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Preface 

Since the first edition was published in 1979, the Third International 
Kimberlite Conference was held in Clermont-Ferrand in 1982. Nevertheless, 
several of the problems addressed by papers in the first edition of this 
publication are still valid and remain unanswered today. For example, we 
still do not understand the spatial and temporal relationship between 
kimberiite, xenocrysts and xenoliths, nor do we understand why kimberlites 
occur where they do or why they often intruded ancient cratonic areas 
perioaically throughout geologic time. There is a growi•4• suspicion that 
continental rifting or perhaps doleritic/basaltic volcanism is a precursor 
to kimberlitic activity, but the links are tenuous and often conflicting. 

The problems of definition and adequate classification of kimberlites, 
especially for the southern African rocks, are nearing resolution. 
Hopefully, others will embrace this classification, and misnomers concerning 
rocks now misleadingly referred to as Kimberlite will be removea. 

Diamonds received attention during the intervening years between the two 
Kimberñite Conferences, but still there persists the belief that diamonds 
an• kimberlite are genetically related. And this in spite of the fact that 
the richest diamond-bearing rock in the world is a tuffaceous l•nproite in 
northwest Australia. 

Interestingñy, geochemical studies of kimbertite have not been numerous. 
This may be because of the brecciated nature of •imberlite and the presence 
of nu•nerous macro- and micro-inclusions of foreign material. The field is 
ripe for study if one can separate out the essential minerals of kimberlite. 
This comment is pertinent to isotopic studies as well. Curiously, an area 
that is lacking is the determination of ages of various xenoliths and 
xenocrysts. A•mitteGly, this is difficult, but the results would be of 
significance with regard to the evolution of the upper mantle, a subject 
covered in volume 2 of these Proceedings. 

Henry 0. A. Meyer 
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I. DIAMONDS 

SILICATE AND OXIDE INCLUSIONS IN DIAMONDS FROM THE FINSCH KIMBERLITE PIPE 

J.J. Gurney 

Geochemistry Department, University of Cape Town, Rondebosch 7700, S. Africa 

J.W. Harris 

Grant Institute of Geology, University of Edinburgh, Edinburgh EH9 3JW, U.K. 

R.S. Ri ckard 

Geochemistry Department, University of Cape Town, Rondebosch 7700, S. Africa 

Abstract. A systematic search of 14,500 
carats of diamonds (approximately 232,000 stones) 
from the Finsch kimberlite yielded 1024 diamonds 
with microscopic inclusions. Sulphides (358), 
graphite (132) and clouds (23) constitute almost 
exactly half of these. Of the rest 501 
inclusions are minerals of peridotitic composition 
whilst lO are eclogitic. 

The mineral inclusions appear to be in equi- 
librium with each other and diamond. 

The peridotitic minerals are: olivine (60%), 
orthopyroxene (20%)• garnet (20%) and chromite 
(1%). The eclogitic minerals are garnet, 
clinopyroxene and kyanite. 

A total of 100 minerals from 80 diamonds have 
been analysed including 14 garnet/olivine, 2 
garnet/orthopyroxene, 1 olivine/chromite, 1 
orthopyroxene/silica phase, 1 garnet/clino- 
pyroxene and 1 clinopyroxene/phlogopite pairs. 

The peridotitic minerals are distinctively 
depleted in calcium and have high Mg/Fe and 
Cr/A1 ratios. The eclogitic minerals have 
opposite characteristics. 

The 2 garnet/orthopyroxene pairs could have 
formed at virtually identical temperatures and 
pressures. These conditions were within the 
diamond stability field at a temperature close 
to 1100øC and a pressure close to 50 kb. 

The peridotitic inclusions and the associated 
diamonds crystallised from a melt formed by a 
small degree of partial melting of a garnet 
lherzolite mantle in the presence of water and 

CO 2. Capture of Ca ++ by CO•- is proposed to 
account for the calcium depleted nature of the 
mineral inclusions in these diamonds. Based on 
mineral abundances •--98% of the diamonds at 
Finsch formed during this process. 

The remaining ,•-2% are considered to be 

derived from a pre-existing diamondiferous 
eclogite horizon sampled by the kimberlite 
during its ascent through the mantle. 

In tro duct i on 

The Finsch Pipe is a major kimberlite mine 
which has produced diamonds since 1963 at a rate 
which has been greater than 2 million carats 
annually in recent years. The mine is about 37 
km east of Postmasburg, Cape Province, South 
Africa. 

The diatreme is intrusive into the banded 
ironstones of the Lower Griquatown (Pretoria) 
Group, lying outside of the present day extent 
of the Karoo sedimentary basin. Nevertheless, 
fragments of Karoo rocks have been seen in the 
kimberlite and a zircon age of 93 m.y. (Davis, 
1977) groups this occurrence with the post-Karoo 
kimberiite intrusives of virtually contemporan- 
eous age from Botswana, the Kimberley District 
and Northern Lesotho. 

The surface kimberlite at Finsch has been 
completely altered. Ruotsala (1974) has de- 
scribed this material as friable yellow ground 
which persists to a depth of approximately 130 
feet. The yellow ground grades into blue over 
approximately the next 100 feet. Some aspects 
of the general petrography of the Finsch kimber- 
lite have been presented by Clement (1975). 

More than 90% of the heavy mineral concen- 
trate produced during the diamond recovery pro- 
cess in the mining operation at Finsch is garnet. 
Ilmenite and diopside are both very rare. The 
predominance of garnet is thought to be only in 
part due to weathering in the surface kimberlite. 
Olivine and orthopyroxene would be completely 
removed by this process, but we have seen chrome 
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Abstract. A systematic search of 14,500 
carats of diamonds (approximately 232,000 stones) 
from the Finsch kimberlite yielded 1024 diamonds 
with microscopic inclusions. S ulphides (358), 
graphite (132) and clouds (23) constitute almost 
exactly half of these. Of the rest 501 
inclusions are minerals of peridotitic composition 
whilst 10 are eclogitic. 

The mineral inclusions appear to be in equi
librium with each other and diamond. 

The peridotitic minerals are: olivine (60%), 
orthopyroxene (20%), garnet (20%) and chromite 
(1%). The eclogitic minerals are garnet, 
clinopyroxene and kyanite. 

A total of 100 minerals from 80 diamonds have 
been analysed including 14 garnet/olivine, 2 
garnet/orthopyroxene, 1 olivine/chromite, 1 
orthopyroxene/silica phase, 1 garnet/clino
pyroxene and 1 clinopyroxene/phlogopite pairs. 

The peridotitic minerals are distinctively 
depleted in calcium and have high Mg/Fe and 
Cr/Al ratios. The eclogitic minerals ha ve 
opposi te characteristics. 

The 2 garnet/orthopyroxene pairs could have 
formed at virtually identical temperatures and 
pressures. These conditions were within the 
diamon d stability field at a temperature close 
to 11000C and a pressure close to 50 kb. 

The peridotitic inclusions and the associated 
diamonds crystallised from a melt formed by a 
small degree of partial melting of a garnet 
lherzolite mantle in the presence of water and 
CO

2, Capture of Ca++ by C03- is proposed to 
account for the calcium depleted nature of the 
mineral inclusions in these diamonds. Based on 
mineral abundances - 98% of the diamonds at 
Finsch forme d during this process. 

The remaining -2% are considered to be 

derived from a pre-existing diamondiferous 
eclogite horizon sampled by the kimberlite 
during its ascent through the mantle. 

Introduction 

The Finsch Pipe is a major kimberlite mine 
which has produced diamonds since 1963 at a rate 
which has been greater than 2 million carats 
annually in recent years. The mine is about 37 
km east of Postmasburg, Cape Province, South 
Africa. 

The diatreme is intrusive into the banded 
ironstones of the Lower Griquatown (Pretoria) 
Group, lying outside of the present day extent 
of the Karoo sedimentary basin. Nevertheless, 
fragments of Karoo rocks have been seen in the 
kimberlite and a zircon age of 93 m.y. (Davis, 
1977) groups this occurrence with the post-Karoo 
kimberlite intrusives of virtually contemporan
eous age from Botswana, the Kimberley District 
and Northern Lesotho. 

The surface kimberlite at Finsch has been 
completely altered. Ruotsala (1974) has de
scribed this material as friable yellow ground 
which persists to a depth of approximately 130 
feet. The yellow ground grades into blue over 
approximately the next 100 feet. Some aspects 
of the general petrography of the Finsch kimber
lite have been presented by Clement (1975). 

More than 90% of the heavy mineral concen
trate produced during the diamond recovery pro
cess in the mining operation at Finsch is garnet. 
Ilmenite and diopside are both very rare. The 
predominance of garnet is thought to be only in 
part due to weathering in the surface kimberlite. 
Olivine and orthopyroxene would be completely 
removed by this process, but we have seen chrome 
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diopside and ilmenite persist in yellow ground 
elsewhere and• in addition, current mining 
operations are in less altered material with no 
obvious change in concentrate character. The 
garnets from the concentrate have been studied 
by Gurney and $witzer (1973). 

Objectives 

It was the aim of this study to determine 
which minerals occur as inclusions in diamonds 

from the Finsch Mine, and to find the range in 
chemical composition for individual mineral spe- 
cies. It was also intended to investigate the 
conditions under which these minerals might 
crystallise and hence to gain an insight into 
the natural process of diamond formation. In 
this respect it was obvious that diamonds con- 
taining more than one mineral species as in- 
clusions would be particularly important. 

Although inclusions in diamonds have been 
studied and analysed by various workers in recent 
years, the comprehensive sampling of a single 
locality in the manner of this study has not 
previously been possible. It was hoped that the 
restriction of the sampling to inclusions from 
one locality would simplify interpretation of the 
new data. 

The Finsch locality was of particular interest 
because of the presence of low calcium, high 
magnesium, high chromium garnets in the concen- 
trate (Gurney and $witzer, 19 73). The present 
study was expected to show that the xenocryst 
garnets were identical to the diamond inclusions 
as predicted in the earlier work. 

In so far as possible, it was intended to 
compare the inclusions in the diamonds with the 
same minerals in mantle xenoliths from the same 

kimberlite. However, the practical difficulty 
experienced in sampling the xenoliths at Finsch 
has restricted this comparison to only a few 
rocks. 

Diamond Selection 

The diamonds were selected from that part of 
the general production defined by the -6 to +5 
diamond sieve class. The diamonds are less than 

1.83 min. in largest dimension and average 
approximately 0.056 carat/stone. This 
relatively small size was considered acceptable 
as there is no evidence to relate inclusion size 

or type to diamond size and it is much easier to 
extract inclusions from a small diamond than a 

large crystal. 
The diamonds were first inspected by binocular 

microscope and those containing inclusions were 
separated and divided into categories of mineral 
assemblages. The sampling information and a 
breakdown of the categories are summarised in 
Table 1. As the ten categories in Table 1 were 
compiled on observational evidence only, it was 
not possible to distinguish between certain 
mineral species whilst they were still inside the 
diamond. 

No attempt was made to allocate olivine, 
orthopyroxene or other essentially colourless 
mineral inclusions to separate categories; they 
were all termed colourless inclusions. Subse- 

quent inclusion analyses showed that more than 
70% of these are olivine. The rest are ortho- 

pyroxene, except for very rare high Si phases, 
believed to be coesite. 

O livine is often found in the eye of sulphide 
inclusions (Harris, 1972) but these are frequent- 
ly masked from view so the sulphide category will 
include a certain number of olivines; sulphide 
more rarely disguises other inclusions such as 
purple garnet or eclogitic minerals. 

TABLE ]. •ihe Relative Abundance of Inclusions 

in Diamonds of Sieve Class -6 +5 (a) 
from the Finsch pipe 

1. Peridotite Paragenes[s No 

Colourless inclusions 

Colourless inclusions + purple garnet 
Purple garnet 
Purple garnet + sulphide 
Ch r om • t e 

2. Eclogite Paragenesis 

Orange garnet 
Orange garnet plus sulphide 

3. Other Inclusions' Paragenesis not defined 

Sulp-----• i de----• (b) 
Graphite 
Clouds (dense particles) 

Totals (1 + 2 + 3) 

Estimated No. of carats inspected 

381 

5O 

63 

3 

4 

501 

8 

358 

132 

23 

513 

1024 

14,500 
Estimated No. of stones inspected 232,000 

(a) Sieve class -6 +5. Diameter of circular 

aperture = 1,829 m.m. Approximate average 
weight in carats/stone =0.056 ct. 

(b) Sulphides occur with both peridotite para- 
genesis and eclogite paragenesis minerals. 
The majority of such silicates are olivine 
(i.e. peridotire paragenesis). 

(c) In a subsequent search of additional 
diamonds eclogitic clinopyroxene, an 
eclogitic garnet/clinopyroxene pair, a 
kyanite and a phlogopite were found. These 
minerals are included in the discussion but 
not in this abundance table. 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



It was difficult to distinguish sulphides from 
graphite and at present we have no information on 
the sulphide inclusion breakdown nor their com- 
positions. We cannot therefore assess the 
extent of misidentification in this category of 
essentially black-looking inclusions. 

The purple and the orange garnet categories 
have been found analytically to correspond to 
chrome-rich and chrome-poor compositions 
respectively, whilst all the spinels are high 
chromium chromites. 

Clinopyroxenes are so rare in Finsch diamonds 
that none were found in the initial sampling. 
Subsequently four chrome-poor clinopyroxenes were 
found in an inspection of several different size 
ranges of Finsch production; one co-exists with 
chrome-poor garnet. During this later search an 
extremely magnesian, low calcium garnet with an 
unexpected green colour (F87- Table 2), a kyanite 
(Table 3) and additional chromites (Table 2) were 
found and analysed. Although the bright green 
colour of chrome diopsides should make them 
easily visible in a diamond• none were found 
either in the initial sampling of •-• 232,000 
stones or subsequently. 

Mineral Inclusion Selection and Diamond 
Characteris tics 

In accordance with our principal objective, 
inclusions were selected for analysis in such a 
way as to allow investigation of their range in 
chemistry, both within single diamonds and within 
the diamond suite as a whole. Care was taken to 

analyse all identified inclusions of relatively 
rare mineral type (clinopyroxenes, chromite, 
kyanite), as well as all inclusions of unusual 
colour or lustre. Particular attention was given 
to the selection of diamonds with more than one 

inclusion. 

In addition to the nature of inclusions, 
attention was given to the characteristics of the 
host diamonds, in order to investigate relation- 
ships between inclusion types and the diamond 
habit and colour. Six shape categories of dia- 
monds (octahedron, dodecahedron, flattened dode- 
cahedron, macle• irregular and aggregate) and two 
principal colour types (colourless and brown) 
were determined. In those inclusion groups 
(Table 1), where the numbers of diamonds were 
relatively large (e.g. peridotitic olivines and 
garnets), inclusion-bearing diamonds were chosen 
in order to represent each of the shape and colour 
categories. For rarer inclusion groups, all in- 
clusions were investigated. 

In most groups there were insufficient data to 
make a meaningful assessment of the relationships 
between diamond shape, diamond colour, and in- 
clusion chemistry. Where a number of inclusions 
were found- that is for the peridotitic olivines 
and garnets - the restricted range of the in- 
clusions (discussed below) prevented the detect- 
ion of any correlation. 

The shape classification of inclusion-bearing 
diamonds did reveal, however, that over 60% of 

diamonds containing peridotitic inclusions were 
macles. This percentage is three times that of 
macles in the same size range from the general 
diamond production at Finsch (see Harris et al., 
19 75; Harris and Gurney, 19 78). 

Analytical Procedure 

The inclusions were released from the diamond 

by mechanical crushing and fracturing. The 
individual inclusions, usually 0.1 - 0.5 min. in 
size were suitably mounted and polished and 
analysed by an electron microprobe analyser, 
using standards of similar composition and 
applying the data correction procedure Abfan II 
(Boyd, Finger and Chayes, 1969). Detection 
limits for each element are given in Table 4. 

Inclusions Studied 

A total of 100 minerals in 80 diamonds have 

been analysed. These include one garnet/clino- 
pyroxene and one clinopyroxene/phlogopite pair 
from the eclogitic suite together with 14 garnet/ 
olivine, 2 garnet/orthopyroxene• one olivine/ 
chromite and one orthopyroxene/silica phase of 
peridotitic origin. The total is made up of 50 
garnets, 22 olivines, 6 orthopyroxenes and 8 
chromites from the peridotitic suite, 6 garnets, 
4 clinopyroxenes, a phlogopite and a kyanite of 
eclogitic character and 2 silica rich phases 
believed to be coesite. 

The inclusions were wholly enclosed within the 
diamonds and were not located in cracks, nor 
along fractures nor annealed fractures. They 
show little or no signs or alteration. Irres- 
pective of inclusion type many of the inclusions 
are clearly xenohedral (Prinz et at., 19 75), and 
commonly exhibit equant or elongate cubo-octa- 
hedral morphologies, with inclusion faces closely 
parallel to the (1OO) and (111) planes in the 
diamonds. Where more than one inclusion of the 

same mineral was found in one diamond, the crystal 
morphologies were often different. 

In some instances more than one inclusion of 
the same mineral was found in one diamond and 

seventeen such cases were investigated. In agree- 
ment with the majority of previous studies of 
this aspect; for example by Sobolev (1974) or 
Prinz et al., (1975); no analytically significant 
differences in composition were recorded for 
grains of the same mineral in one diamond. 

In addition to the above it was also noted 

that the compositions of different minerals in 
the same diamond were systematically co-variant. 
For instance, the most iron-rich olivine co- 
exists with iron-rich garnet (see Figs. 1 and 3) 
whilst more magnesian olivine and garnet are found 
together in 12 diamonds. Orthopyroxene is always 
more magnesian than olivine as it is in the 
peridotite xenoliths. In all of these respects 
our results are entirely consistent with other 
previously published information on diamond 
inclusions as reviewed by Meyer and Tsai (1976). 

We consider that this evidence is strongly in 
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TABLE 4. Analytical Detection Limits for 
Mineral Analysis by Electron 

.......................... ..M.i.c.r_0s_cø•pe ............... 
E lemen t De te c ti on 

Oxide Limit wt. % 
_ 

$i0 2 0.03 
Ti02 0.03 
A120 3 0.02 
Cry0 3 0.04 
Fe• 0.04 
Mn0 0.03 

Mg0 0.0 3 
Ca0 0.02 

Na20 0.05 
K20 0.03 

favour of equilibrium crystallisation of the 
diamond host and its inclusion mineral or miner- 
als and conclude that the original mineral compo- 
sitions have not changed since diamond formation. 

At Finsch the silicate inclusions are dominat- 

ed by olivine (see Table 1). Chrome garnet and 
orthopyroxene clearly can co-exist with olivine 
since they have been found in the same diamond. 
(See Table 1). All three, together with chro- 
mites since they resemble the minerals found 
in mantle peridotite from kimberlite fall within 
the grouping termed the ultramafic suite (Meyer 
and Tsai, 1976), or the peridotire suite (Harris 
and Gurney, 19 78). 

Previous studies of diamond inclusions have 

identified another major suite of minerals which 
have been termed "eclogitic" on the basis of the 
major component similarity of these inclusions 
compared to minerals found in the occasionally 
diamondiferous kimberlite xenolith, eclogite. 
This second suite is present at Finsch, but 
forms only a very minor part (<2%) of the sili- 
cate inclusion population at this locality. In 
this respect Finsch appears to be similar to Mir 
(Sobolev, 1974). 

The Eclogite Inclusions 

The eclogite inclusions are so rare that out 
of the initial sampling of 1024 inclusions from 
approximately 232,000 diamonds only 10 were 
visually identified to be of eclogitic origin. 
Whilst a further search in different size ranges 
of diamonds confirmed this rarity, a number of 
additional eclogitic minerals were recovered and 
have been analysed. Analyses of all the eclo- 
gitic minerals will be found in Table 3. 

The garnets and clinopyroxenes are both iron- 
rich, but within the reported range from other 
localities as shown for garnets (Fig. 2). The 
garnets fall into the field D in Figs. 4A and 2 
and plot the furthest away from the Mg apex of 
all garnets found at Finsch. Both the garnets 
and clinopyroxenes show wide variations in 

chemistry which are difficult to interpret with- 
out additional inclusions from which to attempt 
to develop some compositional trends. They are 
however chemically related to the eclogite 
xenoliths in the pipe which are also character- 
ised by iron enrichment and variability in com- 
position providing the four small samples avail- 
able for our study (see Fig. 4A) are represent- 
ative of the eclogite suite as a whole. The 
single kyanite inclusion in a diamond is con- 
sidered to show an association with kyanite eclo- 
gite which, it is inferred, will be found in the 
Finsch kimberlite as sampling progresses. Kya- 
nite, however, is usually associated with gross- 
ular garnet, and it is regarded as certain that 
the limited number of eclogitic minerals sampled 
do not completely define the compositional var- 
iations of eclogitic minerals at the Finsch lo- 
cality. 

The high sodium contents of eclogite garnet 
inclusions were first commented upon by Sobolev 
et al. (1971) and are confirmed at Finsch. They 
are not restricted to the inclusions since one 

of the four analysed xenolith garnets has 0.14 wt. 
% Na20. 

Although eclogite minerals in diamond are very 
rare at Finsch, one garnet/clinopyroxene pair was 
analysed (F89: Table 3). Application of the 
Fe/Mg.gt/cpx geothermometer (Raheim and Green, 
1974) gives temperatures of 1019øC, 1095øC and 
1171øC at pressures of 40, 50 and 60 kb. respect- 
ively. This range of values intercepts the dia- 
mond/graphite reaction curve at 1030øC and 42 kb., 
and defines a line close to and parallel to the 
peridotite wet solidus of Kushiro et al. (1968), 
(see Fig. 6), thereby implying hydrous melting 
assuming that the inclusions equilibrated with a 
melt. Wood (1976) has expressed reservations 
about the accuracy of the gt/cpx geothermometer 
on both experimental and theoretical grounds and 
since the calcium content of the garnet, at 10.9 
wt. % CaO, is outside the ran. ge of the experiment- 
al calibration, the calculation could be inaccur- 
ate. It does, however, predict conditions of 

MAGNESIUM/IRON DISTRIBUTIONS IN OPX, AND OLIVINE 
14 14 

12 • [12 io Orthopyroxenes (6) Finsoh Oilvine (22) F•nsch •o 

T 4 

0 100 98 96 94 92 90 8'8 86 100 98 96 94 92 89 
1o io 

(5 Analyse• Analy•e• 
4 (Meyer+Ti.i 1976) (Meye•tTIil 1976 4 
2 2 
o r"'l i-i o 

100 9 8 9• 94 92 90 88 86 i00 •8 9<5 94 •2 89 

( Mg J Mg+ Fe x 100 ) 

Figure 1. Mg/Mg and Fe ratios for orthopyroxene 
and olivine inclusions in diamonds. 
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formation which are similar to those which we have 

calculated for garnet/orthopyroxene pairs from two 
Fins ch diamonds. 

Eclogite xenoliths from kimberlite are occa- 
sionally found to contain diamonds (e.g. Rickwood 
et al., 1969; Reid et al., 1976) and since the 
eclog4te xeno!iths at Roberts Victor are demon- 
strably non-cognate to the kimberlite (Kramers, 
1977), we have no evidence which contradicts the 
views of Sobolev (1974) and others, that the eclo- 
gitic inclusions are found in diamonds released 
from disaggregated eclogite xenoliths sampled by 
chance by the protokimberlite at depth. Indeed, 
we suggest that the lead isotope ratios obtained 
by Kramers (1977) for Finsch sulphide inclusions, 
on which is based the non-cognate origin of the 
diamonds in the kimberlite, may relate only to the 
eclogite derived fraction of the diamond populat- 
i on. 

