, 92, 488-530.

Atras, L. (1952) The polymorphism of MgSiO; and solid state equilibra in the system
MgSi0; — CaMgSizOe. Jour. Geol. 60, 125~147.

Barsnap, I. (1948) Vermiculite and its relation to biotite as revealed by base exchange re-
actions, x-ray analyses, differential thermal curves, and water content. Am. Mineral.
33, 655-678.

Barth, T. F. W. (1955) Presentation of rock analyses. Jour. Geol. 63, 348-363.

Beck, R. (1907) Untersuchungen iiber einige siidafrikanische Diamantenlagerstitten.
Zeit. Deut. Geol. Gesell. 59, 275-307.

Bosrievicy, A. P., G. I. SMirNovV AND V. S. SoBoLEV (1959) Xenolith of eclogite with dia-
monds. Doklady Akad. Nouk. S.S.S.R. 126, 637-640.

BoxnEy, T. G. (1899) The parent rock of diamond in South Africa. Proc. Roy. Soc. London,
65, 223-236.

——— (1901) Additional notes on boulders and other rock specimens from the Newlands
Diamond Mine, Griqualand West. Proc. Roy. Soc. London, 67, 475-484.

——— aND C. A. RarsiN (1895) On the rock and other specimens from the Kimberley
Mines. Geol. Mag. N.S. Dec. IV, IT, 496-502.

BovenkEerk, M. P, F. P. Bunpy, H. T. Harr, H. M. StroNG AND R. H. WENTORY (1959)
Preparation of diamond. Nature, 184, 1094-1098.

Bowen, N. L. (1914) The ternary system diopside-fosterite-silica. Am. Jour. Sci., 4th
ser., 38, 207-264.

Bovp, F. R. anp J. L. ENcLaAND (1959) Experimentation at high pressures and tempera-
tures; pyrope. Carnegie Inst., Year Book 58, 83-87.

——— AND J. F. ScHAIRER (1957) The join MgSi0O;-CaMgSi,Os. Carnegie Inst., Year Book
56, 223-225.

Brown, G. M. (1960) The effect of ion substitution on the unit cell dimensions of the com-
mon clinopyroxenes. Am. Mineral. 45, 15-38.

BuNTING, E. N. AND A. vaN VALKENBURG (1958) Some properties of diamond. Am. Mineral.
43, 102-106.

Burov, A. P. anp otuERs (1958) Die Diamenten-Sibiriens. Zeit. angew. Geol. 4, 555-558.

CHESLEY, F. G. (1942) Investigations of the minor elements in diamond. Am. Mineral. 27,
20-36.

Davipson, C. F. (1943) The Archean rocks of the Rodil District, South Harris, Quter
Hebrides. Roy. Soc. Edin. Trans. 61, 71-112.



BASUTOLAND KIMBERLITES 1131

DawsoN, J. B. (1960) A comparative study of the geology and petrography of the kimber-
lites of the Basutoland Province. Ph.D. Thesis, University of Leeds.

——— (1962) Basutoland kimberlites. Bull. Geol. Soc. Am. 73, 545-560.

DENNEN, W. H. aND R. SHIELDS (1956) Yttria in zircon. Am. Mineral. 41, 655-657.

Du Torr, A. L. (1934) Discussion on Shand’s publication “The heavy minerals of kimber-
lite.” Geol. Soc. S. Africa, Proc. 37, 1-ii.

(1954) The Geology of South Africa. Oliver and Boyd, Edinburgh.

Ernst, T. (1936) Der Melilith-Basalt des Westberges bei Hofgeismer, nérdlich von Kassel,
ein Assimilationsprodukt ultrabasischer Gesteine. Chemie Erde, 10, 631-666.

Eskora, P. (1922) The mineral facies of rocks. Norsk. Geol. Tidssk. 6, 143-194.

——— (1958) On pressure. Finnish Acad. Sci. Proc. 1-17.

FERMOR, L. L. (1913) Preliminary note on garnet as a geological barometer and on an infra-
plutonic zone in the earth’s crust. Geol. Surv. India, Rec. 43, 41-47.

——— (1952) On a new chrome garnet. Geol. Mag. 89, 145-147.

Fozzarp, P. M. H. (1956) Further notes on the volcanic rocks from Igwisi. Rec. Geol. Surv.
Tanganyika, 6, 69-75.

FrECHEN, J. (1948) Die Genese der Olivinausscheidungen von Dreiser Weiher (Eifel)
und Finkenberg (Siebengebirge). Neues Jakrb. Mineral. 79A, 317-406.

Gacer, C. (1912) Studien iiber den Aufbau und die Gesteine Madeiras. Zedt. deut. geol.
Gesell. 64, 344491,

Goroscumint, V. M. (1922) Uber die Massenverteilung in Erdinnern, vergleichen mit der
Struktur gewisser Meteoriten. Nalurwissenschaften, 10, 918-920.

HARGER, H. S. (1905) The diamond pipes and fissures of South Africa. Geol. Soc. S. Africa,
Trans. 8, 110-134.

Harris, P. G. anp J. A. RowsLL (1960) Geochemical aspects of the Mohorovicic discon-
tinuity. Jour. Geophys. Res. 65, 2443-2459.

Hess, H. H. (1949) Chemical composition and optical properties of common clinopyrox-
enes. Am. Mineral. 34, 621-666.

——— (1960) Stillwater igneous complex, Montana. Geol. Soc. Am. Mem. 80.

——— anD J. C. MaxweLL (1953) Caribbean Research project. Bull. Geol. Soc. Am. 64,
1-6.

Hezner, L. (1903) Ein Beitrag zur Kenntnis der Eklogite und Amphibolite, mit be-
sonderer Beriichsichtigung der Vorkommnisse des mitteren Otzals. Tscher. Min. Petr.
Mits. 22, 437-505.