The Peridotite Inclusions 

The twenty-two analysed olivines are forster- 
ites; twenty-one have a very restricted range in 
composition (Fo 93.5 - 94.75)whilst one is Fo 92. 
TiO2, A1203, Cr203 and CaO are in all cases on or 
below the analytical detection limit (see Table 
4). The high Cr203 contents (>0.05%) reported by 
other workers (e.g. Meyer and Boyd, 1972) are not 
present in this sampling of Finsch olivine in- 
clusions, which have been very carefully checked. 
Sobolev (1974) gives similar results for inclus- 
ions from Mir and has shown that high Cr olivines 
are in equilibrium with the most chromiferous 
garnets. Garnet inclusions at Finsch frequently 
have less than 8% Cr20 •. Twelve of the olivines 
spanning the full compositional range co-exist 
with garnet. 

The six orthopyroxenes are very magnesian en- 
statites with 100 (Mg/Mg + Fe) in the range 
94.5- 95.5. Two co-exist with garnet. One con- 
tains O.26 wt.% A!20 • and the other 0.66 wt.% 
A1203. These values are the limits of A1203 con- 
tents found in all orthopyroxene inclusions. 
Calcium is very low (0.09 wt.% - 0.27 wt.% Ca). 
The range in sodium is 0.06 wt.% - 0.14 wt.% 
Na20. Titanium was not detected (D.L.•O.O3wt.%). 

2O 

FINSCH 

GARNETS 

D 

OTHER 

PUBLISHED 

ANALYSES 

40 

o 2o 3o 4o s'o •,o 7o •o s,o •oo 

•o o(Mg / Mg+ Fe) 

Figure 2. Mg/Mg and Fe ratios for garnet inclu- 
sions in diamonds (See text for 

discussion of groups ABC and D.) 

Finsch Diamond Inclusions- Peridotitic Garnets 

1' 

0-1 1.1 2.) 3.1 4-1 

Wt% CaO 

c 

5.1 - 6-1 

1' 

84 85 86 87 88 89 90 91 92 93 94 95 96 

100(Mg / Mg+Fe) • 

4 5 6 8 10 12 14 15 16 

Wt% Cr: O• ----•j> 

Figure 3. Ca0, Mg/Mg and Fe and Cr203 in peri- 
dotitic garnet inclusions in Finsch 
diamonds. 

The Cr203/A1203 ratio is fairly constant (O.41- 
0.59). 

The Mg/Fe distributions in the orthopyroxenes 
and olivines are summarised in Fig. 1 where they 
are compared with other published analyses of in- 
clusions in diamonds and some xenolith data from 

Finsch. A similar plot for all the Finsch gar- 
nets is presented in Fig. 2. The Finsch perido- 
titic inclusions, olivine, orthopyroxene and gar- 
net, fall within the range of Mg/Mg + Fe reported 
elsewhere but to the magnesian side of the median 
in all three cases. Selected analyses of the 
peridotite minerals are given in Table 2. 

The variation in composition of the peridoti- 
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Mg 

Figure 4A. Ca:Mg:Fe diagram for garnets from 
Finsch. 

Symbols : [] :Eclogite Xenoliths 
ß :Garnet Websteritc Xeno- 

li th 

© :Concentrate Xenocrysts 
+:Eclogitic inclusions in 

diamond (Field D). 

Field A (unshaded Area)' 

field of group A inclu- 
sions in diamonds. 

Black field: see Fig.4B. 

tic garnet inclusions is largely defined by the 
ranges in Mg/Mg + Fe ratio, Cr203 and CaO illus- 
trated in Figs. 3, 4 and 5. For convenient ref- 
erence the peridotitic garnets have been broken 
up into three groupings A, B and C on the basis 
of calcium content, whilst the eclogitic garnet 
inclusions are called Group D (Fig. 2). Forty- 
four out of fifty peridotitic garnets have very 
low calcium contents and fall in Group A. There- 
fore Group A garnets predominate over a minor 
component of rare garnet compositions (Groups B 
and C). The analyses need no assigned Fe •+ to 
fill the trivalent lattice site since (A13+ + 
Cr 3+) = 2.00 ñ O;03 for all fifty zarnets. 
Titanium was detected in only five garnets, 
sodium in none and manganese is always within the 
range 0.15 - 0.30 wt.% MnO. The extremely low 
calcium contents of the Group A garnets in Finsch 
diamonds, compared to those which apparently 
equilibrated with clinopyroxene, are shown in 
Fig. 5. 

The range in Mg/Mg + Fe determined for the 
three silicate minerals is small and garnet and 
olivine have been found as co-existing pairs 
across this full range (see Figs. 1 and 3). In 
two cases orthopyroxene has been shown to occur 
with garnet in the same diamond. Fortuitous ly 
these orthopyroxenes have the highest and lowest 
recorded alumina contents respectively, and there- 
fore the restricted equi lib ration conditions 
generated by F41 and F45 in Fig. 6 and discussed 
in detail later may represent the maximum range 
of conditions for all the orthopyroxenes. 

The chromites found in Finsch diamonds are all 

characterised by Cr20 • contents greater than 61 
wt.%, (Table 2) and are thereby similar to those 

reported from elsewhere previously (e.g. Meyer 
and Boyd, 1972; $obolev, 1974). Since chromite 
is a refractory mineral occasionally reported in 
peridotite xenoliths it is considered to be a min- 
or member of the peridotite suite. 

Evidence in favour of inclusion equilibration 
within a single diamond was advanced in an earlier 
section and from this, the above and Table 1, it 
is deduced that garnet, orthopyroxene and olivine 
were in equilibrium during the period of format- 
ion of the majority of the diamonds at Finsch. 

It is relevant to compare the peridotitic in- 
clusions in the diamond with the compositions of 
concentrate xenocrysts and the component minerals 
of peridotite from Finsch. 

In addition therefore to the inclusion data, 
data on garnet xenocrysts described in the paper 
by Gurney and $witzer (1973) have been included 
in Figs. 4A and 4B and, in addition, some partial 
analyses from that source are utilised in Fig. 5. 
Garnet compositions from xenoliths from the 
Finsch Mine have been plotted •n the same figures. 
Xenoliths from Finsch have bee• sought on several 
occasions but have chiefly been found as rem- 
nants of garnet in a mass of serpentine and 
other low temperature secondary products within 
the yellow ground. Over a number of visits the 

Ca 

100 30 
Mg Fe 

Figure 4B. Magnesian apex of Fig. 4A (see dotted 
line in 4A). Garnet compositions. 

Symb o Is: []:Peridotire Xenoliths 

•:Garnet Serpentinites 
ß :Concentrate Xenocrysts 
O'Inclusions in diamond 

•:Shaded field: field of 
diamond inclusions de- 

fined by published 
analyses (Lawless 1974). 
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mine geologist has collected six garnet lherzo- 
lites, one garnet websterite, two small fragments 
which appear to have been garnet harzburgites and 
three eclogites. All the xenoliths are small 
(•'• 4 cm. in largest dimension) and some phases 
are completely altered. In three cases, two gar- 
net lherzolites and a garnet websterite, the min- 
eral compositions are set out in Table 5. 

The garnet lherzolitesare similar to coarse 
garnet-lherzolites found at Bultfontein (Dawson 
et al., 1975; Boyd and Nixon, 1977) or Matsoku 
(Cox et al., 19 73) and many other South African 
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Figure 5. Plot of Cr20 3 against CaO for Finsch 
peridotitic garnets. 

Symbols' A'Garnet Websterite 
Rest 'as for Fig. 4B. 

Figure 6. Schematic diagram to illustrate 
possible conditions of formation of 
the diamond inclusions at Finsch (See 
text for data sources and discussion). 

localities (e.g. Frank Smith, Monastery, De Beers, 
Du Toit's Pan, Wesselton, Jagersfontein, Northern 
Lesotho, etc.). However, whereas such lherzolites 

typically have A1 (En) contents >0.7 wt.% A1203, 
the four garnet-lherzolites from Finsch have 

orthopyroxenes with 0.53 - 0.66 wt.% A120 3. This 
range overlaps the higher A1203 contents of the 
6 analysed orthopyroxene inclusions from diamond. 

In the diamonds, the low calcium garnets 
(Groups A and B: Figs. 3, 4A and 4B), the ortho- 
pyroxenes, and all the olivine inclusions (except 
one) are more magnesian than the same minerals in 
the xenoliths. The Group A and B garnets and all 
6 orthopyroxenes are depleted in calcium relative 
to garnet lherzolite minerals (see Fig. 5 for 
garnet data). %•e orthopyroxenes also have less 

Na20 and the lowest A12D • contents, although 
there is overlap as mentioned earlier. 

The calcium depleted nature of the peridotitic 
inclusions is further emphasised by the complete 
absence of chrome diopside as an inclusion in the 
diamonds studied. Sobolev (1974) notes that 

chrome diopside is the most strikingly noticeable 
inclusion in diamond. We believe that it is most 

unlikely that such inclusions have been overlooke• 
and consider that the extreme calcium depletion 
of most of the garnets in diamonds compared to 
garnets in lherzolites, as shown in Fig. 5, is 
only possible in the absence of clinopyroxene. 

Since we have deduced, as a result of this 
study, that garnet, orthopyroxene and olivine are 
in equilibrium with each other during the major 
phase of diamond formation at Finsch, it is 
possible that minerals matching the diamond 
inclusions might be found in garnet harzburgite 
fragments. Unfortunately no such rocks have been 
found, except possibly for two fragments which 
were extensively serpentinised and in which only 
the garnets could be analysed. The garnet com- 
positions are plotted on Figs. 4 and 5, and are 
peripheral to the main group of diamond inclusion 
data. Garnet harzburgites from elsewhere e.g. 
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TABLE 5. 

Sample No 

Mineral Compositions of 2 Finsch Garnet Lherzolites and One Garnet Websterire 

JJG 147 JJG 479 JJG 545 

Rock type Garnet Lherzolite Garnet Lherzolite 

Mineral Gt Cpx Opx 01 Gt Cpx Opx 

Garnet Websterite 

O1 Gt Cpx Opx 

Si02 41.5 54.9 57.6 40.7 42.0 54.4 57.0 
Ti02 0.05 ND ND ND 0.33 0.16 O. 11 
A120 3 19.6 1.16 0.53 ND 21.4 1.75 0.64 
Cr20 3 5.37 0.91 0.23 0.05 3.10 0.95 0.1t 

*Fe0 7.27 2.57 5.11 8.65 7.29 2.61 5.31 
Mn0 0.35 0.08 0.11 0.10 0.28 0.07 0.09 
Mg0 19.5 18.7 34.8 49.4 20.5 18.4 0.6 7 
CaO 5.67 20.2 0.73 0.08 4.84 20.1 0.11 

Na20 ND 1.10 0.13 ND ND 1.38 ND 

Total 99.4 99.7 99.3 99.0 99.8 99.9 99.7 

40.6 41.2 54.5 56.7 

ND 0.53 0.18 0,10 
ND 20.0 2.23 0.65 
ND 4.40 1.21 0 . 24 

8.60 9 . 28 3.77 6 . 84 
0.09 0 . 31 0 . 10 0 . 12 

50.2 19.3 18.0 34.4 
0.08 4.88 18.4 0.73 
ND 0.06 1.89 0.19 

99.7 100.0 100.3 100.0 

I oni•c Prp_p=•r_t_i _•_ 

Si 3.007 1.997 1.991 1.002 2.998 1.968 ] .966 
Ti 0.003 0.018 0.004 0.003 
A1 1.6 73 0.050 0.022 !. 802 0.075 0.026 
Cr 0.307 0.026 0.006 0.001 0.175 0.027 0.005 
Fe 0.440 0.078 0.148 0.178 0.435 0.079 0.153 
Mn 0.021 0.002 0.003 0.002 0.017 0.002 0.003 

Mg 2.108 1.015 1.793 1,8].2 2.180 0.994 1.830 
Ca 0.440 0.789 0.027 0.002 0.370 0.779 0.025 
Na 0.077 0.009 0.097 0.007 

Oxygens 12 6 6 4 12 6 

* Total iron as FeO 
ND = Not detected 

0.993 2.982 1.966 1.966 
0.029 0.005 0.003 

1. 706 O. 095 0.02 7 

0.252 0.035 0.007 
0.176 0.561 0.114 0.198 
0.002 0.019 0.003 0.004 

1. 831 2.081 0. 968 1. 778 
0.002 0.378 '.712 0.027 

0.008 0. 132 0.013 

6 4 ]2 6 6 

Premier Mine (Danchin and Boyd, 1976), Bultfon- 
tein (Gurney, unpublished data)• Sloan (Eggler and 
McCallurn, 1975) all have >3 wt.% CaO and would 
plot between Groups B and C in Fig. 4B (cf. also 
Fig. 3) well away from the Group A garnets. 

The xenocryst minerals in the kimberlite are 
predominantly garnet with the compositions plot- 
ted in Figs. 4A, 4B and 5. It can be seen that 
certain xenocryst garnets fall into the diamond 
inclusion field defined by published analyses 
(Lawless, 19 74), but that in general they have 
less Cr20 3 and more Ca0 than the Group A Finsch 
diamond inclusions, which are extremely low in 
Ca0 and lie partly outside the previously report- 
ed compositional field for inclusions (see Fig.4). 

Xenocrysts which form an intermediate grouping 
between the lherzolite garnets and Group A (see 
Fig. 4B) are detailed in Gurney and Switzer 
(1973), who suggested that (i) they would be 
identical to peridotitic garnet inclusions in 
Finsch diamonds, and (ii) that they were derived 
from disaggregated harzburgite. This study has 
shown that the xenocryst compositions are repres- 
ented in diamond only by garnet Groups B and C 
which are very subordinate in abundance to Group 
A garnets. The selected xenocrysts define a well 

10 

developed continuous compositional trend from the 
garnet lherzolite field to the edge of the Group 
A inclusion field in Fig. 4B. 

These concentrate xenocrysts are very important 
in the final analysis of the Finsch •iamond in- 
clusion garnet population. They are homogeneous 
and clearly distinguishable in composition from 
garnet in garnet lherzolite. It is unlikely that 
they are all derived from disaggregated garnet 
harzburgite since garnets in harzburgite with less 
than 3.5 wt.% CaO are rare. Most significant is 
the fact that as xenocrysts they have not been 
protected by diamond. Their presence in the con- 
centrates demonstrates that armouring is not a 
pre-requisite for the preservation of composit- 
ional differences in the peridotitic garnets at 
Finsch and that we are not dealing with two 
chemically distinct populations of (i) perido- 
titic garnet inclusions in diamond and (ii) gar- 
nets in lherzolites or harzburgites, but with a 
continuum of compositions, which might be linked 
in a single evolutionary process. Indeed the 
majority of the peridotitic minerals have such a 
specific and unusual chemistry that we consider that 
they cannot represent randomly sampled mantle material 
but must reflect a definite mode of formation. 
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Equi lib ration Conditions 

Diamond Inclusions 

In the peridotitic suite of diamond inclusions 
the only clues with respect to the temperatures 
and pressures of equilibration we have deduced 
are derived from the orthopyroxenes, in particul- 
ar the two orthopyroxenes (F41 and F45) which co- 
exist with garnet. 

The compositions of these co-existing miner- 
al pairs are given in Table 2. It can be seen 
that F41 opx contains 0.66 wt.% A120 3 and F45 opx 
0.26 wt.%. 

The A120 3 content of orthopyroxene in the pre- 
sence of garnet is both temperature and pressure 
sensitive (e.g. McGregor, 1974). A garnet/or- 
thopyroxene pair cannot, therefore, define a 
unique value for either variable, but can be used 
to derive a locus of PT values which define all 
the possible solutions to the observed mineral 
chemistry. McGregor's experimental data does 
not straddle the observed range of A1En in the 
Finsch diamond inclusions and his experiments 
were carried out in the simple system biAS. 
Whilst the silicates which crystallised with the 
diamond are largely defined by this system, di- 
rect application of McGregor's data would predict 
equilibration pressures for F41 and F45 which 
would differ by approximately 14 kb. at temperat- 
ures above 1OOOøC, and at 1100øC indicate pres- 

sures of 67.8 kb. and 54.5 kb. for F41 and F45 

respectively. Yet these two orthopyroxenes are 
indistinguishable with respect to Mg and Fe and 
are part of a compositionally tightly restricted 
and unusual (by comparison with peridotires) 
group of minerals. 

The difference in equi lib ration conditions is 
apparently almost completely removed when con- 
sideration is taken of the effect of the addit- 

ional components (especially Fe, Ca, Cr and Na) 
present in the natural system. Wood and Banno 
(1973) and Wood (19 74) have considered these 
effects from a thermodynamic standpoint. We 
have used Wood (1974, Equation 12) and a similar 
procedure devised by Fraser (Fraser and Lawless, 
1978) to define equilibration conditions for F41 
and F45 •t various temperatures. Results for 
11OOøC are summarised in Table 6. The Wood 
(1974, Equation 12) charge balanced calculation 
after O'Hara and Yarwood (1977) predicts pres- 
sures within 2 kb. of each other for F41 and F45 

at any fixed temperature. The calculation using 
the method of Fraser predicts lower pressures and 
it is this method which was used to generate the 
straight lines F41 and F45 in Fig. 6 which are 
truncated by the graphite-diamond reaction curve, 
and will be discussed later. 

We consider that the coincidence of some of 

the corrected values is a more accurate reflect- 
ion of the actual conditions of formation of 

these two mineral assemblages, than the uncor- 
rected data provides. 

TABLE 6. Calculations of Possible 

equilibration conditions 

(a) Garnet/opx diamond inclusions F41 and 45 

Mine r a 1 As s ume d 

Pair TøC 

P(Kb ) 

(i) (ii) (iii) (iv) 

F4] 1100 

F45 1100 

54.4 46.4 52.6 50.4 
6 7.8 60.1 54.1 52.4 

(b) Xenoli ths 

P(Kb ) 

Sample We 1 is - 
No. Toc (iii) (iv) 

JJG 147 1050 39.9 37.0 
JJG 479 1030 40.8 40.8 
JJG 545 1050 39 . 1 37.3 

Xenoli ths 

We have similarly calculated the equilibration 
,pressures for xenoliths from Finsch using temp- 
eratures derived from the clinopyroxene composit- 
ions after Wells (1977). These are also listed 
in Table 6. 

Dis cussion 

(i) A1 in M1 = A1/2. (McGregor 1974) 

(ii) A1 in M1 = A1/2. (Wood 1974. Equn.12) 

(iii) Charge balanced (Wood: Equn. 12 as in 

The information on equilibration conditions 
for the diamond inclusions and the xenoliths at 

Finsch are summarised in Fig. 6. The solidus of 
peridotite when P,, - = P (Kushiro et al , _ n2u total ß 
1968), the graphite-diamond reaction curve, and 
two possible shield geotherms (Pollack and Chap- 
man, 1977) are also plotted. 

Since F41 and F45 are inclusions in diamonds, 
the straight line denoting possible equilibration 
Ts and Ps is not extended into the graphite stab- 
ility field. The xenoliths lie in the graphite 
fietd. The eclogitic assemblage F89 is denoted 
by two poSnts which represent temperatures cal- 
culated for pressures of 50 and 60 kb. using the 
equation derived by Raheim and Green (1974). 

These temperature and pressure elements show 
that the diamond inclusions F41, F45 and F89 
could not have formed unless the shield geotherm- 

O'Hara and Yarborough 1977) al gradient was considerably less steep than that 
calculated by Pollack and Chapman (1977) for a 

(iv) Charge balanced (Fraser and Lawless 1978) surface heat flow of 50 mW/m 2. At a surface flow 
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of 40 mW/m 2 the inclusions could have formed but 
only at temperatures and pressures close to the 
geotherm and close to the "wet" solidus temperat- 
ure of peridotire. Heat flow measurements for 
South Africa at the present time range from 
33.5 mW/m 2 to 75 mW/m 2 , with the majority of 
values between 40 and 70 mW/m 2 (Carte and van 
Rooyen, 1969). In general the higher values 
occur in the continental margins and the lower 
values on the Transvaal Craton. 

The higher heat flow measurements would appear 
to indicate a geothermal regime in the mantle in 
which "wet" peridotire must melt outside the 
field of diamond stability (Fig. 6). Only at 
very low geothermal gradients could diamond be 
stable at temperatures which are above both the 
geotherm and the "wet" peridotite solidus and 
yet within the diamond stability field. The"wet" 
peridotite solidus has been well determined by 
several experimentalists (e.g. Kushiro et al., 
1968); Boettcher et al., 1975; O'Hara et al., 
1975) and the diamond graphite reaction curve is 
well defined experimentally and theoretically 
(Kennedy and Kennedy, 1976). If the geothermal 
regime within the earth's crust and upper mantle 
were equally well quantified, the results would 
imply an important restriction of the diamondiferous 
kimberlites to areas of low surface heat flow. 

Calculation of geothermal gradients, however, 
involves assumptions with respect to crustal and 
mantle compositions and structure and the physical 
properties of minerals at high temperatures and 
pressures which are not well known and these and 
other factors can lead to considerable uncertainty 
in the calculation of the geothermal gradient. 
An alternative "adiabatic" geotherm calculated by 
Harte (1977), cuts steeply across the Po]].ack and 
Chapman (1977) geotherms at temperatures above 
1000øC and would suggest that in this temperature 
region the geotherms for areas of different sur- 
face heat flow will be convergent. This conver- 
gence however is least for low surface heat flows 
and such low geothermal gradients would still 

allow small volumes of water/C02 saturated melts 
to form within the diamond stability field. 

Since an increase in pressure and an increase 
in temperature have opposing effects on garnet 
solid solution in orthopyroxene, the locus of 
points generated from the geobarometry for the 
garnet/orthopyroxene pairs F41 and F45 closely 
parallels likely geotherms, as shown in Fig. 6. 
These lines, therefore, cannot be used to restrict 
the conditions of diamond formation to narrow 

limits. The evidence presented in Fig. 6 permits 
temperatures of formation of the mineral pairs 
above 1050øC. However, other evidence appears to 
favour the lower part of these ranges. We have 
determined the compositions of chrome diopside 
inclusions in diamond from Koffiefontein, another 
Karoo kimberlite pipe and these have Ca/Ca + Mg 
ratios in the range 0.42 - 0.45 which are indic- 
ative of temperatures in the approximate range of 
1075øC + 50øC. Meyer and Tsai (1976) have 
previously described a calcic peridotitic clino- 
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pyroxene in a diamond inclusion pair from Jagers- 
fontein, another cretaceous kimberlite in the 
Karoo province. 

The very low alumina contents in the ortho- 
pyroxene inclusions as compared to orthopyroxenes 
in garnet-peridotite xenoliths of coarse and de- 
formed types does not suggest an association of 
the diamond inclusions with high temperature 
peridotites supposedly sampled at 170 - 200 km 
depths, such as those described by Boyd and Nixon 
(1975), which have A120 3 >1.2 wt.% in opx. The 
orthopyroxenes in diamond show more affinity with 
the cooler and lower pressure coarse grained 
garnet-peridotites. The small amounts of titan- 
ium in the inclusions generally, their higher 
Mg/Mg + Fe ratios and their low calcium contents 
support this conclusion. •i•e inclusions do not, 
therefore, appear to be related to the high 
temperature mantle samples (deformed peridotire 
or megacryst) which occur in kimberlite. 

On the basis of the foregoing, we therefore 
favour diamond formation at Finsch to have occur- 

red at temperatures of approximately 1100 + 50øC. 
If diamond crystallisation occurred within the 
specified temperature range then the chemistry 
of the two garnet/orthopyroxene pairs, F41 and 
F45, and the peridotite "wet" solidus restrict 
the possible equilibration pressure to a small 
range of 50 + 3 kb; as can be seen by inspection 
of Fig. 6. 

We propose the following hypothesis for the 
formation of those diamonds which are connected 

with the peridotite paragenesis. We believe this 
to be close to 98% of all diamonds at Finsch, 
having assumed that since o!ivine is the com- 
monest silicate to be found with sulphide, the 
sulphide inclusions can be assigned in the same 
proportions as the silicates. 

1. A partial melt of garnet !herzolite or 
garnet harzburgite mantle in the presence of 
water, CO 2 and probably other volatiles is 
initiated in the mantle, within the diamond 
stability field. The residual mantle is garnet 
harzburgite. The melting temperature is at or 
only slightly above the ambient geothermal temp- 
erature at the pressure concerned. 

2. It is suggested that the presence of abundant 
CO 2 generates an initial melt of carbonatitic- 
kimberlitic affinities (Wyllie and Huang, 1976) 
which preferentially dissolves Ca as compared 
with other cations and renders the solid sili- 

cates in equilibrium with it very poor in CaO 
(Harte, Gurney and Harris; in preparation). 

3. When the silicate phases in equilibrium with 
the melt have become extremely calcium poor, due 
to the progressive capture of calcium by CO 3 in 
the melt, conditions become particularly favour- 
able for diamond formation. Under the same con- 

ditions sulphides (chalcopyrite, pyrrhotite and 
pentlandite mixtures: Harris, 19 72) are formed. 
These and the sub-calcic silicates are occasion- 

ally included in the diamond. 
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4. Subsequently, this total system comprising 
silicate melt, cumulate minerals (including 
diamonds) and the remaining volatile phase is 
rapidly eraplaced into the crust as the kimberlite 
itself or an essential component of it. The 
coarse peridotitc xenoliths and the eclogite re- 
present shallower mantle overlying the proto- 
kimberlite which was sampled en route to the 
surface. The development of an over-pressure by 
sudden change in CO 2 solubility as described by 
Wyl!ie and Huang (1976) is a potential trigger 
mechanism for this event. 

The hypothesis is a process which assumes that 
diamonds at Finsch formed from a mantle liquid in 
the presence of C0 2 and water. Diamonds have been 
shown to contain abundant C02, H20 N2, CH 4 Ar 
and possibly H 2 (Melton et al•, 19•2) and a{1 
these constituents could well be concentrated in 

the postulated volatile phase. C03 = and OH- ions 
have been identified in diamonds (Chrenko et al., 
1967). A cloud-like region in a diamond from 

Arkansas appeared to consist of H20 , C0 2 and H 2 
(Giardini and Melton, 1975). Similar cloud-like 
regions have been observed in Finsch diamonds and 
are reported in Table 1. 

Further evidence for the presence of volatiles 
and a melt during the growth of Finsch diamonds 
is provided by Fesq et al. (1975) who detected 
minute quantities of impurities which they regard- 
ed as melt material trapped during diamond growth. 
They estimated that the diamonds crystallised from 
an H20-rich picritic magma in the presence of Fe- 
Ni-Cu-Co sulphides; a conclusion entirely compat- 
ible with our own observations and proposed mech- 
anism for diamond formation. When these facts 

are considered together with the extremely narrow 
range of unusual mineral compositions the crystal- 
lisation of d•amond from a silicate melt is con- 

sidered more probably than any other. We certain- 
ly consider that the mineral compositions cannot 
represent randomly sampled mantle compositions but 
must reflect a definite mode of formation. 

I•n the proposed hypothesis the diamonds with 
the ultramafic mineral inclusions would be cog- 

nate with respect to the kimberlite genesis. The 
kimberlite at Finsch forms part of the post-Karoo 
igneous event (Davis, 19 77) but work by Kramers 
(1977, 1978) has shown that the lead isotopic 
characteristics of at least some sulphide inclu- 
sions in diamonds at Finsch are quite incompatible 
with derivation from the kimberlite; the lead 
ratios giving an age of some 2.5 b.y. This ap- 
parent anomaly can be reconciled if the diamonds 
containing the sulphide inclusions belong to the 
eclogitic rather than the peridotitic mineral 
association. Kramer points out that the great 
inequality in the lead contents between the 
various analyses suggests that the lead is con- 
tained in only one or two of the diamonds in each 
sample. It is possible therefore that the age 
determined relates to an earlier eclogitic para- 
genesis and not to the origin of the majority of 
Fins ch diamonds. 
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Abstract. Over 50 diamonds containing inclu- 
sion have been examined from four African locali- 

ties; Premier• Jagersfontein and Finsch kimber- 
lites in South Africa, and the Williamson (or 
Mwadui) Mine, Tanzania. The results of the study 
confirm the previously reported observation that 
most mineral inclusions in diamond are generally 
similar irrespective of world-wide occurrence. 
For example, the inclusions belong to two dis- 
tinct suites; one ultramafic (olivine, enstatite, 
Cr-pyrope, diopside, chromite) and the other 
eclogi•ic (pyrope-almandine, omphacite). In 
detail some chemical differences do exist, 
but these were insufficient to characterize 

the inclusions from any one mine. In general, 
however, compared to other world wide occur- 
rences diamonds from the Premier Mine appear to 
contain more eclogitic-suite minerals (e.g. 
clinopyroxene and pyrope-almandine). Further- 
more, a unique acmitic diopside was obtained 
in a diamond from this same mine. Diamonds 

from Jagersfontein contained two unusual pyropic 
garnets that appear transitional between the 
normal eclogitic and Cr-pyrope garnet inclu- 
sions. Possibly these two unusual minera!s• 
the acmitic pyroxene and pyropic garnets may 
indicate a more diverse chemical environment 

than hitherto considered for diamond genesis. 

Introduction 

The studies of mineral inclusions in diamonds 

have provided significant information regarding 
the physics and chemistry of the upper mantle, 
as well as the genesis of diamond. However, up 
to the present time most studies, apart from 
those from Russia (Sobolev, et al., 1971a), 
have been based on diamonds from regional areas 
(e.g. South Africa, Brazil, Ghana), and not 
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from any specific diamond-bearing kimberlite. 
Accordingly, the present investigation is a 
reconnaissance study of mineral inclusions in 
diamonds from four specific localities in 
Africa. Altogether about 50 diamonds with in- 
clusions were examined from the Pre-Cambrian 

Premier kimber!ite (South Africa), the Phanero- 
zoic Finsch and Jagersfontein kimberlites 
(South Africa) as well as the Williamson kimber- 
lite (Tanzania) (Fig. 1). This is the first 
description of diamond inclusions from East 
Africa (Williamson Mine, Tanzania). 

Mineral inclusions in natural diamonds have 

been reported from a variety of African locali- 
ties, Venezuela and Thailand (Meyer, 1967; Meyer 
and Boyd, 1968, 1972), Siberia and the Urals 
(Sobolev, et al., 1971a, 1971b; Sobolev, 1974), 
Brazil (Meyer and Svisero, 1975), and some 
unknown localities (Prinz et al., 1975). In 
general the chemistry of the inclusions of each 
mineral type is remarkably similar and comparable 
to minerals occurring in kimberlite and asso- 
ciated xenolith• although, some notable differ- 
ences do exist. A good example is the presence 
of greater amounts of chromium in mineral inclu- 
sions than usually observed in kimberlitic 
minerals. 

Two distinct suites of inclusions have also 

been reported (Meyer and Boyd, 1972; Meyer and 
Svisero, 1975; Prinz et al., 1975). One suite 
contains minerals that resemble the mineral 

assemblages in ultramafic xenoliths, whereas 
the other contains minerals comparable to those 
occurring in eclogite. Individual members of 
one suite are never found coexisting in the 
same diamond with those from the other. How- 

ever, mineral assemblages from both suites have 
been observed in diamonds from the same kimber- 
lite. The results of this present reconnais- 
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Fig. 1. Locality map of Premier, Jagersfontein and Finsch kimberlites, South Africa, 
and Williamson (Mwadui) kimberlite, Tanzaniao 

sance study suggest that in certain instances a 
particular mineral is relatively abundant in 
diamonds from a specific locality. For example, 
diopside, which is relatively rare in most 
diamonds, appears to be a predominant inclusion 
in Premier diamonds. The relationship between 
diamond inclusions and kimberlite, as well as 
associated xenoliths is not entirely under- 
stood at this time, but it is obvious that more 
detailed studies of mineral inclusions in dia- 

monds and comparable minerals in kimberlite will 
reveal significant information on the constitu- 

ents and origin of upper mantle rocks. There 
is a distinct possibility based on the chemical 
nature of the inclusions that diamonds have a 

xenocrystic relationship to the host kimber!ite. 

Mineralogy 

The present study is based on diamonds with 
silicate or oxide inclusions from four kimber- 

lite pipes, Premier, Jagersfontein, Finsch, and 
Williamson. The inclusions obtained in this 

investigation were generally less than 100pm in 
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TABLE 1. Analyses of Cr-pyrope garnet inclusions in diamond. 

Premier Fins ch Williamson Jag ersf ont ein 

Oxide 2 7 a 1 5 b 7 12 20 32 33 W2-1 B5-1 

SiO 2 42.6 43.1 42.3 42.7 41.7 41.9 41.4 42.2 42.3 40.3 41.3 
TiO 2 0.07 0.30 0.04 <0.01 0.04 0.03 0.04 0.03 0.04 0.59 0.71 
A1203 15.2 17.2 16.7 19.8 18.2 16.1 16.9 18.5 19.1 17.5 19.4 
Cr203 9.59 6.53 9.61 6.29 7.19 8.06 7.62 7.64 5.22 1.93 1.27 
FeO* 5.34 5.81 5.46 5.80 5.96 5.36 5.62 6.22 5.65 15.5 12.8 

MgO 23.0 21.8 25.2 22.5 23.2 22.8 22.4 23.7 21.9 16.8 18.2 
CaO 3.85 5.30 0.69 2.63 2.25 4.14 4.16 2.25 5.53 5.42 5.28 
NiO <0.01 0.06 <0.01 <0.01 0.01 <0.01 0.01 <0.01 0.02 <0.01 <0.01 

Na20 0.09 0.08 0.10 <0.01 <0.01 <0.01 0.04 0.07 0.04 <0.01 0.07 
K20 0.02 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.10 0.01 <0.01 <0.01 

Total 99.8 100.2 100.2 99.7 99.5 98.4 98.2 100.6 99.8 98.1 99.0 

Number cations on the basis of 12 oxygens (x1000) 

Si 3069 3077 3010 3029 3011 3050 3020 2990 3020 3048 3042 
Ti 2 15 1 0 0 0 0 0 0 33 39 

A1 1292 1443 1402 1657 1545 1384 1453 1548 1612 1560 1680 
Cr 545 366 539 351 409 463 438 428 293 115 73 
Fe* 321 345 323 344 358 325 342 368 338 979 786 

Mg 2469 2321 2670 2378 2500 2474 2438 2503 2330 1893 1997 
Ca 296 404 53 200 173 322 323 170 422 439 414 
Ni 0 2 0 0 0 0 0 0 0 0 0 
Na 10 10 12 0 0 0 4 8 4 0 8 
K 0 0 0 0 0 0 0 0 0 0 0 

Total 8005 7984 8010 7959 7997 8019 8019 8016 8019 8066 8039 

* All Fe reported as FeO 
a, Coexists with enstatite and diopside 
b, Coexists with olivine and enstatite 

size, and are garnet, diopside, enstatite, 
olivine and chromite. The chemistry of these 
minerals is similar to other published data from 
worldwide localities. Although the majority of 
the inclusions are monomineralic, several impor- 
tant coexisting minerals have been observed. For 
example, olivine + enstatite + garnet (Cr-pyrope), 
enstatite + dipp$ide + garnet (Cr-pyrope), and 
garnet (pyrope-almandine) + omphacite are among 
the assemblages that have been found. 

The diamonds used in this study are generally 
less than 2mm in size, and they are mostly clear, 
well-formed octahedra or dodecahedra. Inclusions 

were extracted from the diamonds by either crack- 
ing, or burning in air at 830oc for 344 hours. 
Chemical analyses of the inclusions were obtained 
using an automated M.A.C. 500 microprobe with on- 
line computer reduction of data via a modified 
Bence-Albee (1968) and Albee and Ray (1970) matrix 
refinement which includes background, deadtime, 
drift, fluorescence and atomic number effects. 
Standards were predominantly glasses except for K, 
Cr, Fe and Mn in which carefully analyzed minerals 
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were used. The analyses are believed correct to 
within +2% of the concentration for major 
elements. For minor elements the accuracy is much 
less but reproducibility is usually to within 
0.02 wt%. 

Garnet 

Two types of garnet inclusions have been 
reported (Meyer and Boyd, 1972; Prinz et al., 
1975). One is a purple-colored Cr-rich, low-Ca 
pyrope, comparable in many respects to the gar- 
nets from ultramafic xenoliths; and the other 
one is orange-colored pyrope-almandine, which 
resembles the garners from eclogitic xenoliths. 
The low-Ca garne t.•. contain a high proportion of 
the Cr-pyrope molecule (Mg3Cr2S•3O12) and are 
restricted to diamonds and rare occurrences in 

kimberlite concentrate (Gurney and Switzer, 
1973) (Tables 1 and 2). 

The significant chemical difference among the 
garnet inclusions can be shown in terms of 
Cr203/Cr203 + A1203 vs. MgO/MgO + FeO and 
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TABLE 2. Analyses of pyrope-almandine garnet inclusiops in diamond. 

Premier Jagersfontein 

Oxide 5 6 8 12 a 13 14 R4-1 R3-1 

SiO 2 40.7 42.3 41.3 40.4 41.7 40.2 42.2 45.2 
TiO 2 0.25 0.25 0.31 1.01 0.86 0.73 0.24 0.13 
A1203 22.2 22.2 22.4 21.1 20.6 21.1 19.5 15.4 
Cr203 0.05 0.21 O.il 0.10 0.29 0.05 0.11 0.21 
FeO* 13.3 14.3 14.7 17.7 12.3 13.5 13.8 13.5 

MgO 11.2 16.8 13.5 13.7 18.6 9.82 16.2 19.7 
CaO 11.5 4.14 7.35 5.10 4.66 13.7 7.91 5.74 
NiO 0.01 <0.01 <0.01 <0.01 0.05 <0.01 - - 

Na20 0.23 0.03 0.35 0.14 0.13 0.09 0.33 0.42 
K20 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Total 99.4 100.2 100.0 99.3 99.2 99.2 100.6 100.3 

Number cations on the basis of 12 oxygens(xl000) 

Si 3028 3057 3032 3020 3039 3022 3100 3284 
Ti 13 13 17 55 47 40 13 6 
A1 1941 1893 1935 1859 1768 1872 1676 1313 
Cr 2 10 6 4 15 2 6 10 
Fe* 825 862 903 1105 751 848 839 816 

Mg 1239 1808 1472 1521 2018 1099 1757 2126 
Ca 916 320 577 408 364 1104 619 445 
Ni 0 0 0 0 2 0 - - 
Na 33 4 49 20 17 11 45 57 
K 0 0 0 0 0 0 0 0 

Total 7997 7996 7991 7991 8020 7996 81)55 8058 

*All Fe reported as FeO 

a, Coexists with omphacitic pyroxene 

Cr20B/Cr203 + A120• vs. CaO/CaO + MgO (Fig.2). 
The relatively high Cr 2 03 content and the res- 
tricted MgO/MgO + FeO of most Cr-pyrope inclu- 
sions are well illustrated in this figure and 
contrast markedly those inclusions which are 
comparable to eclogitic garnet with virtually 
no Cr. The Cr-rich garnets display a variation 
in CaO/CaO + MgO between 1 and 22%. The eclogi- 
tic garnet inclusions have a much wider range in 
CaO/CaO + MgO value (15-60%) in keeping with 
characteristics of most eclogite garnets. 

Clinopyroxene 

Clinopyroxene are observed as diamond inclu- 
sions in only two of the four kimberlites; 
Jagersfontein and Premier. Of all the inclusions 
clinopyroxene appear to show the greatest diver- 
sity in chemical composition. In general two 
major groups, diopsidic and omphacitic, can be 
recognized, however, there is considerable varia- 
tion in element content within each group (Fig. 

3). A unique acmitmc pyroxene was obtained from 
a Premier diamond. 

Dio?side. Three diopsides were obtained in 
the present study (Table 3). One specimen from 
Premier Mine (PRE-7) coexists with enstatite and 
Cr-pyrope; whereas one from Jagersfontein (W8-1) 
coexists with enstatite. This latter diopside 
contains approximately 2 wt% each of Na20 , 
A1203 and Cr203, and is thus comparable with Cr- 
diopside inclusions from Russian diamond (Sobolev 
et al., 1970, 1971a). The other two diopsides 
contain much less Na, A1 and Cr, and differ from 
each other in their contents of FeO, MgO and CaO. 
In all three diopsides, TiO 2 is less than 1 wt%. 
It is possible that PRE-7 equilibrated at a 
higher temperature than the other two on the 
basis of 

Ca (Fig. 4). 
Ca+Mg 

pmphacite. In contrast to the rare occur- 
rences of clinopyroxene inclusions in diamond, 
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Fig. 2. Chemical variations of garnet inclusions in diamonds from Premier, Jagersfontein, 
Finsch and Williamson compared with similar inclusions in diamonds from other localities (Meyer 
and Boyd, 1972; Sobolev et al., 1969, 1973; Prinz et al., 1975; Meyer and Svisero, 1975 and 
Harris and Gurney, 1976). Garnets from kimberlites and associated xenoliths included for 
comparison. 

five omphacitic pyroxenes were recovered and 
analysed from Premier diamonds. Only one of 
these coexists with an eclogitic type garnet 
(PRE-12), but there are two other pyroxenes of 
comparable composition (PRE-1 and PRE-17) (Table 
III). The two remaining omphacites are more Ca- 
rich and contain less Na and A1 (Table 3, Fig. 
4). Inclusions with similar composition have 
been recorded by Prinz et al. (1975) and Sobolev 
et al. (1971a). 

Acmitic pyroxene. An unusual pyroxene inclu- 
sion from Premier Mine contains insufficient A1 

and Cr to balance the high Na content, thus 
requiring the formation of the acmite molecule 
(NaFe3+Si206) (415%). It is also unusual in 
that it has one of the highest Ti contents 
observed in diopside inclusions (Table III). 
In the pyroxene quadrilaterial (Fig. 4) this 
inclusion plots close to the region of omphaci- 
tic pyroxene, but is distinct from them that it 
has much lower A1 content (A1203 • 0.89 wt%). 
This acmitic inclusion is also generally distinct 
from pyroxenes that are present in the xenoliths 
and the only other occurrence of an inclusion 
requiring the presence of acmite molecule is the 
pyroxene M of Meyer & Boyd (1972). Obviously 
it is closest in composition to eclogitc-suite 

inclusions but assignment to this suite is not 
entirely satisfactory. 

Orthopyroxene 

In keeping with previous observations. ortho- 
pyroxene inclusions in this study show a rather 
restricted range of composition, Mg/MR+Fe rang- 
ing from 0.93 to 0.95 (Table 4 and Fig. 
Four of the orthopyroxene inclusions coexist with 
other minerals; PRE-7 coexists with diopside and 
Cr-pyrope; JAG 8-1 occurs with diopside; JAG2-1 
is present with olivine; and FIN 5 occurs with 
both Cr-pyrope and olivine. An interesting ob- 
servation is that the two enstatites coexisting 
with diopside show significantly higher con- 
tents of Ca (Fig. 4) than the remainin• five 
orthopyroxenes (Table 4), although this is 
somewhat different from the result reported by 
Prinz et al. (1975) who noted orthopyroxene 
with low-Ca coexisting with clinopyroxene. 
A slightly higher A1 content is also noticeable 
for these two enstatites with diopside. The 
variation of all other minor elements is fairly 
small, and in agreement with other published 
enstatite inclusions (Meyer and Boyd, 1972; 
Prinz et el., 1975). 

2O 
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mafic (diopside) pyroxene inclusions. Data 
from Meyer and Boyd, 1972: Prinz et al., 
1975; Sobolev et al., 1970, 1971a, 1971b, 
1972; Harris and Gurney, 1976. 
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01ivine 

Olivine, normally the most commonly observed 
inclusion in diamond, is relatively less abun- 
dant in this study, because of selectivity exer- 
cised in choosing specific diamonds. However, 
the nine olivine inclusions, obtained and 
analyzed in this study confirm the previously 
published results, indicating a uniform composi- 
tion of olivine inclusions from worldwide locali- 

ties (Table 5 and Fig. 4) (Meyer and Boyd, 1972; 
Prinz et el., 1975; Meyer and Svisero, 1975). 

Chromite 

Two chemically different chromite inclusions 
were obtained from the Finsch and Jagersfontein 

Mines, and the analyses are presented in Table 
6. The one from Jagersfontein is unusual in 
that it contains higher FeO and less Cr203, Mg0 
and A1203 than the majority of chromite inclusions 
that have previously been found (Fig. 5). The 
only similar inclusion to that of Jagersfontein 
is one from Sierre Leone (Meyer and Boyd, 1972), 
but this chromite inclusion is also unique in its 
presence of ZnO. The one from Finsch is compar- 
able to most chromite inclusions (Sobolev et al., 
1971a; Meyer and Boyd, 1972) in that they are all 
extvemely rich in chromium, but vary in Mg/Mg+ 
Fe 2• (Fig. 5). 

Discussion 

The results of the present study confirm the 
previous observation that diamond inclusions fall 
into two general categories. One group, parti- 
cularly emphasized by the Williamson inclusion, 
is predominantly ultramafic in nature, whereas 
the other is eclogitic. For example the garnet 
and pyroxene in Premier diamond are pyrope- 
almandine and omphacitic diopside which are all 
characteristic of eclogite. Interestingly, 
although diamond is often found in eclogite xeno- 
liths from kimberlite (Gurney et al., 1969; Reid 
et al., 1976) diamond in ultramafic xenoliths is 
relatively rare (Dawson and Smith, 1975; McCallurn 
and Eggler, 1976). Surprisingly, this is the 
reverse of the relative abundance observed in 

diamond inclusions since it appears from the 
data available that the ultramafic suite of 

inclusions is more common than the eclogitic 
one. With regard to this latter suite it is 
noteworthy that both pyrope-almandine and om- 
phacite are much more comecon in Premier diamond 
than from any other locality. Whether this 
abundance is due to the Pre-Cambrian age of 
this pipe (Allsopp et al., 1967) is unknown. 
However, diamonds from other areas where pipes 

CPX OPX 
• 0 Prermer 

III [3 Jagersfonte•n 
0 Rnsch 

A Wdhamson 

+ Others 

Mg Fe 

v v., > Fe 

Fig. 4. Mg-Ca-Fe relationships of clinopyroxene 
and othopyroxene inclusions in diamond. Data 
from Meyer and Boyd, 1972; Prinz et al., 1975: 
and Sobolev et al., 1970, 1971a, 1971b, 1972. 
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TABLE S. Analyses of clinopyroxene inclusions in diamond. 