HoLuEs, A. (1936) Contributions to the petrology of kimberlites and its inclusions. Geol.
Soc. S. Africa Trans. 39, 379-428.

——— axp H. F. Harwoop (1932) Petrology of the volcanic fields east and south-east of
Ruwenzori, Uganda. Quart. Jour. Geol. Soc., London, 88, 370-442.

——— anD F. A, Paxern (1936) Helium ratios of rocks and minerals from the diamond
pipes of South Africa. Proc. Roy. Soc. London, 154A, 385-413.

Ivm, 1. V., N. A, KurvLEva, L. A. Popucaviva anp Y. B. Sicar (1959) Crysolites of
Yakutia’s kimberlite pipes as precious stones for the jewelry industry. Intern. Geol.
Rev. 1, 45-46.

KnNorRING, O. voN aAND W. Q. KeNNEDY (1958) The mineral paragenesis and metamorphic
status of garnet-hornblende-pyroxene-scapolite gneiss from Ghana (Gold Coast).
Mineral. Mag. 31, 846-859.

Kuno, H. (1955) Ton substitution in the diopside-ferropigeonite series of clinopyroxenes.
Am. Mineral. 40, 70-93.

———J. Yamasaxi, C. Impa anp K. Nacasamma (1957) Differentiation of Hawaiian
magmas. Jap. Jour. Geol. Geog. 28, 179-218.




1132 P. H. NIXON, O. VON KNORRING AND J. M. ROOKE

Lz Bas, M. J. (1962) The role of aluminium in igneous clinopyroxenes with relation to their
parentage. Am. Jour. Sci. 260, 267-288.

Lewis, H. C. (1888) The matrix of the diamond, II. Geol. Mag. 5, 129-131.

MaskeLYNE, N. S. AND W. FLicHT (1874) On the character of the diamantiferous rock of
South Africa. Quart. Jour. Geol. Soc. London, 30, 406-416.

MirLasHEV, V. A. (1958) Kimberlites from the southern part of the middle Olenek region.
Zap. Vsesoy, Min. Obsh., 87, 315-326. (Chem. Abs. 52, 19750).

Murvocs, J. (1951) Perovskite. Am. Mineral. 36, 573-580.

Nixon, P. H. (1960) A mineralogical and geochemical study of kimberlites and the associ-
ated xenoliths. Ph.D. Thesis, University of Leeds.

Nockorps, S. R. (1954) Average chemical composition of some igneous rocks. Bull. Geol.
Soc. Amer. 65, 1007-1032.

PARTRIDGE, G. C. (1934) The identification of kimberlite and kimberlite minerals by spec-
troscopic and other methods. Geol. Soc. S. Africa, Trans. 37, 585-636.

Raar, F. A. (1957) A spectrographic study of the minor element content of diamond. Am.
Mineral 42, 354-361.

Rinewoop, A. E. (1958) The constitution of the mantle—IIL. Geochim. Cosmochim. Acta,
15, 192-212,

Rock Coror CrART (1948) U. S. Nat. Res. Council, Washington, D. C.

Rooxe, J. M. anp A. M. FisuER (1962) Validity of spectrographic determinations of trace
elements in granite G-1 and diabase W-1. Geochim. Cosmochim. Acta, 26, 335-342.
Ross, C. S., M. D. FosTer aND A. T. MvyERs (1954} Origin of dunites and of olivine-rich

inclusions in basaltic rocks. Am. Mineral. 39, 693-737.

Rov, R. anp O. F. TuTTLE (1956) Investigations under hydrothermal conditions. Physics
and Chemistry of the Earth, 1. 138-180. Pergamon Press, London.

Sakata, Y. (1957) Unit cell dimensions of synthetic aluminian diopsides. Jap. Jour. Geol.
Geog. 28, 161-168.

Suawnp, S. J. (1934) The heavy minerals of kimberlites. Geol. Soc. S. Africa Trans. 37,
57-68.

SKINNER, B. J. (1956) Physical properties of the garnet group. Am. Mineral. 41, 428-436.

SuirNov, G. 1. (1959) Mineralogy of Siberian kimberlites. I'nternat. Geol. Rev., 1, (12), 21-39

StockLEY, G. M. (1947) Report on the geology of Basutoland. Maseru, Basutoland Govern-
ment.

Tarjaarp, M. S. (1936) South African melilitite basalts and their relations. Geol. Soc. S.
Africa Trans. 39, 281-316.

Vorr, F. W. (1908) Discussion on his previous papers in Geol. Soc. S. Africa, Trans., Geol
Soc. S. Africa, Proc. 10, 64—67.

Wacer, L. R. anp R. L. MrrcuirL (1951) The distribution of trace elements during strong
fractionation of basic magma—a further study of the Skaergaard intrusion, East
Greenland. Geockim. Cosmochim. Acta, 1, 129-208.

WacongR, P. A. (1914) The diamond fields of Southern Africa. The Transvaal Leader,
Johannesburg.

——— (1928) The evidence of kimberlite pipes on the constitution of the outer part of the
earth. S. African Jour. Sci. 25, 127-148.

Warson, K. D. (1955) Kimberlite at Bachelor Lake, Quebec. Am. Mineral. 40, 565-579.

WirLiams, A. F. (1932) The genesis of the diamond. Two vols. Ernest Benn, Ltd,, London

Wryriig, P. J. (1959) Discrepancies between optic axial angles of olivines measured over
different bisectrices. Am. Mineral. 44, 49-64.

YopEr, H. S. (1952) The MgO-ALO;-H>0O system and the related metamorphic facies.
Am. Jour. Sci., Bowen vol., 569-627.

Manuscript received, December 3, 1961 ; accepted for publication, April 8, 1963.