Diops ide Omp hac i te Acmi tic 

Premier Jagersfontein Premier 
a b c 

7 W8-1 W4-1 1 11 12 

Premier 

15 17 19 

SiO 2 56.1 55.3 54.0 54.5 54.7 54.3 53.1 55.1 54.8 
TiO 2 0.07 0.04 0.03 0.54 0.17 0.94 0.19 0.28 1.23 
A1203 0.92 2.39 0.83 8.08 4.71 7.43 4.77 5.78 0.89 
Cr20 • 0.72 2.01 0.17 0.05 0.01 0.09 0.01 0.08 0.12 
FeO* 2.84 1.95 4.11 7.26 6.99 8.18 6.60 8.73 9.21 

MgO 21.1 16.2 19.5 11.9 12.8 12.5 i2.9 14.6 16.6 
CaO 17.9 19.2 19.1 13.0 19.5 12.1 19.6 11.8 14.0 
NiO 0.02 0.05 0.04 0.02 0.03 0.05 <0.01 D.05 0.05 

Na20 0.67 2.17 0.61 3.80 2.29 4.34 2.27 3.16 2.64 
K20 0.03 0.24 0.07 0.04 <0.01 0.09 <0.0i 0.09 0.05 

Total 100.4 99.5 98.5 99.2 101.2 100.0 99.4 99.7 99.6 

Number of cations on the basis of 6 oxygens (x1000) 

Si !996 2000 1984 1975 1975 1962 1957 1993 2014 
Ti 1 0 0 14 4 26 4 8 34 
A1 39 102 35 345 200 316 207 246 38 
Cr 20 57 4 1 0 2 0 2 3 

Fe* 84 58 126 219 211 247 203 263 283 

Mg 1120 874 1066 642 690 675 707 772 909 
Ca 684 737 752 503 755 470 774 457 549 
Ni 0 1 0 0 0 1 0 1 1 

Na 46 151 43 267 160 303 162 222 188 
K 1 10 2 1 0 3 0 3 2 

Total 3991 3992 4012 3965 3994 4003 4012 3960 4021 

* All Fe reported as FeO 

a, Coexists with Cr-pyrope and enstatite 
b, Coexists with enstatite 
c, Coexists with pyrope-almandine 

are believed to have been erupted during Pre- 
Cambrian time (e.g. Ghana, Venezuel and Diman- 
tina, Brazil) do not show this character. 

It should be noted that in general most 
unequivocal pre- or syngenetic inclusions in 
diamond do not chemically resemble the present 
constituent minerals of kimberlite. As pre- 
viously mentioned the inclusions mirror the 
compositions of eclogite and peridotite xeno- 
liths, and associated xenocrysts in kimberlite. 
The evidence at present, based on undeniably 
primary inclusions is that diamond does not 
form in kimberlite as it is presently defined 
but in some other chemical environments. Thus 

diamond is a xenocryst in kimberlite and not a 
phenocryst directly genetically related to kim- 
berlite. 

At the present time several minerals have 
been observed as inclusions in diamond but the 

temporal relation between inclusion and host is 
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not entirely clear. These minerals include those 
referred to as epigenetic as well as several 
problematic ones such as quartz (Harris, 1968; 
Meyer and Svisero, 1975), sanidine and magnetite 
(Prinz et al., 1975) and micas (Meyer and Boyd, 
1972; Prinz et al., 1975; Giardini et al., 1974). 
The presence of known low pressure phases inside 
diamond (e.g. kaolinite, serpentine, goethite) 
could be interpreted, if caution is not used, as 
indicating diamond has formed under crustal pres- 
sures. The cause of misunderstanding lies in 
the manner in which the host diamond encloses the 

included material. In early chemical studies of 
diamond inclusions (Meyer and Boyd, 1967, 1968, 
1972; Harris, 1968) the identification of syn- 
genetic or epigenetic nature was based on whether 
visible flaws, fractures or cleavage extended 
from the inclusion to the surface of the host 

diamond. This criteria, however, may not be 
entirely equivocal since several inclusions have 
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Oxide 

TABLE 4. Analyses of orthopyroxene inclusions in diamond. 

Premier Finsch Williamson J.a•ersfontein 
7 a 5 b 8 9 2 W8-1 c R2-1 d 

SiO 2 57.4 58.2 57.8 57.5 57.2 57.3 57.6 
TiO 2 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Ai20 B 0.77 0.46 0.45 0.41 0.74 0.55 0.56 
Cr20 B 0.39 0.37 0.29 0.26 0.47 0.25 0.27 
FeO* 4.79 3.64 3.33 3.31 4.45 4.17 3.99 
MgO 34.7 37.0 37.4 37.4 35.6 34.7 36.0 
CaO 1.38 0.24 0.21 0.15 0.46 2.32 0.20 
NiO 0.06 0.10 0.14 0.13 0.13 0.11 - 
Na20 0.17 0.06 <0.01 <0.01 0.11 0.22 0.79 
K20 <0.01 0.02 0.01 0.02 <0.01 <0.01 0.04 

Total 99.7 100.1 99.6 99.2 99.2 99.6 98.8 

Number of cations on the basis of 6 oxygens (x1000) 

Si 1979 1981 1973 1972 1976 1978 1986 
Ti 0 0 0 0 0 0 0 

A1 32 18 18 16 29 22 22 
Cr 10 10 7 7 12 6 7 
Fe* 138 103 94 94 127 119 114 

Mg 1782 1879 1907 1911 1831 1785 1853 
Ca 56 8 7 5 16 85 9 
Ni 1 1 3 3 3 2 - 
Na 11 3 0 0 7 14 6 

K 0 0 0 1 0 0 0 

4009 4003 4009 4009 4001 4011 3997 

En 93 95 95 95 94 93 94 

* All Fe reported as FeO 

a, Coexists with diopside and Cr-pyrope 
b, Coexists with olivine and Cr-pyrope 
c, Coexists with diopside 
d, Coexists with olivine (R2-2) 

been observed that satisfy the requirements of 
being primary (no crack to diamond surface) but 
upon detailed examination are found to be partly 
oxidized or hydrated, e.g. olivine inclusions 
partly altered to serpentine. It is important 
that these problems be understood when one is 
discussing the genesis of diamond based on the 
nature of its inclusions. Physical studies on 
the nature of fractures and cleavage planes asso- 
ciated with inclusions and diamond may provide 
significant insight and possible solution to 
this problem. 

Recently, Meyer and Tsai (1976b) and Harris 
and Gurney (1976) have reviewed the current lit- 
erature on inclusions in diamond and their 

relation to diamond genesis and upper mantle 
mineralogy. Meyer and Tsai (1976a) have 
attempted to determine final equilibration con- 
ditions for assemblages of different inclusions 

within the same diamond. Typical assemblages 
are the Premier 7 diopside- enstatite- 
Cr-pyrope and the Jagersfontein 8 diopside- 
enstatite. Based on the pyroxene geothermometer 
of Davis and Boyd (1966) and the A120 $ geobaro- 
meter of MacGregor and Basu (1974) the Premier 
assemblage has apparently equilibrated at 1270oc 
and 65kb whereas the Jagersfontein specimen 
reached final equilibration at 1010øC and 53kb. 
These conditions are in the general range for 
equilibration of garnet-lherzolite xenoliths 
from kimberlite (Boyd, 1973; Nixon and Boyd, 
1973). 

Unfortunately, with regard to the eclogitic 
assemblage inclusions it is not possible to 
determine both pressure and temperature. How- 
ever, using the models of Akella and Boyd (1974) 
and Raheim and Green (1974) it is possible to 
estimate the temperature of equilibration. 
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TABLE S. Analyses of olivine inclusions in diamond. 

Premier Finsch Williamson Jagers fontein 

Oxide 3 16 5 a 8 20 30 76 R2-2 b W3-1 

SiO 2 41.6 41.3 41.2 40.9 40.6 40.9 40.7 41.6 40.7 
TiO 2 0.02 0.01 0.01 <0.01 0.01 <0.01 <0.01 0.01 <0.01 
A1203 <0.01 <0.01 0.05 <0.01 <0.01 0.02 <0.01 0.04 0.05 
Cr203 0.03 0.01 <0.01 0.03 0.02 0.02 <0.01 0.02 0.11 
FeO* 6.37 7.36 6.17 7.31 7.24 6.86 6.40 6.71 8.87 
MgO 52.8 51.5 51.3 52.1 51.6 52.3 52.1 52.3 48.4 
CaO 0.04 0.06 0.02 0.02 0.04 0.04 <0.01 <0.01 0.10 
NiO 0.48 0.45 0.36 0.33 0.40 0.39 0.49 - 0.25 
Na20 <0.01 <0.01 <0.01 <0.01 0.04 0.02 0.01 0.05 0.04 
K20 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.03. <0.01 <0.01 

Total 101.3 100.7 99.1 100.7 100.0 100.6 99.7 100.8 98.5 

Number of cations based on 4 oxygens (x1000) 

Si 992 996 1002 985 986 985 987 997 1008 
Tñ 0 0 0 0 0 0 0 0 0 
A1 0 0 0 0 0 0 0 0 1 
Cr 0 0 0 0 0 0 0 0 2 
Fe* 126 148 125 147 146 138 129 134 183 

Mg 1876 1850 1859 1874 1870 1881 1884 1.867 1785 
Ca 1 1 0 0 0 0 0 0 2 
Ni 9 8 7 5 7 7 9 - 4 
Na 0 0 0 0 1 0 0 2 
K 0 0 0 0 0 0 0 0 0 

3004 3003 2994 3011 3011 3012 3009 3000 2986 

Fo 94 93 94 93 93 93 94 93 91 

*All Fe reported as FeO 

a, Coexists with enstatite and Cr-pyrope 
b, Coexists with enstatite (R2-1) 

Applying these models to the pyrope-almandine- 
omphacite asse•nblage in Premier diamond (PRE-12) 
a temperature of 1250øC is obtained. Admittedly, 
these physical conditions may require reassess- 
ment when more vigorous models are available 
but at present serve to indicate the general 
region in which crystallization may have 
occurred. 

A significant problem with respect to diamond 
inclusion research is the nature of sampling 
the source location. This is not done by the 
inclusion investigator who normally has to rely 
on already sorted diamonds provided through the 
courtesy of interested parties. Often this 
results in insufficient samples for significant 
interpretation but may provide tantalizing sug- 
gestions as in the present study. In this con- 
text the apparent common occurrence of clino- 
pyroxene in Premier diamonds makes this locality 
unique, and furtherefore the rare peridotite- 
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type inclusion garnets from Jagersfontein may 
characterize diamonds from this pipe. Previously, 
Sobolev et al. (1971a, 1975) have observed that 
pyroxenes in the Mir kimberlite from Yakutia are 
particularly rich in Cr and Na in contrast to most 
other pyroxene inclusions from worldwide localit 
ties. 

It is important that future studies of mineral 
inclusions be undertaken on diamonds from known 

sources, and even from known areas within a 
specific kimberlite pipe. The results of such 
investigations together with comparable studies 
of the mineral chemistry of kimberlite and asso- 
ciated xenoliths (e.g. Danchin and Boyd, 1976) 
will add considerably to our understanding of 
the upper mantle. For example, it will aid in 
understanding how unique the sampling is in each 
kimberlite and in comparison how the xenoliths 
and xenocrysts compare with the inclusions in 
diamond. However, the problem still remains of 
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TABLE 6. Analyses of chromite inclusions in 
diamond. 

Oxide 

Finsch* .. Jagersfontein 

7 B12-1 

Si02 0.16 O. 12 
TiO 2 0.48 0.18 
A1203 7.16 4.17 
Cr203 63.9 56.2 
FeO** 10.7 33.6 

MgO 14.7 6.01 
CaO 0.05 0.02 
NiO 0.11 - 

Na20 <0.01 <0.01 
K20 <0.01 <0.01 

Total 97.3 100.3 

Number of cations based on 4 oxygens (xlO00) 

Si 5 3 
Ti 12 4 
A1 280 176 

Cr 1678 ].591 
Fe** 296 ].007 

Mg 726 321 
Ca 1 0 

Ni 2 - 
Na 0 0 
K 0 0 

3000 3102 

*Very small inclusion 
**All Fe reported as FeO 

!oo 

Chromite 

Jagersfontein '] 
Finsch • Inclusions in diamond 
Others J 

Granular xenoliths 

M•O x •oo 
(MgO + FeO) 

Fig. 5. Composition of chromite inclusions from 
Finsch and Jagersfontein diamond compared with 
chromites from other localities and granular 
xenoliths. Data from Meyer and Boyd, 1972; 
Meyer and Svisero, 1975; Prinz et al., 1975• 
Sobolev et al., 1971a and Nixon and Boyd, 1973. 

incorporating the mineral chemical and petrologic 
data into a unified and coherent odyssey. 
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REGIONAL AND LOCAL VARIATIONS IN THE CHARACTERISTICS OF DIAMONDS FRO)I SOI•E SOUTHERN 
AFRICAN KIMBEllLITE S 
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Abstract. Studies, additional to those of 
Harris et al. (1975) on diamonds from the Finsch 
and Koffiefontein mines, show that with increas- 
ing depth in both diatremes the morphological 
character of the diamonds remains virtually con- 
stant but that colour variations are evident. 

At Premier mine, diamonds derived from distinct 
kimberlite units at the same level within the 

diatreme also show morphological similarity and 
colour variation. 

Described for the first time are physical 
characteristics of diamonds from the Zwartruggens 
dyke swarm, the Letseng-le-terai diatremes, and 
the Ebenhaezer and the Kimberley group of 
diatremes. Diamonds from Zwartruggens are dis- 
tinctively characterised by cubic shape, the 
virtual absence of macles, and orange-colours; 
those at Letseng-le-terai by a scarcity (<2%) 
of octahedra and absence of transparent green- 
coated stones; those at Ebenhaezer by a few 
relatively large cubo-octahedral diamonds, and 
those within the Kimberley group of diatremes by 
the constancy of diamond morphology. 

The results of these studies are that diamond 

crystal form and colour are respectively diagnos- 
tic of most of the individual kimberlite sources 

from which diamonds were examined, but collec- 
tively, on a regional basis, these characteris- 
tics do not define any geographic pattern in 
southern Africa. 

Variation of diamond morphology and colour is 
discussed in relation to chemical and physical 
conditions pertaining to the 'peridotitic' and 
'eclogitic' growth environments of diamond, and 
the subsequent processes which affected these 
diamond populations in specific kimberlites. 

Introduction 

The classification scheme for diamond based on 

physical features as a function of diamond size 
(Harris et al., 1975) has been used to obtain 
new data about the characteristics of diamonds 

from several of the major kimberlite occurrences 
in southern Africa. Diamonds were obtained for 

classification not only from the general produc- 
tions at Koffiefontein, 1975, and Zwartruggens, 
1976, but also, between 1973 and 1977, from 
development levels at Finsch, Koffiefontein, and 
the Main Pipe at Letseng-le-terai in Lesotho. 
In addition, diamond parcels especially obtained 
for valoation have provided information about 
the variation of diamond characteristics in two 

specific kimber!ite types at Premier, and other 
special diamond parcels from the Ebenhaezer dia- 
treme adjacent to Koffiefontein and the Satellite 
Pipe at Letseng-le-terai have enabled some com- 
parisons to be made between the diamonds from 
different diatremes in the same kimberlite com- 

plex. A preliminary investigation of the diamond 
characteristics from the Kimberley group of mines 
(Bulfontein, De Beers, Dutoitspan and Wesselton) 
has also been completed. 

Classification Procedure 

The classification scheme followed is that 
discussed in detail by Harris et al. (1975). In 

--.... -- 

the present study the diamonds were sized by 
sieving prior to examination. To define the 
major morphological divisions of a diamond 
sample such physical properties as crystal form, 
angularity and regularity are determined as a 

2? 
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TABLE 1o Diamond Sieve Information 

Sieve Diameter in mm Approximate average 
Class* of aperture weight in carats 

(lower screen) per stone 

-23 +21 7,925 4,853 
-21 +19 6,350 2,476 
-19 +17 5,740 1,574 
-17 +15 5,410 1,256 
-15 +13 4,521 0,860 
-13 +12 4,089 0,561 
-12 +ll 3,454 0,371 
-11 + 9 2,875 0,211 
- 9 + 7 2,464 0,123 
- 7 + 6 2,159 0,0896 
- 6 + 5 !,829 0,0557 
- 5 + 3 1,473 •0 029 
- 3 + 2 1,321 SO 015 
- 2 + 1 1,092 SO 008 

Logarithmic midpoints 
* Diamond sieves with circular apertures 

function of size. Other diamond subdivisions 

depend on properties such as transparency or 
opacity, colour, the numbers of inclusions, and 
surface features. The full range of sieve 
classes used, the diameter of aperture and cor- 
responding average weight per diamond are listed 
in Table I. This enables the reader to locate 
the sieve classes on the abscissae in the subse- 

quent figures. The smaller sieve classes (<+7) 
are included in Table I because unlike previous 
studies (e.g. Harris et al., 1975), all diamonds 
in some parcels were categorised. For studies 
on diamond samples from the general productions 
at Koffiefontein and Zwartruggens either the 
total, or at least 1000 stones in each of the 
sieve classes between +7 and +2! were examined. 

Diamonds obtained from development projects 
or special valuation parcels were usually classi- 
fied over the full range of diamond sizes. This 
procedure was adopted because, unlike diamonds 
in the general production, there is only a speci- 
fic number of stones in these parcels and the 
parcels contain diamonds in most of the sieve 
classes. Invariably, this procedure resulted in 
complete classification of all the diamonds in 
the parcel. 

Diamonds in sieve classes smaller than +6 
were usually classified with the aid of a bino- 
cular microscope, but for larger stones, the 
standard 5(x 2.5 mag.) or 10(x 3.5 mag.) head- 
loop used by daimond sorters was employed. 

Once classified the data were computed, and 
the computer programme compares the various div- 
isions of the classification as a function of 

diamond size. A modification to the original 
programme now enables the results to be plotted 
directly in graph form, but the computer pro- 

28 

gramme still records values to the nearest half 
percent. 

For the purposes of these studies diamond 
twins (macles) are considered as being indepen- 
dent of crystal shape. This procedure was pre- 
ferred as there was often insufficient numbers 

of macles in certain sieve classes in the special 
parcels to justify as worthwhile a more detailed 
breakdown of this morphological division. 

Results 

From the computation of the diamond data two 
important relationships are presented in the 
results. There are the variations of (i) crystal 
form, and (ii) colour, as functions of diamond 
size. These relationships are the principal 
means by which the diamonds from the various 
sources can be defined, and also these parameters 
provide information about the environment, during 
and subsequent to, diamond growth. 

No values are given if the population in a 
group is less than 100 diamonds for such data 
were considered to be unrepresentative, and for 
some samples the numerical symbols designating 
crystal form and colour differ from those used 
in 1975. The results are divided into three 
sections. 

A) Studies on diamonds from single kimberlite 
diatremes. 

B) Studies on diamonds from a kimberlite dyke 
swarm at Zwartruggens. 

C) Studies on diamonds from adjacent kimber- 
lite diatremes. 

A) Studies on Diamonds from .Sin. g!..e.Kimber.lite 
Diatremes 

1. Koffiefontein. In view of the relatively 
small num•e"r of diamonds characterised during 
1973 (Harris eta!., 1975), a further sample was 
examined from the 1975 production at the 100- 
160 m levels. The effect of adding the new 
results to those previously obtained, Figures la 
and lb, did not change the values of the various 
crystal forms as a function of diamond size by 
more than a few percent (Figure la). Similarly 
colours did not vary markedly (Figure lb), excep- 
ting for diamonds of greater than one carat where 
there was about a 5% increase in green and about 
a 15% increase in yellow stones at the expense 
of colourless diamonds (cf. Figure lb with 
Figure 3 Harris et al., 1975). 

Between 1973 and 1977 the 244 m and 488 m de- 
velopment levels were completed at Koffiefontein. 
The diamonds from each level were initially exa- 
mined in parcels related to geological divisions 
within the pipe, but for the purposes of compar- 
ing diamond characteristics with depth, the data 
for diamonds from each level were combined; 
results are shown in Figures lc, ld, le and If. 

Although there is not a full overlap of crys- 
tal form as a function of diamond size with 
depth (cf. Figures la, lc and le) there are 
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clearly only minor variations of morphology be- 
tween the three levels at this mine. The more 
marked discrepancy occurring with the larger 
stones at the 244 m level compared with the sur- 
face, is probably the result of insufficient 
number of diamonds in the relevant sizes at the 
244 m level. 

With increasing depth there are, however, 
significant changes in diamond colour (Figures 
lb, ld, If). The most marked over the common 
diamond size range is the increase in the propor- 
tion of yellow and brown stones at the expense 
of colourless. For the three levels colourless 

diamonds decrease in proportion from about 60% 
to 40% and yellow and brown stones increase from 
about 30% to 50%. There is also a slight incre- 
ase in proportion of green diamonds on the 488 m 
level relative to other coloured stones, although 
there are small numbers of diamonds in those 

sieve sizes. On each of the levels, the relative 
proportion of yellow to brown stones increases, 
as the size of diamond increases. 

2. Finsch. A comparison of diamond crystal 
form between the surface and the 348 m develop- 
ment level at the Finsch Mine is shown in Figures 
2a and 2c. There are only minor variations of 
morphology between these two levels, and as the 
variations occur principally among the larger 
stones where diamond numbers on the 348 m level 

are small, these differences may not be signifi- 
cant. 

The variation of colour with diamond size 

between these two levels is shown in Figures 2b 
and 2d. The predominant feature to note is the 
marked decrease in transparent green-coated 
stones from 10-20% at surface to less than 2% at 

the 348 m level. This change is accompanied by 
a complementary increase in the brown and colour- 
less stones and a slight decrease in the propor- 
tion of grey stones (cf. Figures 2b and 2d). On 
both levels, however, the proportion of yellow 
stones increases with increasing diamond size, 
whereas the proportion of brown stones steadily 
decreases. 

Since about 1975 there has been a marked de- 

crease in the proportion of transparent green- 
coated diamonds recovered from the surface pro- 
duction at the Finsch Mine, and the virtual dis- 
appearance of diamonds with this colour appears 
to be closely linked to the change in state of 
the kimberlite from altered and weathered 

"yellow" ground to the less altered "blue" ground 
at the deeper levels. 

3. Premier. Diamond samples have been recover- 
ed from two specific kimberlite types at the 520 
m level at this mine. At this level the brown 

kimberlite occupies about one-fifth of the pipe 
area at the south-eastern end of the diatreme. 

The grey kimberlite occupies most of the remain- 
der of the diatreme apart from a small volume of 
black kimberlite containing carbonate-rich dykes 
near the north-western end of the pipe. 

The morphological differences between diamonds 

from the two kimberlites are shown in Figures 3a 
and 3c. Variations in morphology are small. The 
brown kimberlite has fewer octahedral diamonds 
and slightly more dodecahedral and flattened do- 
decahedral diamonds than the grey kimberlite. 

Figures 3b and 3d illustrate the marked dif- 
ferences in diamond colour between these two kim- 
berlite types. Relative to the brown kimberlite 
there is a 10% decrease in colourless diamonds, 
a 20-25% decrease in yellow diamonds, an 8-10% 
decrease in transparent green-coated diamonds, 
and a 30% increase in brown diamonds. The 
diamonds from both kimberlites also show an in- 
crease in the proportion of yellow stones at the 
expense of brown diamonds with increasing diamond 
size. 

The present results can also be compared to 
similar data determined for the diamonds recover- 
ed from the underground production levels between 
200 and 350 m at Premier during 1971-73 (Harris 
et al., 1975). Over the size range common to 
both studies the variations of diamond morpholo- 
gies are small, but the results from the grey 
kimberlite and the general production are parti- 
cularly close (compare Figures 3a and 3c with 
Figure 3e). 

No similar clear collation emerges, however, 
if diamond colours from the general production 
(Figure 3f) are compared to those from the 520 m 
level (Figures 3b and 3d). The proportion of 
colourless diamonds for example, is about 10% 
higher in the general production than in either 
the brown or grey kimberlites. On this basis, 
colour derivation solely from diamonds in the two 
kimberlite types would only be possible if the 
diamond colour varied in some way, either within 
these kimberlites or as a function of depth. 

B) Studies on Diamonds f..r9,.m ,a,,Kim•,,er.!ite Dyke 
S,w, arm at ,zwart.ruggens 

The Zwartruggens dyke swarm is situated 60 km 
west of Rustenburg, Transvaal, and comprises a 
number of narrow east-west striking near vertical 
kimberlite dykes. Although diamonds were classi- 
fied from two localities, few differences were 
noted and the results from the individual occur- 

rences were combined and are presented in Figures 
4a and 4b. 

The diamond morphology from this source is 
unique in comparison to other southern African 
diamond deposits studied to date because there 
are less than 1% macles in the mine (see Figure 
4a). Other kimberlites have a macle content of 
at least 10%. Another prominent feature is the 
presence of 5-10% cubes; other sources so far 
studied have less than 1%. 

These diamonds also show several distinctive 

colour characteristics (Figure 4b). There are 
2-5% of orange and amber stones compared to less 
than 1% elsewhere (see for example Figure 3b). 
There are noticeable numbers of diamonds with 

multiple colours (ambers and colourless) and 
over part of the diamond size range there are up 
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to about •% of blue stones. The latter propor- 
tion is comparable with that at Premier but dia- 
monds of this colour have not been encountered 

elsewhere. There is also a high proportion, 
(about 25%) of transparent green-coated diamonds. 

C) Studies of Diamonds from Adjacent Kimberlite 
Diatremes 

1. The Main and Satellite...Pi..p...es .•aLt Let..s..eng.,..le7 
terai. The 'tw0"'Pipe's at Letseng-le-terai in the 
n'•rth-eastern highlands of Lesotho are separated 
at the surface by 300 m of basalt wall rock. 
The Main Pipe has a surface area of 15.9 ha. and 
the Satellite Pipe 4.7 ha. (1 hectare = 10,OO0 
m 2 = 2.47 acres). Prior to the present open 
cast mining operations the surfaces of both mines 
were extensively worked by local diamond diggers. 

From the Main Pipe diamonds were examined 
from sampling operations carried out, over the 
whole pipe, at surface and the 60 m level. Al- 
though different kimberlite types were encoun- 
tered on both levels, no appreciable differences 
in characteristics were observed, and the results 
from all the localities studied were combined 

(Figure 5a). At the Satellite Pipe only surface 
sampling (0-5 m) was completed and no distinc- 
tive kimberlite types were observed. Diamonds 
were recovered from all areas of this pipe but 
the number classified was small (Figure 5c). 

The distinctive morphological feature of the 
diamonds from the Main Pipe (Figure 5a) is the 
low octahedral content, less than 2%, coupled 
with the unusually low proportion of macles, at 
about 10%. An equally low octahedral content 
was determined for the Brown kimberlite at 

Premier, but the macle content from this kimber- 
lite is twice that at Letseng (cf. Figures 3a 
and 5a). In the Satellite Pipe (Fig. 5c) there 
are less octahedra and macles but more dodeca- 

hedra than in the Main Pipe. 
The colour data for the diamonds from both 

pipes are shown in Figures 5b and 5d. There are 
wide differences in the proportion of brown and 
grey stones in these pipes, and an unusual fea- 
ture is the absence in both diatremes of trans- 

parent green-coated diamonds. 
The differences in morphology and colour of 

diamonds from these two diatremes, however, may 
not be significant, as relatively few diamonds 
were classified from the Satellite Pipe, and 
these had been recovered from the surface which 

had already been worked by local diamond diggers. 

2. Koffiefontein and Ebenhaezer Diatremes. 

These two pipes are situated in the western 
Orange Free State, South Africa, and are separa- 
ted at surface by only 120 m of Karroo wall rock. 
The Koffiefontein diatreme is 10 ha. in area at 
surface and the Ebenhaezer 7.5 ha. The Eben- 

haezer Pipe was sampled at the surface and the 
60 m level. The diamonds were classified and 

the results from both levels combined (Figures 
6a and 6b). 
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An important morphological feature of the 
diamonds from Ebenhaezer is the presence of a 
few cubo-octahedrons among the smaller stones 
(Figure 6a). These diamond shapes have been 
noted at the Premier Mine but only in the much 
smaller diamond sizes, (e.g. 0.02 carats per 
stone as opposed to 0.08 carats per stone at 
Ebenhaezer). 

A comparison of morphology between Ebenhaezer 
and the Koffiefontein data presented earlier 
(Figures la, lc, le) reveals that at Ebenhaezer 
there is a slightly higher proportion of flat- 
tened dodecahedra, at the expense of dodecahedra, 
than in the three levels studied at Koffiefontein, 
but otherwise, the morphology of diamond from 
these two mines is similar. 

No unusual colours were found at Ebenhaezer 

(Figure 6b), but a colour comparison with Koffie- 
fontein (Figures lb, ld, If) shows that the pro- 
portion of specific colours varies between the 
two diatremes. The diamond colour at Ebenhaezer, 
for example, corresponds more closely to the dia- 
mond colours from the 244 m and 488 m levels at 

Koffiefontein, than to the surface production. 

3. The Kimber!e%.Group. of Mines. In a prelimi- 
nary study, a limited number of diamonds from 
special valuation parcels, from the Bulfontein, 
De Beers, Dutoitspan and Wesselton Mines have 
been examined and classified. For individual 
sources there were insufficient diamonds to allow 

comparisons to be made on the basis of individual 
diatremes. It was nevertheless apparent that 
morphologically the diamonds were similar whereas 
colour differences were evident. 

In view of the colour variation between indi- 
vidual diatremes no combined results of colour 

versus diamond size for these mines are presented, 
but Figure 7a gives the combined morphology re- 
suits which are regarded as being representative 
of diamond morphology in the Kimberley group of 
mines. 

Discussion 

.Comparison Q.f Diamond.......Morpholo•gy f. rom Various 
G r oup s...o f....•K•imb e r 1 !.me 

The characteristics of diamond from each of the 

six kimberlite groups indicate that on a local 
basis distinctions between individual sources can 
be made. The completion of the preliminary study 
of the diamond characteristics of the Kimberley 
group of diatremes also enables a general compar- 
ison of morphology to be made of diamonds from 
several important kimberlite sources in southern 
Africa. No similar exercise is attempted for 
diamond colours because of the local variability 
of this characteristic. For the morphological 
comparison, data from adjacent kimberlites were 
combined in the following ways. 

a) Premier group: The results shown in Figure 
7b were obtained by combining the diamond morpho- 
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logies from grey and brown kimberlites with those 
from general productions. 

b) Koffiefontein group: Figure 7c shows the 
results of combined diamond morphological data 
from the various levels of the Koffiefontein and 
Ebenhaezer diatremes. 

c) Zwartruggens group: The morphology of dia- 
monds from both localities is shown in Figure 7d. 

d) Finsch mine: Morphological data are com- 
bined for diamonds from the 100-150 m production 
level and from the 348 m sampling level, Figure 
7e. 

e) Letseng-le-terai group: 0nly the morphol- 
ogy of diamonds from the M•in pipe is shown in 
Figure 7f, as it was considered that there were 
insufficient data from the Satellite pipe. 

The diamond morphology data shown in. Figures 
7a-7f can be divided into a number of groups. 
The diamonds from the Kimberley, Koffiefontein 
and Finsch mines (Figures 7a-7c-7e) have similar 
morphologies with roughly the same proportion of 
flattened dodecahedra, macles and polycrystalline 
aggregates. They also show roughly the same pro- 
portion of octahedra which steadily increase with 
diamond size. In the case of Finsch this change 
is at the expense of the proportion of dodeca- 
hedra, whereas in the Kimberley and Koffiefontein 
kimberlite groups the proportion of dodecahedrons 
does not appreciably decrease with increasing 
diamond size. The three mines show distinct 

differences, however, in the proportions of irre- 
gular diamonds. 

The Premier, Zwartruggens and Letseng-le-terai 
pipes (Figures 7b-7d-7f) form another group. 
These sources have much lower proportions of octa- 
hedral diamonds, and these percentages are essen- 
tially constant throughout the size ranges stud- 
ied. These mines, however, vary individually in 
respect of the proportions of dodecahedra, macl•es, 
cubes and irregular stones. 

The diamond morphology data can also be divi- 
ded on the basis that the Koffiefontein and 

Finsch data (Figures 7c and 7e) are distinct from 
the other sources since the macle proportions at 
these two mines are constant with respect to dia- 
mond size. 

However, there appears to be no distinguishing 
regional characteristics from these various 
large-scale morphological groupings which can be 
used to separate the kimberlites. In general, 
only relative differences exist between the same 
diamond morphologies in five of the kimberlite 
sources, and these variations probably relate to 
processes which subsequantly modified the origi- 
nal crystals (see below). The presence of cubes 
at Zwartruggens is only of local significance, 
for its nearest kimberlite neighbout, Premier 
Mine, has no cubes in its diamond population. 

The emplacement ages of six of the kimberlites 
range from Pre-Cambrian to Cretaceous. Premier 
•ine is Pre-Cambrian (Allsopp et al., 1967) and 
Allsopp and Barratt (1975), using Rb/Sr ratios, 
have dated Zwartruggens at 147 + 4 m.y., and 
obtained a mean age of 86 + 3 m.y. for the four 

Kimberley mines, which is in close agreement to 
the zircon ages of 91 + 2 m.y. determined by 
Davis et al. (1976). •s the kimberlites at 
Finsch•-•-•fiefontein and Letseng are also part 
of the post-Karoo kimberlite event in southern 
Africa, it would therefore appear that there is 
no relationship between the principal morpholo- 
gies of diamonds and the eraplacement ages of the 
kimberlites in which they are found. 

Of the nine occurrences Zwartruggens is the 
only kimberlite dyke swarm, and this mine contains 
very distinctive diamond morpholgies. These mor- 
phologies, however, can not be related to the 
mode of kimberlite intrusion, as a preliminary 
study of the diamonds from the Bellsbank kimber- 
lite dyke swarm in the Cape Province reveals mor- 
phologies and colours similar in type and propor- 
tion to the major kimberlite sources discussed 
above. The morphology of diamonds from Zwart- 
ruggens, therefore, is a characteristic peculiar 
to that particular locality. 

The Variation of Diamond Mor•.holo.gy as a Function 
o'k D..ia.mond ...S.ize .and Kimb•erlite .T_ype 

Harris et a1.(1975) discussed the varying pro- 
portions of diamond crystals found in different 
kimberlites in terms of primary populations of 
octahedra, macles, cubes, combined forms and ag- 
gregates. Subsequent modifications produced do- 
decahedra and flattened dodecahedra from the 

original octahedra, rounded many of the other 
primary diamond shapes, and created most of the 
irregular crystals. 

The initial part of this hypothesis assumed 
that all the diamonds in a specific kimberlite 
formed in a single location as part of a single 
growth process, and such a unique source now 
seems unlikely. Quantitative chemical analyses 
of representative samples of the syngenetic 
mineral inclusions in diamonds from known sources, 
clearly indicates that there are two major, and 
chemically distinct, environments for diamond 
growth in the upper mantle. Studies of the 
abundances of these syngenetic minerals moreover, 
indicates that the proportion of diamonds belong- 
ing to each of these two environments also varies 
between kimberlite sources. For example, }Iarris 
and Gurney (1978) have shown that at the Finsch 
•ine, a very high proportion (>98%) of diamonds 
are derived from a 'peridotitic' environment 
whilst at the Premier and Koffiefontein mines 

there is roughly equal proportions of 'peridotitic' 
and ' eclogitic' diamonds in the diamond popula- 
tions. 

These different environments, however, do not 
appear to seriously influence the growth mecha- 
nism of the diamond. At Finsch, Koffiefontein 
and Premier, it is clear that the octahedra and 
its twin the macle are the predominant primary 
diamond crystal habits, irrespective of the sili- 
cate assemblage present during their formation. 
With the cubes at Zwartruggens, and the few 
cubo-octahedra classified at Premier and Eben- 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



haezer, it is likely that their morphologies are 
related to variations in the physical conditions 
during diamond formation. Morphological studies 
on synthetic diamonds by Klyuyev et al. (1973) 

_.__ 

have shown that cubes and cubo-octahedra re- 

quire, relative to octahedra, either lower tem- 
peratures or higher pressures for their forma- 
tion. 

The consistently low proportion of aggregated 
octahedra and macles from five of the sources, 
and the equally low proportion of aggregated 
octahedra and cubes at Zwartruggens, indicate 
that changes in diamond nucleation were not ac- 
companied by abrupt changes in the physical con- 
ditions, but proceeded more or less steadily 
once the environmental conditions were appropri- 
ate. In fact, the similarity between the mor- 
phologies of diamonds from the 'peridotire' and 
'eclogite' environments, as well as the similar- 
ity of the imposed morphologies of the different 
syngenetic mineral inclusions present in these 
two distinct groups of diamonds (Harris and 
Gurney 1978), suggest that, in general, the 
pressure/temperature conditions between these 
two environments were not very different. This 
conclusion is supported by the available evi- 
dence on the geothermometry and geobarometry of 
the mineral inclusions in diamond (e.g. see 
Gurney et al., 1978, in press). 

..--.._._ 

The principal morphological variation which 
is likely to be related to the prevailing chemi- 
cal, rather than, physical conditions, is the 
proportion of macles in a specific diamond popu- 
lation, as the macle proportion probably reflects 
differences in the degree of carbon saturation 
during the initial stages of diamond growth. 

The virtual absence of macles and the presence 
of cubes, at Zwartruggens, and vice versa for 
the other mines, does not mean that these two 
crystal habits are always mutually exclusive. 
They have been found together as coated stones 
in the diamond population from Koidu No. 1 Pipe 

Sierra Leone (Grantham and Allan, 1960), and are 
a common feature, again as coated stones, in the 
diamonds from Zaire, although in this case no 
studies have been completed on specific kimber- 
lite or alluvial diamond sources. 

The diamond contributions from the 'peridoti- 
tic' and 'eclogitic' sources, and the ratios of 
the primary crystal habits in each of these 
sources, are the two unknowns which generally 
prevent a more detailed interpretation of the 
systematic morphological trends shown by the 
primary diamond crystal habits in the various 
figures. At Finsch, however, the diamonds are 
derived almost solely from a 'peridotitic' envir- 
ontonet and have a constant octahedron to macle 

ratio irrespective of diamond size. Such data 
(Figure 7e), suggests that in this initial dia- 
mond growth environment the level of nucleation 
of the octahedra was greater than that of the 
macles, but that the nucleation rates for both 
morphologies were the same. 

Moore and Lang (1974) clearly demonstrated 
that rounded dodecahedral diamonds are resorbed 

forms of diamond octahedra, and a resorption 
process has obviously affected all the diamond 
populations in the present investigation. Apart 
from the octahedra, similar rounded surfaces 
h. ave been found on macles and octahedral aggre- 
gates from all the mines studied, and the rare 
tetrahexahedron (a solution form of the cube) has 
been observed at Zwartruggens. 

At present it is uncertain whether the resor- 
ption process occurred whilst the diamonds were 
present in their original 'peridotitic' or 'eclo- 
gitic' environments or whether the kimberlite was 
principally responsible. Some resorption has 
been observed on octahedral diamonds recovered 

from eclogite nodules (Robertson, in press) but 
the systematic variation in the ratio between 
octahedra and dodecahedra with diamond size at 

Kimberley, Finsch and Koffiefontein (see Figures 
7a, 7c and 7d) may indicate that it is in the 
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KEY TO FIGURES 1 THROUGH 7: 

(Form as a Function of Size) - Numbers on zraphs refer to different shapes of diamond as follows: 

1- Octahedra 6- Cubes 11- Octahedra-Dodecahedra 
2- Dodecahedra 7- Macles 12- Tetrahedron 

3- Flattened Dodecahedra 8- Spheres 13- Polycrystalline 
4- Cube-Octahedra 9- Irregular 14- Uncertain 
5- Cube-Dodecahedras 10- Cube-Octahedra-Dodecahedra 

(Colour as a Function of Size) - Numbers on graphs refer to different colours of diamond as follows: 

1- Colourless 7- Blue 

2- Yellow 8- Black 

3- Brown 9- Multiple 
4-Green 10- Steel Grey & Grey 
5- Orange & Amber 11- Smokey 
6- Pink & Mauve 12- Uncertain 
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Figure. 2 

kimberlite, during some stage of fluid or vola- 
tile ascent, that this process occurs. 

At Premier, Zwartruggens and Letseng-le-terai 
(Figures 7b, 7d, 7f) the consistently low octa- 
hedron proportion suggests that the solution 
process was more severe. It would seem that the 
number of octahedra attacked in a particular dia- 
mond size class is a fixed proportion of the to- 
tal number of octahedra in that size, and the 
resorption causes an exponential reduction in 
the numbers of octahedra in each size class until 

a common minimum is approached. 
At all the mines, a large proportion of the 

34 

diamonds are classified as irregular (see above). 
Diamonds which are broken invariably fracture 
along diamond cleavage planes, and fracture sur- 
faces can be defined as "old" or "new" (Williams 
1932). In the first case, the surface has been 
partially resorbed subsequent to fracture, and 
the edges of the fracture surface are smooth and 
rounded. With "new" fracture surfaces, no resor- 
ption has occurred and surface edges are sharp. 

The presence, from all the mines studied, of 
broken dodecahe•ra of all sizes with "old" frac- 
tures, indicates that the event or events that 
caused these diamonds to break, largely post- 
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dates diamond resorption. It is likely that 
during kimberlite ascent, either sudden upward 
movement of the kimberlite, or internal strain 
caused by the ever-increasing differential expan- 
sion rates between diamond and its inclusions as 

the pressure drops (see Harris et al., 1970) 
would provide opportmnities for diamond to frac- 
ture, but these events would also allow suffici- 
ent time for partial resorption of broken sur- 
faces by fluids or volatiles. 

'New' fractured diamonds may derive from the 
explosive nature of kimberlite emplacement, or 
from mining and milling processes used in dia- 
mond recovery. At present, however, no data are 
available from the various mines about the rela- 
tive contributions these two factors make to the 

proportion of irregular diamonds with 'new' fra- 
c ture. 

The diamonds recovered from the brown and 

grey kimberlites at Premier mine showed only 
slight morphological differences (cf. Figure 3a 
and 3c). Only slight differences were also re- 
corded for diamonds obtained from the adjacent 
Koffiefontein and Ebenhaezer kimberlite dia- 

tremes (cf. Figures la, lc, le and 6a). In both 
cases, the morphological differences relate to 
small variations in the ratios of the propor- 
tions of octahedra to dodecahedra or flattened 

dodecahedra. These results strongly suggest 
that the diamonds from the two kimberlites at 

Premier were initially part of the same combined 
diamond population, and morphological variations 
reflect the different degrees to which the dia- 
monds in the two kimberlites were subsequently 
modified during ascent and emplacement. A simi- 
lar conclusion can be drawn from the comparison 
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Figure 4 

of the diamonds from Koffiefontein and Eben- 

haezer, although in this case, the kimberlites 
carrying the diamonds formed two adjacent dia- 
tremes rather than two intrusions within the 
same vent. 

The Variation of Colour as a Function of Diamond 

Size-, .... Kimb e'r 1' i t e....-' ..TY"• e a•d'/'De'Pt••n- a Di•"tr•e-m_e 
Diamond colour, like the primary diamond 

shapes, does not obviously appear to be control- 
led by the two diamond growth environments. The 
principal diamond colours in both the 'perido- 
titic' and 'eclogitic' environments are colour- 
less, yellow and brown. 

In the present study diamonds with these 
three colours predominate in all the kimberlites 
examined, and except in Zwartruggens, display a 
common colour trend in the combined diamond pop- 
ulations; yellow diamonds increase in proportion 
over brown ones as diamond size increases. The 

proportion of yellow to brown diamonds not only 
varies between the individual diatremes, but 
also between individual kimberlites at the same 
level, as at Premier, and with depth in the same 
kimberlite, as at Koffiefontein. 

The yellow versus brown colour variation was 
first noted during earlier work on South African 
diamonds by Harris et al. (1975). To account 
for these trends th• su---ggested that dispersed 
nitrogen might migrate at appropriate tempera- 
tures and form nitrogen aggregates, or nitrogen 
platelets within the lattice during diamond 
growth. A more detailed evaluation of these 
colour trends however must await the determina- 
tion of the amount of nitrogen present in the 
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Figure 5 

'peridotitic' and 'eclogitic' growth environ- 
ments of diamond. In this regard, a study is to 
be completed of the nitrogen content in diamonds 
recovered from eclogite nodules. 

At Zwartruggens, the presence of amber- 
coloured diamonds indicates that in addition to 

physical aggregation, nitrogen has also substi- 
tuted for carbon in the diamond lattice, and pro- 
duced the so-called type lb diamond (Bruton, 
1970). Whether or not these two processes occur- 

red at the same time is uncertain, but the pres- 
ence of amber diamonds and the absence of a 

distinct colour trend may be related. 
The variations of diamond colour with depth 

and diamond size are unlike].y to be controlled 
by temperature differences during the final 
stages of kimberlite intrusion. Whilst different 
lattice sites may contain impurities with differ- 
ent mobilities, the emplacement histories of 
diamonds found in the closely spaced present 
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mining levels are not likely to be sufficiently 
different to have caused the colour variations 

observed. Evans and Rainey (1975) have shown 
that it is very difficult to change the original 
body colour of a diamond, and the conditions re- 
quired to do so, 2000-2300øC at 48 kb (4.8 GPa), 
are unlikely to prevail after the kimberlite has 
reached the surface. 

If, however, the assumption is made that the 
size distribution of a diamond population in a 
kimberlite varies with the depth from which it is 
extracted, and Wagner (1914) presents some evi- 
dence for this premise, then the observed colour 
variation with depth'would follow as a corollary, 
since diamond colour has been shown to be a fun- 

ction of diamond size. In any specific kimber- 
lite this prediction will not be seriously influ- 
enced by the diamond morphology as primary 
crystal habits appear to be largely independent 
of depth (see above). 

One other aspect of diamond colour which will 
need to be determined if a more detailed inter- 

pretation of the present colour trends is to be 
made, will be the proportion of nitrogen-free 
diamonds (the so-called Type II's) in a particu- 
lar diamond population. Type II diamonds are 
usually coloured brown because of minute amounts 
of graphitic or amorphous carbon which lie on 
the diamond (111) lattice planes, the carbon 
impurity having formed in response to plastic 
deformation of the diamond, (Urusovskaya and 
Orlov 1964). Evans (1976) has suggested that 
plastic deformation occurs preferentially in 
Type II diamonds firstly because platelets in 
Type I diamonds will tend to inhibit the move- 

$8 

ment of dislocations, and secondly because Type 
II diamonds appear to have a higher initial 
density of dislocations. 

Although no quantitative studies have yet 
been completed, diamonds exhibiting plastic de- 
formation are particularly com•on at Premier 
mine and are also easily found in all the other 
major kimberlite sources studied. Plastically 
deformed diamonds can usually be recognised by 
the presence of single or multiple <110> stria- 
tion lines running partly or completely around 
the surface of the diamond. This surface feature 

is found on diamonds of all sizes, and with the 
possible exception of the cube and combined 
habits (see Harris et al., 1975), occurs on all 
diamond forms. The uncertainty with respect to 
the cube and the combined forms arises because 

although striation lines have not been observed 
on these morphologies, relatively few of them 
have been encountered in the course of these 

studies. Excluding brown diamonds, striation 
lines have also been observed on colourless 

stones and very occasionally on yellows. 
Apart from the influence plastically deformed 

diamonds may have on the colour trends, they are 
also important because they indicate that esta- 
blished diamond populations have been subjected 
to differential stresses which must have been in 

a wholly crystalline environment, or one in which 
there was at least grain boundary contacts 
between the minerals. The plastic deformation of 
diamond most probably occurred at mantle depths 
since there is abundant evidence for differential 

stress in the mantle as demonstrated by the de- 
formation textures found in mantle peridotite in 
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several diamondiferous kimberlites. If this is 
the case, the deformation may either reflect a 
widespread process of mantle creep, or a local 
event associated with diapirism during kimberlite 
genesis (Harte et al., 1975). 

The ductility of diamond at high pressures and 
temperature Has been determined by DeVries (1975) 
who showed that, in as little as 5 minutes, exten- 
sive plastic deformation occurred at temperatures 
as low as 900-11OOOC over the pressure range 60- 
10 kb (6 to 1 GPa). These deformation tempera- 
tures are at least 200oc lower than the available 

equilibration temperatures for co-existing miner- 
al pairs included in diamond during its growth 
(Meyer and Tsai 1976; Gurney et al., in press), 
and the ease of dislocation motion implied by the 
deformation experiments, may also indicate that 
the preservation of deformation lamellae on dia- 
mond necessitates the deformation to be closely 
linked to a kimberlite genesis. 

The predominance of Type II brown diamonds 
over Type II colourless ones also raises the 

question of whether the deformation took place 
whilst the diamond was in its own stability field• 
or in the stability field of graphite. The pre- 
sence of both diamond colours could indicate that 
plastic deformation occurred across the diamond/ 
graphite boundary. Alternatively, the deforma- 
tion could have occurred entirely within the gra- 
phite stable region, the colourless Type II dia- 
monds having insufficient graphite on their (111) 
planes to subsequently affect the absorption of 
light. Internal graphitisat•on of diamond out- 
side its stability field need not necessarily 
lead to the total conversion of the crystal, and 
a mechanism for restricted graphitisation has 
been suggested by Howes (1962). 

Transparent Green-Coated Diamonds. Diamonds 
'with this type of colour coat have been found in 
all the diamond sources studied with the excep- 
tion of Letseng-le-terai. Usually their propor- 
tion at a particular mine averages less than 10%, 
but the current diamond productions at Zwart- 
ruggens, and until recently at Finsch, averaged 
between 10-25%. 

This type of colour coat is probably the re- 
sult of natural oc-particle bombardment by 
uranium and thorium atoms in the kimberlite, the 
damage to the surface of the diamond occurring 
over long periods of time but after kimberlite 
emplacement and cooling to below 500oc, (Vance 
et al., 1973). Thus, if the kimberlites at 
Letseng-le-terai are grouped with other post- 
Karoo kimberlite intrusives in the same region, 
at approximately 90 n.y. old (see Davis et al., 
1976), then the absence of transparent green- 
coated diamonds suggests that im this mine the 
EU content i• much less than the expected 15-30 
ppm (see Vance et al., 1973). (EU-the equivalent 
uranium concentration of a material is that uran- 

ium concentration which has the same •(-activity 

4O 

as the actual radioelement mixture in the mater- 

ial). 
At Finsch, recent mining operations recovered 

diamonds from below the leached and oxidised near 
surface kimberlite and the proportion of trans- 
parent green-coated diamonds dropped to less than 
2%. Vance et al. (1973) suggested that the ori- 
ginal high proportion of green-coated diamonds at 
Finsch was caused either by radioactive enrich- 
ment or segregation within the surface levels, 
and the new evidence supports this conclusion. 
After eraplacement and cooling, groundwater would 
mobilise and concentrate the uranium and thorium 

particularly, and an aqueous radioactive source 
will produce even green surface coats on diamond 
(Vance and Milledge, 1972). The irregular mig- 
ration of the groundwater through the kimberlite 
would also ensure that a relatively high propor- 
tion of the diamonds within the groundwater zone 
were damaged. Below this zone, however• dimmonds 
would only be damaged according to the original 
distribution of radioactive elements in the un- 
weathered kimberlite (see Vance et al., 1973). 

There is no information availa-•le---on the radi- 
oactive content of the kimberlite dykes at 
Zwartruggens but they have been dated by Allsopp 
and Barrett (1975) at 147 + 4 m.y. The present 
high proportion of green-c•ated diamonds, there- 
fore, suggests two possibilities. Firstly that 
radioactive enrichment in groundwater is respon- 
sible, or secondly, that there is in fact an 
above average EU content in this kimberlite. 
Gurney and Hobbs (1973) have shown that the 
Bellsbank fissure mine has an EU value of 25.4 

ppm and it may be that relatively •igh radio- 
activity is a feature of kimberlite dykes. 

Concluding Remarks 

The results of this study have shown that there 
is a general similarity between the morphology 
and the colour of diamonds from six widely sepa- 
rated kimberlite sources in southern Africa, but 
that these physical features vary sufficiently 
between the individual sources to enable diamond 
populations to be uniquely defined. The data 
have also allowed some predictions to be made 
about the initial growth environments of diamonds 
originating in the upper mantle beneath southern 
Africa, and the possible ways in which diamond 
populations subsequently undergo modifications 
during kimberlite ascent and intrusion. 

Apart from providing information about diamond 
characteristics the classification scheme forms 
the framework within which several related proj- 
ects are currently in progress. These studies 
include the determination of the relative abun- 
dances of the syngenetic minerals found in dia- 
monds, the chemical analysis of representative 
inclusion samples, and the determination of car- 
bon isotope ratios. In each project an observa- 
tion or analysis is specifically related to the 
source, size, morphology and colour of the dia- 
mond. It is hoped that integrated studies of 
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this type will lead to a more complete understan- 
ding of the environments in which diamond grew 
and evolved. 
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DIAMONDS FROM KI•iBERLITES IN THE 

COLORADO-WYOMING STATE LINE DISTRICT* 

M. E. McCallum 

Colorado State University, Fort Collins, Colorado 80523 
and U.S. Geological Survey, Box 25046, Denver Federal 

Center, Denver, Colorado 80225 

C. D. ,•abarak 

318 S(•uth Loomis, Fort Collins, Colorado 80521 

H. G. Co(•persmith 
Cominco American 'Inc:., St. Charles, ?lissouri 63301 

Abstract. Seventy-eight diamonds recovered 
from weathered kimberlite from diatremes in the 

Colorado-Wyoming State Line district are de- 
scribed in terms of size, weight, morpho]ogy, 
color, fluorescence, nd inclusions. The stones 
are subdivided into two groups' small diamonds, 
those approximately >] mg and >1 mm; and micro- 
diamonds, those <1 mg and <1 min. Total combined 
weight of all diamonds in both groups is about 
84 mg. (0.42 carat). 

Octahedra] forms are most abundant in the 

microdiamond fraction and octahedra/dodecahedra 
ratios shrew a general decrease with size (O/D = 
6.0 for <0.3-1.0 mm range and 1.2 for 1.0->2.0 
mm range). Octahedra and macles appear to be 
primary growth forms, and dodecahedral forms 
evolved from octahedra. 

Variations in size and form are reflected by 
weak to moderate trends in color, fluorescence, 
and inclusion content. 

Introduction 

Following the discovery in 1975 of diamonds 
in a serpentinized garnet lherzolite nodule 
from a kimberlite diatreme (Schaffer 3 in 
School Section 16) in southern Wyoming (McCallurn 
and Eggler, 1976), a program was initiated at 
Colorado State University to test the kimber- 
lites in the region for diamonds. Weathered 
kimberlite from selected pipes in the Colorado- 
Wyoming State Line and Iron Mountain, Wyoming, 
districts was evaluated by preliminary recon- 
naissance, and during the summer of 1975, 21 
small diamonds were recovered from two of the 

Colorado diatremes (8 from the Sloan 1 pipe 

*Publication authorized by the Director, U.S. 
Geological Survey. 
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and 13 from the Sloan 2 pipe) (HcCallum and 
Mabarak, ]976a). S•bsequent testing in 
]975-]976 led to the recovery •f small d;iamonds 
from the Schaffer ]0, 15, 16, and 19 pipes and 
the Auldman pipe (McCallurn and Mabarak, 1976b). 
By August 1977, diamonds had al•;(• been is("•lat:ed 
from weathered kimberl[te of the Sct•affer 3 

and 13 pipes, and from two of tt•e Nix pi[)es, 
and the to•al number of crystals re•'()vered 
fr()m the district had reac}•ed 78. (See 
McCallum and others, 1977, and Smitl• and ½)tl•ers, 
in press, for pipe locations.) No diamonds 
have yet been found in kimberlite from t•he 
Iron Mountain district. 

Most of the diamonds range from at)pr(•)ximately 
0.2 • uo 2.0 mm in average di. ameter and •0.5 
mg to 4.0 mg in weight (Table •1). Max[mira 
concentration of diamonds is .i..n the 0.3-0.5 mm 

and 0.5-1.0 mm size fractions (Fig. IA). As 
would be expected, weight of diamonds per size 
interval along with weight percent per size 
interval increases appreciably in the larger 
size units (Figs. lB and C). The largest 
crystal recovered to date was taken from the 
Sloan 2 pipe, weighs 11.8 mg (0.059 carat) and 
is approximately 1.3 x 1.75 x 2.8 mm in size 
(Fig. 2) (McCallum and Mabarak, 1976b). The 
diamonds have been arbitrarily subdivided into 
two groups: 1) small diamonds and 2) micro- 
diamonds. The small diamond group includes 
24 crystals that are greater than 1 mm in size 
and 1 mg in weight. Microdiamonds are equal 
to or less than 1 mm in size and 1 mg in weight, 
and 54 have been recovered from the State Line 

district (Table 1). The total weight of the 
78 diamonds is about 84 mg or approximately 
0.42 carat. Small diamonds comprise nearly 
64 mg or 0.32 carat of the total, whereas 
microdiamonds account for the remaining 20 mg 
or 0.10 carat (Table 1, Fig. 1). 
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TABLE 1. Weight as a function of size. 

S[ze mm* No. of Average 
crys ta!s weight 

mg. Carat 

Total 

weight 

mg. Carat 

<0.3 ]0 %0.20 
0.3-0.5 22 %.30 
0.5-1.0 22 %.54 

Totals (ave.) 54 ('u0.38) 

1.0-]..5 15 1.60 
] .5-2.0 7 3.20 
>2.0 2 8.72 

Totals (ave.) 24 (2.60) 

OveraJ 1 

t:otal,• (ave.) 78 (%2.37) 

%0.0010 •2.0 %0.0100 
%.0015 %6.6 %. 0330 
%.0027 %11.85 %.0593 

(%0. 0018) %20.45 %0. 1023 

0.0080 23.95 0.1198 
.0160 22.42 .1121 
.0436 17.43 .0872 

(0.013) 63.80 0.3191 

(%0. 012) %84.25 %0.4214 

*Categorized according to ].arges;t dimension. 

Recovery Procedure 

WeaLt•ered k[mberl f['e was colletled in 50-100 

pound ('•.,23-46 kg) samples frc•rn pLpe surfaces; 
se'vera] samples were taken f'r()m eac:h of tt•e 
larger pipe.'• (e.g., Sl. oan I and 2, Sc:l•affer 13 
and 15). 'I'l•e samp]es, wlii. c:li genera]..ly con. Cain 
variable amounts c•:f wesriveted granlt[c host 
rock material, were sieved thro•.tgtl 3.3 mm and 
1.5 mm screens. Mater:[al larger tl•an 3.3 mm 
was scanned vistially, btlt Co, ctate no diamonds 
have been rec'•vered from [t•i.s sample fraction. 
The !.5-3.3 n,n and •1.5 mm sp!i..[s were rtln 
separatc, ly I:ltrc•4ti •:l six-f½•ot 
siteice witti one-i. nc't• (2.54-•.m) riffle spac:ing 
to concentrate ct•c., t•:•avy minc:•ral frae'rican. 'For 
eac. t• 50 pc•t•ncls ('x,23 kg) {•f sa'mple processed, 
approxi. mately 7 pounds (3.2 kg) of material was 

recovered, of which about 50 percent has a 
specific gravity of greater than 3.0 (McCallurn 
and Mabarak, 1976b, p. 22). The sluice con- 
centrates were dried and immersed in 52-percent 
hydrofluoric acid for from two to four weeks 
utilizing the method developed by Neuerberg 
(1975). In most runs the acid was changed 
every four to five days. After four weeks of 
treatment, most silicates are digested and onl. y 
about ] percen• of the orœgina] sample volume 
remained (McCa]lure and Mabarak, 1976b). The 
residual, acid-insoluble fraction was run 

through a Franz magnetic separaLor ] (side slope 
setting 20 degrees, front slope setting 23 
degrees), that effectively removed most of the 
paramagnetic minerals. Tt•e remaining heavy 
mineral concentrate was then examined under a 

regular binocular microscope and suspected 
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Figure 1. Size distribution of State Line diamonds. A. Number of crystals per size interval. 
B. Weight per size interval. C. Weight percent of total per size interval. 
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Diamond C]ass:ification 

FSgure 2. D•storted oc. tahedral diamond from the 
S]oan 2 pipe. It weighs ]].8 mg (0.059 carat) 
and is the largest stone included in t'l•i.s report. 

d i,•monds were tested under a polarizing micro- 
scope for isotropy and refractive •ndcx. Less 
fragile appearing diamonds were checked for 
hardness and a few of the f•rst recovered 

crystals were X-rayed with a GandolfJ camera by 
W. N. Sharp of the U.S. Geological Survey. A 
number of crystals t,ave d]so been examined by 
scanning electron microscope in order to better 
evaluate surface fedtures. 

The diamonds are describud according to thu 
six-fold class•ficatio• of Wl•ta]•,ck (]97•). 
This system is based on prodomin,..,nt crystal 
forms and subdivides stones into ucta}•odrd, 
rhombic dodecahedra, flattened dodecdhedra, 
macles, aggregates, and irregul,•r shapes. In 
addition, a seventh category of rounded crystals 
transitional between octahedra and dodocahedra 

is included. The assignment of crystals to the 
appropriate category necessitated tt•e estab] ish- 
ment of abritrary cutoffs determined by re]q- 
tive percentages of predomin'•nL vers•.is 
ordinate forms. Tt•ase a. ss•gnm•.nts ,•ra somaw•.•t 
si. mi]ar but not identical t.• th•.•.•. dev•'l•l•.d by 
Whitelock (1973). For •ct,•l•,dr,•l-d•d•,•',•t•.dr,•l 
forms, a] ] (.rystal s hav•la,, im,r•. t.l•;ln ,•i•pr•.'•xi - 
mately 75 percent {11]} f,•.os ,•r•, clas.-,if' ,d 
octahedra, whereas those with m()r, l:I•:• 75 
percent {110} faces are desi•,nnt. ud 
A] ] crystals with intermedi"'•t . 'omb [nat. long of 
{lll} and {110} fa',s are assigned 
octahedra-dodecahedra trans[L iona] grn•p, 
is apparently compnrab]•, to tl•-, 1,1rgt Jar-or- 
mediate category defln•.d by Mil.•.•tl,,v (I)65). 
Broken or parti. a]]y form]•.ss 
c'lass•f•ed 4cc:ording to tl•e r•.!,•t iw, 
•f faces present or presetvent. If Lt•. •'-ysk 1 
exhibJ. Ls more t!'•.•n 50 per•'•'nL idt.nLif' 
faces, it i.s ,tssigned to Lll' •Pl•rt• 1 ri.•L, 
cryst,•l form groul•; ott•,rw.i.=., iL is designatPd 
ns an irreg•lar (broken or form] .ss). q'llls 50 
p•,r•'ent cutoff is the sam qs Ll•,•t ,•½.i•,pt• ! by 
Harris and others (1975) •s oppos.d Lo 
60-70 percent cutoff .mployud l•y •iL•.l•Pk (1 •73). 

TABLE 2. Morphological classif[cat ion of State Line diamonds ns .• funr'ti• •t s;i',-,. 
[O = octahedrd, O-I) = tr•nsition,•l octahedra-dodecahedra, D = doduca}•elr,•, F = 
M = mac]es, A = aggregates, I = irregular sinapes, O/D = ratio of octnt•edr,• t• 
ratio of octahedra to dodecnhedra including O-D group w•tl• dt•de{'a!•edra. 

SJ. ze mm* 0 O-D D F M A 1 T•,tal O/D 0 / D + 

<0 3 5 l 0 0 I 2 1 10 - 

3-0 5 3 2 0 1 4 10 2 22 
5-1 0 4 6 0 ] 2 9 0 22 

TotaIs (ave.) •2 9 0 2 7 21 3 54 

1.0-1 .5 2 3 ] 2 1 4 2 15 
1.5-2.0 3 ] 1 2 0 ] 0 7 

>2.0 1 0 0 0 0 1 0 2 

Totals (ave.) 6 4 2 3 i 6 2 24 
Overall 

totals (ave.) 18 13 2 5 8 27 5 78 

--__ 

3.0 

4.0 

(6.0) 

0.67 

1.5 

(1.2) 

(2.57) 

5.0 

1.0 

0.57 

(]_.o9) 

0.33 

1.0 

(0.67) 

(0.90) 

*Categorized according to largest dimension. 
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Figure 3. Crystal form as a function of size. Form symbols same as in Table 2 with the addition of 
D + F = dodecahedra and flats, and %D = total dodecahedral forms. Subscripts on form symbols indicate 
number of crystals of that type. 

Aggregate types and octahedra predominate 
(27 and L8 diamonds, respectively--Table 2, 
Fig. 3). Most aggregates are comprised of 
octahedral forms and complex interpenetrations 
of octahedra. Transitional octahedra-dodeca- 

hedra types also are relatively abundant (].3 
stones) and, as with octahedra and aggregates, 
the ma. jo½•ty are in the microdiamond group. 
All but- one of tile eigtit mac]es described are 
microdiamonds, as are three of the five irreg- 
ulars. Dodecahedra] types are the only crystal 
forms tliat predominate in the larger size 
fraction; both of the two regular dodecahedra 
and three of five flattened dodecahedra belong 
to the s•nal] di. amond group (Table 2, Fig. 3). 

Ce n e r a.l__Mc2_rj•j Loj_?• i c: a. 1 F e a t u r e s 

To date, no attempt has been made to classify 
the diamonds in terms of Types Ia, lb, or IIa, 
lib. However, the presence of well-developed 
crystal forms in the majority of the diamonds 
suggests that most if not all of the stones are 
almost certainly of the general Type I variety. 

Octahedral faces are the most common morpho- 
logical feature of the State Line district 
diamonds. Most of the diamonds have at least a 

few octahedral faces; in octahedra, transitional 
octahedra-dodecahedra• and aggregate types these 
faces are generally abundant and well-develop- 
ed. Dodecahedral faces, although subordinate to 
octahedra] forms, are prominent in many of the 
aggregates as well as the various dodecahedra 
types. Many of the dodecahedral faces are 
characterized by the presence of fine ridges or 
seams along the short diagonals of the unit 
rhombs producing a partial development of tetra- 
kishexahedral forms similar to those described 

by Whitelock (1973, p. 129). 

Surface Features 

Lameliar buildup of thin platelets (growth 
hillocks) on {!11} surfaces is very prominent 
in many of the State Line diamonds, especially 
octahedra] forms (Figs. 4 and 5). When plate- 
let growth is nearly continuous across indi- 
vidual faces buu with slight decreases in size, 
stepped surfaces develop and the crystals 
appear to be laminated (e.g., F•gs. 4B, C, D, 
and 5A, C). Where layers are only partially 
developed on faces, triangular-shaped growth 
platelets or terraces are formed, similar to 
those described by Grantham and Allen (1960) 
and Whitelock (]973) (Figs. 4A, E, and 5B). 
Trigr•ns (triangular shaped pyramidal or flat- 
bottomed depressions) are relatively common, 
particularly on {111} surfaces of octahedra 
(Fig. 4E), although they have also been observed 
in dodecahedral forms (Figs. 4B and F). The 
trigons are oriented in a reverse direction 
to that of the face on which they occur (Fig. 
4E), and they are considered to be solution 
features (Franks and Lang, 1965). Natural etch 
pits ranging from regular to highly irregular 
shapes are present on the surfaces of many of 
the diamonds (Fig. 4F). The etch pits, commonly 
in association with abundant near-surface mineral 

inclusions (Figs. 4B, F), may give a corroded 
appearance to the crystal. 

Octahedra 

Octahedra (18 stones) include regular and 
distorted planar and laminated types (Figs. 2, 
4A, C, D, E, and 5), and they grade into dodeca- 
hedral forms. Most of the octahedra exhibit 

pronounced lameilar buildup on {111} surfaces 
(Figs. 4 and 5), and the largest crystal recov- 
ered to date from the district is a 0.05q-carat 
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Figure 4. Lamellar buildup and surface features of []11} faces of diamonds from the Sloan ] and 2 pipes. 
A. Triangular shaped growth platelets of a complex, distorted laminated octahedron. B. Growth lamellae 
and trigon (lower left corner) on a relict (111) face of a flattened dodecahedron (flat). C. Fine tri- 
angular platelets of a slightly distorted planar octahedron. D. Slightly curviplanar growth lame]lae 
on an irregualr surface of a planar octahedron (SEM photo). E. Pronounced triangular platelets and 
trigons on built-up face of a laminated octahedron. F. Trigons and natural(?) etch pits on a relict 
(i11) face of the flattened dodecahedron in B. (Note abundant tiny inclusions.) 
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Figure 5. Octahedral Forms. A. Regular laminated octahedron with well-developed 
triangul.,•r platelet buildup on[lll• Faces. B. Complex laminated octahedron with very 
pronounced tri,•ngular growth platelets that have produced incipient rounding of the 
crystal. C. Back sicle oF laminated octahedron From A exhibiting dark coloration 
imparted by abundant small graphite (?) platelets al. ong near-surœace (111• cleavage 
planes. D. Slightly d•storted regular planar octahedron. E. Broken distorted laminated 
octahedron showing prominent thin tabular inclusions oœ graphite (?) along •111• 
cleavage planes. 

distorted octahedron with prominent growth 
plate]eta (Fig. 2). Well-laminated octahedra 
exh•bœt a rounded appearance that is caused by 
the progressive decrease in platelet size on 
{111} surfaces (e.g., Figs. 4E, and 5A, B, C). 
This platelet size decrease also gives rise to 
the formation of incipient dodecahedra at edge 
sites. Triangular growth platelets, trigohs, 
and natural etch pits are well developed on many 
of the crystals. Although two-thirds of the 
octahedra (12) are less than l.O mm in size 
(microdiamonds), four of the nine largest 
crystals (>1.5 ram) of all diamonds recovered to 
date are octahedra (Table 2). Thirteen crystals 
of this group are colorless to glassy, but the 
remaining five range from white to pale orange 
brown, pale yellow, and dark gray (Table 3). 

Coloration of the dark-gray crystal is imparted 
by the presence of small graphite(?) platelets 
along {111} cleavage surfaces (e.g., Fig. 4C). 
Octahedra are for the most part non-fluorescent, 
although three crystals fluoresce pale yellow 
and another three are bright yellow (Table 4). 
Most of the octahedra contain at least some 

tiny unidentified inclusions of both dark- and 
light-colored minerals (Table 5). Although 
these inclusions have not yet been definitely 
identified, it appears that at least garnet, 
olivine, and pyroxene are present. Several 
crystals are characterized by generally small 
black platey •o flake-like mineral grains that 
parallel octahedral cleavage planes and appear 
to be concentrated near surface. These inclu- 

sions range up to nearly 0.3 mm in largest 
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TABLE S. Color as a function of crystal form 
(form symbols same as in Table 2). 

Color O O-D D F M A I Total 

Colorless to 

glassy 
White 

Gray to gray 
white 

P•le brown 
Pale orange to 

orange brown 
Pale yellow 
Dark gray to 

black 

13 8 1 3 6 15 3 49 
2 0 0 0 1 2 0 5 

0 0 0 0 1 5 0 6 

0 1 0 1 0 3 2 7 

1 1 1 1 0 0 0 4 

1 3 0 0 0 1 0 5 

! 0 0 0 0 1 0 2 

Percent colored 28 38 50 40 25 44 40 37 

dimension (e.g., Fig. 5E) and are thought to be 
graphite. 

Transitional Oc tahedra-Dodecahedra 

A complete transition between octahedra and 
dodecahedra is observed in the State Line dis- 

trier diamonds (Figs. 5 and 6). Octahedral 
forms become progressively more rounded as 
dodecahedral faces are developed (Fig. 6C). 
Many of the dodecahedral faces in the transi- 
tion series show partial formation of tetra- 
kishexahedral forms (Fig. 6D). Crystals of this 
transition category exhibit octahedral and 
dodecahedral faces in combinations with a maxi- 

mum of 75 percent of one form and a minimum of 
25 percent of the other. Two crystals of 
combined octahedral-dodecahedral face develop- 
ment are somewhat anomalous in that they show 
oc•ahedra] forms on one side of the crystal and 
dodecahedral forms on the other in a fashion 

similar to those described by Harris and others 
(].975). These do not exhibit the rounded nature 
and intimate interrelationship of face growth 
seen in the other transitional types, and they 
were both categorized as octahedra on the basis 
of a predominance of {111} faces. 

Thirteen rounded octahedra-dodecahedra transi- 

tion crystals were recognized, and n.lne of these 
are classed as microdiamonds (Table 2). Most of 
the crystals are colorless although pale-yellow 
and pale-brown to orange-brown colors were 
observed in five of the crystals (Table 3). All 
but two stones in this group fluoresce; eight 
exhibit yellow colors, whereas t'wo are blue white 
and one is pale orange (Table 4). Mineral in- 
clusions are relatively abundant in all but five 
of the transitional octahedra-dodecahedra. 

Rhombic and Flattened Dodecahedra 

Seven diamonds from the State Line district 

exhibit in excess of 75 percent do½tecahedra] 
faces. Two of these crystals have been classed 
as rhombic dodeeahedra, whereas f:ive are des- 
cribed as flattened dodecal•edra •r flats (Table 
2). The flattened dodecat•ectra are 
ized by one axis t•a• is generally l•:•ss 
one-half the ]engtt• of the other l:w•. 
distinction between dodecat•edral types 
comparable to that estab]isl•ed by llarris and 
others (1975) who stated tt•at vt•ombfc dodecal•c,- 
dra when viewed at nearly ri..gl•t angles t• • 
{110} face exhibit five "facets" witt• four 
perspective, whereas 'fn f].at's tl•r•,• •f tt•e 
"facets" are dominant, prodt•('.ing a triplet (,f 
(110} faces centered about a Jill ] 

The two thombit dodec. at•:•d"ra a'r•:': t'•'•t.l• 
than 1 mm in diameter and •ne weigl'•s approxf- 
mately 4.5 mg (0.0225 car•t). 'l'l•e larger •"'.•f tt•, 
two crystals is a very well developed pale-aml•.•r 
to white non-fluorescent d•r!e•.attedron (Ffg. 6A). 
It exhibits thin lame'll.a'r growtt'• p]atelet. s 
(octahedral lamellae) that c•".•nverge on otte 
triad axes, and small trf. g•ns are present •':• 
several faces. Numer•t•s; tfny mfn•.•l fnc. l 
of unknown composition are •:oncentrat•d 'fn and 
near a small Jnte'rnal z•n(, •f a't'l'l'b(.'•r 

The second thombit ctodecal•:•cl•o• i,•:; a 

fragment (Fig. 10, middle c'ryst'al, bottom row) 
(>50 percent of original) tt•at' is s'l fgl•t'ly 
complex in nature than tl•e crystal strewn in 
Figure 6A. Relict octahedral fad'es are preserved 
(comprising less than 25 percent of tt•e total 
faces) and poorly developed tetrak'ist'•exahedra] 
forms are defined by fine ridges along the short 
diagonals of many rhombic faces. The crystal is 

TABLE 4. Fluorescence as a function of crystal form (form symbols same as in Table 2). 

Color 0 O-D D F M A I Total 

Yellow to bright yellow 3 2 0 1 0 5 2 13 
Pale yellow 3 6 0 2 0 3 1 15 
Blue white 0 2 1 0 0 0 0 3 
Pale orange 0 1 0 0 0 6 0 7 
Non- fluo res cen t* 12 2 1 2 8 13 2 40 

Percent fluorescent 33 85 50 60 0 52 60 49 

*Most of the microdiamonds are non-fluorescent or very weakly fluorescent. 
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TABLE S. Variation in abundance of inclusions as a function of crystal form. 

Inclusions O O-D D F M A I Total 

None 5 5 1 3 6 7 3 30 
Rare < 5 3 2 0 0 0 6 1 12 
Moderate 5-20 5 4 1 1 0 10 0 21 
Abundant > 20 5 2 0 1 2 4 1 15 

Total ].8 13 

Percent inclusion-bearing 72 62 

2 5 8 27 5 78 

50 40 28 74 40 38 

clear to g•lassy and inclusion-free, contains 
numerous complex growth lamellae• and fluor- 
esces blue-white (Tables 3, 4, and 5). 

The flattened dodecahedra are characterized 

by rounded edges and curved to irregular 
elongated faces that locally are conchoidally 
fractured and pitted (e.g., Figs. 6E and F; 
Fig. ]0, lower left corner; Fœg. 11, upper 
right corner). Prominent growth ]amellae are 
present on some surfaces (Figs. 4B and 6F), and 
trigohs and natural etch pits are locally abun- 
dant (Figs. 4B and F). Three of the flats are 
greater than 1 mm in size Whereas two fall into 
the microdœamond category (Table 2). The two 
smaller crystals are b•t'h colorless to glassy 
whereas the larger flats are glassy, pale brown, 
and pale orange (peacid), respectively (Table 3). 
All flats show considerable brillLance, and 
three exh.ibit pale to bright-ye] ]ow fluores- 
cence (Table 4). Only tw• of the flats contain 
inclusions, and most of •hese are clear to white. 
C].ear minera,l •n½'l•.s:io'ns (possibly o],ivine) 
appear to be relatively abundant :in at least 
one crystal (Fig. 

Macles 

Eight macles were rec()gnized and all but c•ne 
are classed as microdiamonds (Table 2). The 
macle category includes the generally flattened 
crystals that are twinned according to the 
spine]. twin law (Fig. 7). In addition, thin 
tabular crystals that appear to be individuals of 
twins cleaved along the twin plane are also in- 
cluded in this category. Faces adjacent to the 
twin plane are characterized by re-entrant or 
proud angles converging on the twin plane seam 
(Fig. 7F). One strongly ].aminated macle exhib- 
its a very pronounced herringbone pattern ex- 
pressed by lamellae that converge and diverge 
on opposite sides of the twin plane (Figs. 7A 
and B). Several of the macles show a somewhat 
distorted triangular shape (e.g. , Fig. 7C), 
although most typically express two regular 
triangular {111} faces paralleling one another 
across a spinel twin plane. 

The macles are predominantly colorless to 
glassy. The only other varieties include one 
white and one gray-white crystal. All State 

Line macles recovered to date are non-fluores- 
cent (Table 4), and most are free of inclusions 
(Table 5). Inclusions are present in only two 
crystals and are extremely small, though 
abundant. 

Ag•re_ga tes 

Aggregate diamonds are those comprised of two 
or more crystals that have grown together either 
randomly, as interpenetrant twins, or as combi- 
nations thereof (Figs. 8, 9A, and 10, upper ].eft 
and right corners; Fig. 11, lower left). Al- 
though intergrowths of octahedra predominate 
(Figs. 8B, D, and E), dodecahedral forms are 
also common (especially so in larger crystals) 
and generally occur in combination with o•'ta- 
hedral forms (Figs. 8A and C). Lameliar plate- 
let buildup is very prominent on many of the 
{111} faces present in the aggregates, and well- 
defined triangular platelets, trigohs, and etch 
pits are Ioca]]y abundant. 

Many of the octahedra intergrowths are con- 
trolled by interpenetrant twin ]aws. The most 
½'om•non twin type involves a series of uniformly 
oriented intergrown octahedra tinat have mutually 
parallel. "a" axes. The diamond in Figtire 8E 
includes such a twinned intergrowth, although 
the twin penetrations are not well exposed in 
the viewing angle. A rarer interpenetrant twin 
type consists of the simple penetration growth 
of two planar octahedra that relate to one 
another by mutually inclined "a" axes (Fig. 9A). 
The twin law is apparentlj defined by a [111] 
axis. The twinned crystal shown in figure 9A 
is approximately 0.5 x 0.5 x 0.8 mm and is part 
of the first diamond recovered from a Colorado 

pipe. The stone was originally about 50 percent 
larger but was broken during testing (McCallurn 
and Mabarak, 1976b, p. 25-26). The missing 
portion was a highly lustrous pale-brown irreg- 
ular-surfaced overgrowth that completely engulf- 
ed the clear glassy twin aggregate. 

Twenty-seven aggregate stones have been de- 
scribed, and most of these (21) are less than 1 
mm in size (Table 2). However, the second larg- 
est diamond recovered from the district is a 

5.63-mg intergrowth of irregular octahedra 
(aggregate size 1.25 x 1.5 x 2.25 mm). More than 
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Figure 6. Dodecahedral forms. A. Rhombic dodecahedron showing triad and tetrad axes (SEM photo). 
B. Slightly distorted dodecahedron transitional from an octahedron (SEM photo). C. Triad view of 
a rhombic dodecahedron showing weak development of a partial tetrakishexahedral form. D. Rhombic 
dodecahedron showing moderately well-developed partial tetrakishexahedral form and poorly pre- 
served relict octahedral faces. E. Rounded, flattened dodecahedron showing growth larnellae in a 
depression. F. Flattened dodecahedron showing pronounced growth lamellae. 
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Figure 7. Macle forms. A. Laminated macle resting on (111) face paralleling twin plane. B. Laminated 
macle in A showing prominent "herringbone" pattern across the twin seam (SEM photo). C. Laminated 
triangular flat mac]e chip. D. Transparent glassy flat macle showing well-developed triangular growth 
platelet on (111) s•rface. E. Complex macle with irregular development of triangular platelets, 
resting on (]]]) face paralleling twin plane. F. Macle with planar octahedral faces exhibits pro- 
nounced re-entrant and proud angles along twin plane. 
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Fi.•ure 8. A•.•regate Forms. A. Elongated Flattened dodecahedron penetrated by dis- 
torted octahedra. B. Hultiple intergrowths of octahedra. C. Octahedra-dodecahedra 
inter.•rowths. D. Hultiple intergrowths of octahedra (SEM photo). E. "Large" 
octahedra intergrown with smaller octahedra. 
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0 1.0 

Fig•re 9. PuneLraLi. on twin a',gregate and irregular form]ess diamonds. A. Interpenetrant twin of planar 
oct•fi•,clr• from tl•. Sl•,nn 2 l-)[p•. (first d.•amond recovered from Colorado kimberlite) (SEM photo by R. B. 
T•y]o•-, U.S. Ge•logi•-•l Survey). B. Rounded irregular formless diamond. 

l•alf of Ll•, •ggrc'gaL stones (15) ar•' color[ess 
Lo glassy; five ,ire gr,•y L• gray while; and the 
rernalnd,•.'r ar- wigitc, p,•]•- brown, pal•, yellow, 
,•nd d,•rk gray ("I'al•]e 3). Non-f]•resc•0nt vari.- 
eti. es are most prev,•lent, but pale-orange to 

pal•- and bright-yellow f]ur•rescent co]ors are 
relatively common (Table 4). Aggregat• diamonds 
contain the highest proportion of mineral inclu- 
sions of d]] diamond types (Tab]e 5). The 
inclusions are typically very small (less than 

Figure 10. Representative diamonds from the Sloan 1 pipe (composite weight of the six stones is 
approximately 14.0 mg or 0.07 carat). Morphological types are as follows' Top row, left to right' 
aggregate; distorted, rounded laminated octahedron; aggregate. Bottom row, left to right' 
flattened dodecahedron; irregular shape (formless). 
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Figure 11. Representative diamonds from Wyoming pipes (composite weight of the 
stones 5. s approximately 2.0 mg or 0.01 carat). Morphological types are as 
upper left, irregular shape (fragment); upper right, flattened dodecahedron; Iower 
left, aggregate; lower right, irregular shape (fragment). 
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Figure ].2. Variation curves showing size distri- 
bution of octahedra] (0) and dodecahedral (D + F, 
•D) .forms and octahedra/dodecahedra ratios (0/D, 
0/D •-) (Form symbols same as in Table 2.) Small 
sample populations limit statistical application, 
especially in larger size range. Dashed and 
queried portion of octahedra/dodecahedra ratio 
curves reflect an absence of dodecahedra for the 

indicated size fraction. 

S4 

Irregular Shapes 

[i-reguJar-sh;•pe di,.•monds include b,)Lh Form- 
] ess stones and fr lgme:iaLs of other n•orpilo lc)•,Jcal 
types in whicli ]•ss tl•an 50 percent of tl•,. 
crystal exhibits w.l]-defincd forms. t•l tl•t. 
five diamonds assign ,d to t.l•is catcg•,ry, •ly 
one is essenqi_a'l ly cle'volcl of crysL;•l' l-,•c'c,s 
9B). IL l}as irregular rouncled surf,t{'c.s, sll{•ws 
growth lamellae on L. ht, margins •f a lot'el dt,- 
pression, and has abundant irregular sl'•,•pc, d 
pits. ThLs formless stone weighs 3.3 rag, i.s 
clear to glassy with zones of pale brown, fluor- 
esces yellow, and is free of inclusions. 

The four irregular fragments (e.g., FLg. 9B' 
Fig. 10, lower right; Fig. 11, upper left) 
appear to be pieces of octahedra and dodecahedra, 
but face distribution is not adequate to permit 
classifying these stones on the basis of pre- 
dominane form type. Three of the fragments are 
less than ] 1• wide and are •o]orless' the 

single larger fragment is pale brown (Tables 
2 and 3). The fragments are either non-fluor- 
escent or fluoresce yellow (Table 4), and only 
one contains abundant inclusions (Table 5). 

General Trends of Diamond Characteristics 

and Properties 

Physical properties of the State Line diamonds 
show several general trends that may be indica- 
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Size ntm* Co L•r 1 ess 
t o G 1 as s y 

TABLE 6. Color as a function of crystal size. 

Wliite Gray to Pale Pale Orange Pale Dark Gray Percent 
White Brown to Orange Yellow to Black Colored 

B town 

<0.3 9 

0.3-0.5 ]6 
0.5-1.0 11 
1.0-1.5 8 
1.5-2.0 3 

>2.0 2 

1 0 0 0 0 0 10 
1 3 2 0 0 0 27 
2 2 1 2 4 0 50 
1 ] 2 1 ] 1 47 

0 0 2 1 0 1 57 
0 0 0 0 0 0 0 

T• ta• 49 5 6 

*Categor:ized ac'cor½lii•g t• largest ½lœmc, nsion. 

7 4 5 2 37 

tivc' o:f L'heir growtl• ew•l•t:i.on. I t m•st be 

only; present•t [t•In •)f Ill(•rc, ClttallL [L;:'lt [vc• claLa 
must await recovery of larger q•tantitles 
diamonds. 

The m(.i)sL l)rc•mi nenl. L rend in trysts ] t'c',rm 
the appa. renL dec'rc:•a,s;e in oc, L;•J•edra and inc',ease 
in dc•dec'al•c.•clr• will{ [n•,rf,;•;.,;inf:•, •:rvat:al size 

hedra/dodecahedra ratios ('['able 2, Fig. 12) 
strongly express the trend. Octahedra are more 
abundant in tl•e mœcrodiamond fraction, an½l 
octahedra/dodecahedra ratios show a general 
decrease with size (0/D = 6.0 for mircrodiamond 
versus 1.2 for small diamond); if the transi- 
t iona[ octahedra-dodecahedra are included as 

dodecahedral forms, the resulting ratios (O/D +, 
Table 2) are ].09 for microdiamonds and 0.67 for 
smal]. diamonds. This is .just tl•e opposite of 
octahedra-dodecahedra trends established for 

diamonds from several South African kimber- 

lites (e.g., Wtlitelock, 1973; Harris and others, 
1975), a]tt•ough Whitelock (]973, p. 30) reported 
t'}•a't o½'tahedra are more prevalent in the lower 
size range in n{)n-quarry samples from tile Kao, 
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Figure 13. Color as a function of crystal size. C = colorless to glassy, W = white, GW = gray-white, 
PB = pale brown, PO = pale orange to orange brown, PY = pale yellow, B = dark gray to black. Sub- 
scripts on color symbols indicate number of crystals of that color. 
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Figure 14. Color as a function of crystal form. Form symbols same as in Table 2, c:(:)lr)r :..;ymbol:•; :4ame 
as i'n Figure 13. Subscripts on color symbols indicate number of crystals of' t:hat 

Lesotho, diamond dS. strict. However, comparison 
between distribution trends in Africa and State 

Line diamonds is probably meanœngless, in that 
the smallest diamond included in the African 

studies is larger than the largest crystal used 
in the evaluation of Colorado-Wyoming diamonds. 

Col o r 

ed at ]east to some ext½•nt. In general, tt•e 
percentage of colored diam<:::)•ds ;.•pl•c.•ars t:() in- 
crease with :increasing si z•:, in tile m.i.(::r•.:)d ianl•)r•d 
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Figure 15. Fluorescence as a function of crystal form. Form symbols same as in Table 2. Y = yellow 
to bright yellow, PY = pale yellow, BW = blue-white, PO = pale orange, NF = non-fluorescent. Sub- 
scripts on color symbols indicate number of crystals of that color. 
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category and decrease slightly in small diamonds 
excluding the sample population of two in the 
>2.0-mm size range (Table 6, Fig. ]_3). Colored 
crystals comprise approximately 22 percent of 
the lowest two size fractions (<0.5 mm), but 
increase to 48 percent of the four larger size 
categories (0.5->2.0 mm). No one form exhibits 
a significant increase in percentage of colored 
stones over other forms; however, the macles 
and octahedra show the lowest concentration of 
colored varieties (Table 3, Fig. ]4). Pale 
yellow coloration is restricted to stones 
having octahedral face forms (chiefly in the 
transitional octahedra-dodecahedra group). 

Fluorescence 

Nearly half tl•e diamonds stnow some degree of 
fluorescence it! ultraviolet light, shades of 
yellow being most abundant, especially in 
crystals wit't] octahedra] forms (Table 4, Fig. 
15). S•riking trends 'in fluorescence are 
evident for both transitional octahedra- 
dodecal•edra forms and resoles. The macles are 

uniformly non-f].u•rescent whereas 85 percent of 
the transitiona..l. octahedra-dodecahedra fluoresce 
(most pale yellow). In addition to tl•e pre- 
dominant pal..e- to bright-ye']],ow colors, 
blue-wl•ite and pale-orange fi..uorescence colors 
were alsc• c•[•served. BJl!e-white co]oration is 
restricted to transitional octahedra-dodecahedra 
and rhom}•ic dodeca[;edra crystals, whereas 
pa]e-•range shactes occur primarily in aggregate 
forms. Most microdi..amonds are citijet non- 

fluorescen• or only very weakly fluoresc. ent. 

Inc] usions 

(]oncentratlons of mineral inclusions in the 
various diamond types exhibLt no apparent signif- 
icant tree,ds, al ti•ugh macl es contain the fewest 
inclusi½•n ½•f a.l] st. ones (Table 5). Aggregates 
and octattedra contain the greatest number of 
inclusions. The .inclusf. ons range from extremely 
minute formJess(?) blebs (<0.01 •) of unknown 
composition to larger subhedral to nearly 
euhedral crystals as much as 0.3 mm in diameter. 
The larger inclusions range from colorless to 
pale green to black, and some have been tenta- 
tively identified as garnet• olivine, pyroxenes, 
and graphite. (Microprobe and X-ray analyses 
are planned for definitive identification.) 
Small black platelets of graphite occur along 
cleavage planes in some c•stals. The graphite 
inclusions all appear to be concentrated near 
the surface of crystals and are probably the 
result of graphitization of diamond along planes 
of weakness (stress planes). Numerous minute, 
clear, rounded to irregular inclusions are abun- 
dant in some samples, and these may be olivine, 
although diamond has been suggested as a possi- 
bility for some (H. O. A. Meyer, 1977, pets. 
commHn. ) . 

Discussion 

Although the sample population of diamonds 
evaluated from the Colorado-Wyoming State Line 
district is inadequate for reliable statistical 
treatment, a few semiquantitative trends that 
may be of some significance have evolved from 
the study of these stones. The most informative 
trend reflected by the State Line diamonds is 
probably that of increasing development of 
dodecahedral forms at the expense of octahedra. 

Octahedra/dsdecahedra ratios range from 0/D = 
6.0 (or O/DD = 1.09) for microdiamonds to O/D = 1.2 (or O/ + = 0.67) for small diamonds (Table 
2, Fig. 12). These trends coupled with the 
relative abundance of transitional forms in- 

dicate that most if not all of the State Line 

diamonds apparently formed originally as octa- 
hedra and many were later modified to dodeca- 
hedral forms. This agrees in principle with the 
view expressed as early as 1911 by Fersmann and 
Goldschmidt (quoted from Harris and others, 1975, 
p. 777) that dodecahedra are developed by re- 
sorpt•on or solution processes operating on 
primary growth octahedra, a view that has been 
subsequently supported by the work of many 
others (e.g., Whitelock, 1973; Harris and others, 
1975; Stolin and Gvozhdyara, 1971). Whitelock 
(1973, p. 138) has suggested that "all diamonds 
which form initially are primarily octahedra" 
and cited as supporting evidence the fact that 
primary growth features were observed only on 
octahedral faces of the diamonds he evaluated 
from several South African loc. ations. Similar 

growth evidence has been observed on the State 
Line diamonds. Moreover, it is concluded that 
macles are also primary growth forms. 

Color trends also appear to support the conten- 
tion tl•at octahedra and mac!es are primary forms. 
Most of the octahedra and macles, as weal as 
aggregate stones with predominantly octahedral 
forms, are color!ess to glassy (Table 3, Fig. 
14). ThLs trend is also reflected in large par• 
by colors of flu•rescence in ultraviolet light. 
Approximately two-thirds of the octahedra and 
octahedral]y dominant aggregates are non-fluor- 
escent, as are all of the macles. It is assumed 
that the early crystallizing diamonds were re- 
latively free of impurities or contained nitro- 
gen in platelets, a form of impurity that is 
common to colorless stones (Harris and others, 
1975). This could also account for weak or 
nonexistent fluorescence colors. Initial colora- 
tion of many of the diamonds may have been 
caused by the introduction ½•f small atomic 
aggregates of nitrogen associated with platelet 
nitrogen in a fashion similar to that described 
by Harris and others (1975, p. 780). Intro- 

1Brand or manufacturers' names mentioned in this 
report are for descriptive purposes only and do 
not constitute endorsement by the U.S. Geological 
Survey. 

57 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



duction of the aggregate nitrogen may be en- 
hanced by environmental conditions that favor 
the transition to dodecahedra, and the presence 
of aggregate nitrogen may be at least in part 
responsible for the generation of fluorescence 
colors. 

Clearly, considerably greater quantities of 
diamonds must be recovered before truly meaning- 
ful trends can be established for the diamonds 

in this district. However, the major objective 
of this paper is to report on the occurrence of 
diamonds in the Colorado-Wyoming State Line 
pipes and to indicate the general trends of 
physical properties observed in the stones 
recovered to date. 
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II. KIMBERLITES. FIELD RELATIONS 

GEOLOGY OF THE DOKOLWAYO KIMBERLITE AND ASSOCIATED PALAEO-ALLUVIAL DIAMOND DEPOSITS 

J. Barry Hawthorne, Anthony J. Carrington, C. Roger Clement and E. Michael W. Skinner 

Geology.Department, De Beers Consolidated Mines Limited, Kimberley 8300, R.$.A. 

Abstract. In 1973 prospecting in northeastern 
Swaziland resulted in the discovery of the diamond 
bearing Hlane deposits consisting of grits and 
conglomerates of Red Bed (upper Triassic) age in 
Karroo System rocks of the Lebombo monocline. 
Sedimentological studies of these deposits indi- 
cate that they have a westerly provenance. In 
1975 the Dokolwayo diamond bearing kimberlite dia- 
treme was discovered 30 km west of the diamond 

bearing sediments. This diatreme lies outside 
the present limits of the Karroo basin and has 
late Archaean, granite-gneiss wallrocks. The 
kimberlite contains numerous xenoliths of sedi- 

mentary rocks including coals. Palynological 
studies show that the sediments and kimberlite 

matrix are of predominantly Permian age. The 
xenoliths must have originated from overlying Kar- 
roo rocks which have slumped into the diatreme at 
the time of its formation; the overlying sedi- 
ments having subsequently been removed by erosion. 
Apart from dykes and minor dyke enlargements no 
other diamondiferous kimberlites have been found 

between the Triassic diamond bearing sediments and 
the Dokolwayo diatreme. It therefore appears 
that the diamonds in the sediments were derived 

from the Dokolwayo diatreme which must have been 
emplaced between the Permian and Triassic Eras. 

The Dokolwayo diatreme is elongate and has an 
irregular outline. It measures 2.8 ha at the 
surface and increases to 3.4 ha at a depth of 
50 m. Petrographic and structural features indi- 
cate that the diatreme has a central core of kim- 

berlite that was emplaced by essentially gas-solid 
fluidised intrusion which caused disaggregation of 
moch of the xenolithic sandstone; large quantit- 
ies of quartz and feldspar grains released during 
disaggregation are incorporated in the groundmass 
of the kimberlite. An earlier, narrow zone of 
porphyritic kimberlite occurs along the diatreme 
margins. 

A comparison of the chemistry of garnets and 
spinels from the Dokolwayo kimberlite and the 
Hlane deposits supports the hypothesis that they 
have a common source. 

The age and location of the Dokolwayo diatreme 
are discussed in relation to the structural frame- 

work of southern Africa and to kimberlite magma 
genesis. 

Int ro duc ti on 

During 1973 exploration in northeastern Swazi- 
land resulted in the discovery at several locali- 
ties of diamond bearing grits and conglomerates of 
Red Bed (upper Triassic) age in the Karroo System 
sedimentary rocks of the Lebombo monocline. The 
richest and most extensive deposits occur within 
the confines of the Hlane Game Sanctuary (Fig. 1). 

Sedimentological studies and paleocurrant 
analysis of the diamond-bearing beds suggest that 
these beds were deposited by an ancient river sys- 
tem flowing in a southeasterly direction. Fur- 
ther exploration carried out during 1975 in an up- 
stream direction relative to the paleoslope resul- 
ted in the discovery of the Dokolwayo kimberlite 
diatreme some 30 km from the Hlane deposits. 

Despite intensive exploration no other diamond- 
iferous kimberlites, apart from dykes and minor 
dyke enlargements have been found in the area be- 
tween the Dokolwayo diatreme and the diamond bear- 
ing sediments in the Hlane area. 

The geology of the Hlane deposits is described 
and the possible relationship of these deposits 
with the Dokolwayo diatreme is evaluated. In 
addition results of the structure, petrography, 
xenoliths and mineral chemistry of the Dokolwayo 
kimberlite are presented. Investigations were 
directed towards elucidating the age of formation 
of the diatreme, the mechanism of its eraplacement 
and the origin of the Hlane diamonds. 

The Hlane Diamond Deposits 

The Hlane palaeo-alluvial diamond deposits 
occur within the Red Beds near the top of the Kar- 
roo sedimentary sequence which lies in a 10 km 
wide belt along the Swaziland-Mozambique border 
(Fig. 1). Locally this sequence attains a thick- 
ness of about 1000 m. Table 1 shows the typical 
succession in the area. 

The entire sequence lies within the eastern 
limb of the Lebombo monocline and dips eastwards 
at 10ø-12 ø . A series of N-S trending faults 
downthrown to the west dislocates the sequence. 
The sediments are intruded by numerous dolerite 
dykes, dolerite sills and rare volcanic breccia 
plugs. The upper Karroo sediments are poorly ex- 

$9 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



GEOLOGICAL MAP 
::..::..::..::..::...., 

OF N.E. SWAZILAND ::..::.-::-.::..::.-::-.::-,, ;.. 
'::"::-'::"::":" '::' ': :'-: :,,!:'-'..• '!.::.: 'X 

....... s. .................. *, -.;.. ß 

...• ...... ' '.."'.."..' '..""..""..'", .' •.. ...............,,,. ß ' .--".."..".-"..".-"-."..".-"..".."., I•. 
===================================================== 

,4fie[ •l•/e• 19•' ."..".-".. 

"--"-... ::::::::::::::::::::::::::::::::: ß"""" '::" ::' '::' ': :' '::' ': :' ': :' '::' ': :' '::' '::' ': :' 31 o 30'!':/;..."/• .......... ::::::::::::::::::::::::::::::::::::::::::::: 
::::::::::::::::::::::: ...... . ....:.... .... 

4-' 4- 4- -f.J J• t /r 
+ + +..,+ •j + ,t I ; 

,...,,.-'-x. ,/ - { •.'"x ,, 
KARRO0 
SYSTEM 

........ .::-'::.-::--::--::.-::--::-.::..: 
, 

LEGEND' 

v['--•-• Rhyolmtes-Lebombo Stage /. ,[--'• Basalts - Drakensberg Stage STORMBERG 
___• Cave Sandstone Stage SERIES 
-•-[•Red Beds and Molteno Sloges 
___J-• Sandslone,Shales, Cool ]" ECCA SERIES 

..[[F'-• 6ranophyre } INTRUSIVE ROCKS ['-'• Doler lie 

'•F-'•Mhbo Grenadier ale Plulon 2940 ..t 45my } ß .;•Hamogeous Hood Granite 3050 * 3Stay ARCHAEAN 
F'"--JBonded Gnmss 3203 +_ 57 my - ROCKS 

{Ages from Davis 8 Alisa 1976) 

)'-,.,..TRANSVAAL 
V V V V v v v 26ø00'S -- 

V V V VvVvVvVvVv] V V V 

V V V V V V V 

v v v v v v VvV .'• v V v v v V 
V V V V V V V 

',,V V V V V V V V', 

•-•,V V V VvV V V •' • •.'•7 V V V V V ,'' V V V V V V 

'" ,,.,:.;:.'• v v v v "r';v v v v 
' "' V V V ::• 

v v v v', 

v v Vvl v v 
v v v N 

TRANSPORT c, 

• , IOO-LZ ø OIRECTK•4t •, • V V V V 

\•AsunL"E"Ts/ v W W / ß '' ' vVv V V V 

' \ J v v v v v c:::26Ol5'S -- 
'1 V V V V V 

, V V V V V 
v v v v v v 

v v v v v i •, ./ t v v v v v 
• .,•/•' V ,/ V V V /""' /?v v v v v v ,/ 

.:,,v V V V V V V 
' I V V V V V V VJ 

•.. ,,.v v v v v V V V V V V 
• iV V V V V V V', 
I 

ß V V V V V V • •V V V V V V V 
[,' ' v v3?,•OO'Ev v v v,, J t v v V V 

Fig. 1. Geological Map of N.E. Swaziland 

posed and most field observations are from the 
twenty shafts, 1 km of tunnels and seventy-five 
boreholes sunk in the Hlane area; the ground sur- 
face is + 230 m above sea level. 

The suboutcrop of the main diamond bearing 
horizon has been traced 5 km north-south along the 
east bank of the Umbuluzane river. Its downdip 
extension has been established for 1.2 km to the 

east at a depth of 170 m below surface. 
The highest concentrations of diamonds are 

found in two adjacent units of the basal sediments 

of the Red Beds. The lower unit is 0.4-2.0 m 
thick and consists of a sequence of upward-fining 
cycles of carbonate-cemented sediments that occupy 
a system of broad irregular undulating cttannels 
shallowly incised into a siltstone footwall. 
Each cycle consists of a basal conglomerate of 
pebble size and smaller carbonate and siltstone 
clasts set in a poorly sorted, muddy, grit matrix 
passing upwards into muddy crossbedded grits and 
ripple marked sandstones. This unit may consist 
of up to four cycles but these are rarely complete 

TABLE I. Geological Column in N.E. Swaziland. 

Stage/Series 

Lebombo and Drakensburg Stages 

Cave Sandstone Stage 
Red Beds Stage termberg 
Molteno Stage J Series 
Beaufort and Ecca Series 

Dwyka Series 

Thickness Age 

Rhyolites, basalts, agglom- 
erates and stratified tuffs 

Massive aeolianire 
Siltstones 

Fluvial sandstones and silt- 
stones 

Sandstone, grit, shale and 
coals 

Tillite 

> 3000 m Triassic Jurassic 

70 m Upper mid Triassic 
50 m Upper mid Triassic 
40 m Upper mid Triassic 

800 m Permian 

5 m Upper Carboniferous 

Granite Gneiss Archaean 

*The lowest coals are found in the middle Ecoa approximately 250 m above the base of the 
Karroo succession. 
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SURFACE OUTLINE ......... OUTLINE AT 50m DEPTH OUTLINE AT 12Ore. DEPTH 

Fig. 2. Dokolwayo Kimberlite Diatreme 

having apparently been truncated by pene contem- 
poraneous erosion. The upper unit is 0.5-0.8 m 
thick and comprises a single sediment cycle litho- 
logically similar to the cycles in the lower unit 
but perceptibly better sorted and less muddy. 
Heavy mineral-rich laminae are common and trough 
and avalanche crossbedding are the primary struc- 
tures. The upper tinit is of greater persistance 
than the lower unit, extending beyond the channel 
confines and lapping onto the channel interfluves. 

The orientation of the incised channels con- 

taining the diamond bearing sediments and the 
foreset azimuths of the avalanche and trough 
cross-bedded units indicate that the deposits are 

TABLE I!. Modal Analyses Representative 
Samples of Doko•wayo Kimberl[r.e. 

. . 

Kimberlite 

type 
Central- Central- Tuffi- Marginal 
clastic clastic sitic porphy- 

vein + ritic 

Olivine 11 22 - 46 

(altered) 
Quartz 32 20 54 - 
Feldspar 4 6 6 - 
Mica - 7 - 30 
Calcite - - 2 4 

Serpentine - - - 16 
Opaque mins. - 1 - 4 

& perovskite 
Matrix* 34 21 36 - 
Xenoliths 19 16 2 - 

*Matrix - largely indeterminate, but apparently a 
mixture of clay minerals, mica, calcite and ser- 
pentine. 

Tuffisitic vein cutting central clastic kimber- 
lite. 

derived from the westnorthwest. The vectoral 

mean of twenty-five directional measurement was 
106 ø from true north with a consistency ratio of 
64%. 

Both units contain abundant kimberlitic garnet, 
less common chrome-rich spinel and rare chrome 
diopside. Non-kimberlitic garnet is present but 
rare. Diamonds are present in sufficient quan- 
tities to warrant detailed investigation of the 
deposit. The diamonds are moderately sorted, of 
small size (av. +- 0.008 cts) and include a high 
percentage of well formed crystals. 

The high incidence of kimberlitic garnet in re- 
lation to non-kimberlitic garnet and the lack of 
clasts derived from the Archaean basement rocks 

suggests that the source of the diamonds and kim- 
berlite-derived minerals was within the Karroo 

basin during the period of deposition of the Red 
Beds. 

In summary, paleocurrent analysis and sediment- 
ological studies indicate that the diamondiferous 
sediments were introduced from the westnorthwest 

by a braided stream system that shallowly incised 
a broad flood plain of poorly consolidated partly 
lithified and calcretised overbank sediments which 
were the source of the carbonate and siltstone 

c lasts in the conglomerates. 
No comparable palaeo-alluvial diamond deposits 

are known in southern Africa. In Siberia, palaeo 
alluvial diamond deposits of pre-Jurassic age have 
been found in the close vicinity of the Mir pipe 
(Rozhkov et al. 1967). These deposits are 
thought to have formed as a result of infilling of 
small lakes in depressions in the Ordovician lime- 
stones by stream-transported diamond-bearing sands 
and gravels. In the larges• of these deposits, 
the Pyatachok, lenses of diamond bearing gravel 
are 1.5-2.4 m thick and the average diamond mass 
ranges from 0.035 carats to 0.05 carats. The 
diamond bearing horizons are overlain by clays and 
brown coals of Rhaetian/Triassic age. 
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Fig. 3. Photomicrograph of Dokolwayo central clastic kimberlite showing clear light coloured sub- 
angular quartz and feldspar grains intermingled with anhedral and subhedral altered olivine grains 
set in a clayey matrix. 

The Dokolwayo Kimberlite Diatreme 

The Dokolwayo diatreme is located 2 km north of 
the eastward-flowing Mbuluzi river in northern 
Swaziland (Fig. 1) at a surface elevation of +350 
metres above sea level. Granite gneisses intru- 
ded by the diatreme form part of the Mliba grano- 
diorite pluton (Hunter, 1966) and have been dated 
at 2940+45 my (Davies and Allsopp, 1976). 

The kimberlite in the upper part of the dia- 
treme is highly weathered and is covered by 1-2 m 
of grey-brown soils composed mainly of the weath- 
ering products of the surrounding granite 
gneisses. Diamond drilling, percussion drill- 
ing and pitting have shown that the diatreme is 
irregularly elongate in outline with steeply 
dipping walls. The surface area is 2.8 ha in- 
creasing to 3.4 ha at a depth of 50 m (Fig. 2). 
Determination of the pipe outline at a depth of 
120 m is in progress. 

Petrography 

A series of polished slabs and th•n sections 
have been cut from specimens of kimberlite drill 
cores obtained from depths of 50-120 m below sur- 
face. Petrographic examination of these speci- 
mens is hindered by severe secondary alteration 
which persists to the deepest explored levels. 
Nevertheless, it is apparent that the upper part 
of the diatreme contains two mineralogically and 
texturally different types of kimberlite. 

The central part of the diatreme contains 
kimberlite characterized by a clastic texture and 
abundant xenogenic material. The xenogenic com- 
ponents range from large (>1 m) blocks of country 
rock to microscopic xenocrysts. The most promin- 
ent feature of the central kimberlite is the 

presence of abundant quartz and feldspar xeno- 
crystso Modal analyses (Table II) indicate that 
quartz and feldspar comprise between 25 and 40 
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vol. % of the rock. These xenocrysts reach 3 mm 
in size but the majority measure < 0.5 mm. Most 
of the grains are sobangular or sobrounded. 
Sharply angular, broken grains are present locally. 
(Fig. 3). 

The quartz grains are generally clear and un- 
altered except marginally where replacement by 
calcite may be evident. Many show strained ex- 
tinction and recrystallization features. Ad- 
jacent grains in microxenolithic quartz aggregates 
commonly have sutured contacts. The feldspar 
grains are altered to varying degrees having been 
partly carbonatized and/or sericitized. Small 
quartz-feldspar microxenoliths are present but are 
uncommon. 

Also prominent are numerous completely al- 
tered olivine grains which reach several m•lli- 
metres in size. Both relatively large anhedral 
macrocrysts (>1 mm) and euhedral phenocrysts 
(<0.5 am) are represented. Broken grains are 
common. The altered olivine content varies con- 

siderably (even within a single thin section) 
ranging between 10 and 30 vol. %. The most 
common alteration or replacement products are a 
micaceous clay mineral, serpentine and calcite. 

Although no rounded garnets were seen in thin 
section, hand specimens contain rounded garnets 
with thick kelyphitic rims. Rare angular or sub- 
angular garnet grains (0.1-0.5 mm) appear to be 
broken fragments of original kimberlitic and/or 
non-kimberlitic macrocrysts and are devoid of 
kelyphite rims. Small (<0.3 mm long) laths of 
mica, mostly phlogopite, occur scattered through- 
out the rock. 

Microxenolithic fragments include extremely 
fine grained, altered, quartz-rich sedimentary 
material and numerous small coal fragments, 
commonly traversed by thin calcite veinlets and 
stringers. Small fragments, compositionally and 
texturally similar to the host rock, but commonly 
of finer average grain size and containing re- 
latively abundant phlogopite also occur. These 

, 

, w • ' 

ß ,. 

Fig. 4. Photomicrograph of Dokolwayo marginal po•hyritic kimberlite showing altered olivine grains set 
in a matrix of phlogopite, serpentine, carbonate, opaque oxides and clay minerals. 
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TABLE III. Pre-Cretaceous Kimberlites in 

Southern Africa. 

Locality Age in my Method 

Swartruggens dykes 150- + 3 Rb-Sr* 
Middelpunt dyke 165 +10 Rb-Sr 1 
Dokolwayo diatreme 190+270 Field Relations 

300-+20 U-Pb* 
Co 1 o s sus " 49 O+ 20 Rb -$ r* 
Beit Bridge " 730-+60 Pb-Pb* 
National " 1180 + 30 Rb-$r* 
Premier " 1200- + 1250 Rb-Sr* 

*Allsopp & Kramers, 1977 
1Allsopp & Kramers, (private communication) 

Calcite occurs locally in the groundmass as 
small aggregates of anhedral grains (commonly <0.1 
mm in diameter) and as scattered larger (up to 0.2 
ram) subhedral grains. Scattered opaque minerals 
occur throughout the groundmass as equant, some- 
times euhedral grains, ranging in size from <O.1 
mm to about 0.25 min. The profiles of many of the 
larger opaque grains are characterized by numerous 
re-entrants indicative of complex aggregates. 
Perovskite is a rare component of the kimberlite. 

In addition to wallrock xenoliths, a few small 
fragments of earlier generation porphyritic kim- 
herlite are evident. No kimberlitic garnets have 
been noted in thin section but they are undoubted- 
ly present in the marginal kimberlite. 

Xenoliths 

must be derived from one or more earlier genera- 
tions of elastic kimberlite. Fragments of 
porphyritic kimberlite are also present and are 
locally abundant. In such areas, an increase in 
the abundance of kimberlite fragments is accom- 
panied by concomittent decrease in quartz and 
feldspar grains. The minerals and rock frag- 
ments are set in a highly altered, intimately 
mixed matrix of finely comminuted quartz and feld- 
spar fragments, fairly abundant minute shreds and 
laths of mica, reddish brown iron oxide weathering 
products, calcite and considerable yellow-brown 
clayey material. 

In contrast to the central area the marginal 
parts of the diatreme contain porphyritic kimber- 
lite with numerous altered olivine crystals and 
scattered small (seldom > 5 cm) wallrock xenoliths 
set in a greyish-green aphanitic matrix (Fig. 4). 
Examination in thin section reveals two morpholo- 
gical varieites of altered olivine. Large 
(1-15 mm), anhedral, commonly rounded, sometimes 
irregular or broken macrocrysts contrast strongly 
with smaller (< 0.1-2.O ram) pseudomorphs of euhed- 
ral olivine phenocrysts. Following the inter- 
pretation of Boyd and Clement (in press) most of 
the anhedral macrocrysts commonly present in kim- 
berlites are considered to be xenocrysts derived 
from upper mantle peridotitic rocks. Olivine in 
the marginal kimberlite has been completely re- 
placed by talc, serpentine, calcite and clay min- 
erals. 

The most abundant groundmass mineral is phlo- 
gopite (Table II7;, and the rock is classed as a 
phlogopite kimberlite (Skinner and Clement, 1977). 
Much of this mica occurs as fine-grained (<0•1- 
0.3 mm), irregular, partly altered plates and 
laths but euhedral crystals are also present. 
Locally, the grains occur in irregular aggregates. 
The bulk of the remaining groundmass consists of 
serpentine, much of which occurs as an alteration 
product of phlogopite. Serpentine also occurs in 
veinlets traversing the rock. Rare elongate to 
acicular small grains (0.1 mm long), now consist- 
ing mainly of serpentine have "ghost" morphology 
and cross partings suggesting the original pres- 
ence of apatite. 

Most of the numerous xenoliths fo•nd in tl•e 
Dokolwayo kimberlite are granite gne•ss, grano- 
diorite, sandstone or siltstone. Many small coal 
fragments are found •n close assoc•.at•on with the 
sandstones and appear to be restricted to the 
clastic kimberlite in the core of the diatreme. 

The granitic xenoliths resemble sim•Iar rock 
types found within the Mliba Pluton and it is 
assumed that they are derived from t[•e diatreme 
walls. They have no particular significance in 
relation to the age of emp]acement of tt•e diatreme. 
Xenoliths of sedimentary rock have an •mportant 
bearing on the age of emplacement of tl•e kimber- 
li'te as they must predate the formation of ti•e 
diatreme and have been derived from overl. y•ng 
strata removed by erosion after the formation of 
the diatreme. Sandstones are the most common 

type of sedimentary xenolith and they are usually 
fine to medium grained, dark grey to white, moder- 
ately to poorly sorted, quartz ric. h and partly 
s•licified. The sand grains are generally 
angular to subrounded and •ns:•! •c•f{ed material 
has a clay carbonate matrix. The content of 
opaque minerals is low. 'I'•e less common silt- 
stones are cream to yellow •n colour and are 
fairly friable. Coal xenoliths are brecciated, 
veined by calcite and somewhat oxidised. Many of 
the sandstone xenoliths have highly irregular 
margins and appear to have been "frozen" in the 
kimberlite matrix whilst in the process of becom- 
ing disaggregated. 

The abundance of quartz grains in the clastic 
kimberlite probably reflects extensive disaggrega- 
tion of sandstone inclusions and erosion of sand- 

stone wallrocks during fluidized intrusion. 
Quartz grains are highly concentrated in the later 
tuffisite veins within the clastic kimberlite, and 
this may be due to mechanical disintegration and 
winnowing out of less resistant material. 

Palynological studies of shale and coal xeno- 
liths and kimberlite matrix were carried out at 

the Bernard Price Institute for Palaeontological 
Research, Johannesburg. A diverse fossil mios- 
pore assemblage of predominantly lower Permian age 
was identified (R. Falcon, private communication). 
It follows that the Dokolwayo clastic kimberlite 
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must have been emplaced in post lower Permian times. found in the Dokolwayo kimberlite. However, corn- 
The nature of the coal xenoliths also pro- positional studies of the kimberlitic garnets 

rides data regarding the temperature of formation suggest that these garnets may have been derived 
of the clastic kimberlite. Vitrinite reflectance from the disaggregation of eclogite and garnet 
measurements carried out on samples at the labora- lherzolite. 
tories of the Societe Nationale des Petroles 

d'Aquitaine at Pau, France, gave a value of 1.32 Diatreme Formation 
which suggests that the coal xenoliths had not 

been subjected to temperatures in excess of 250øC. In attempting to interpret the mode of forma- 
This temperature was established by comparative tion of the Dokolwayo diatreme two important fac- 
studies of coals that have been slightly meta- tors must be considered. Firstly, the diatreme 
morphised by dolerite sills. Commenting on these has been subjected to considerable erosion since 
results, D.M. Rowsell (private communication) the time of its formation and, secondly, it is 
states: "In a 'normal' sedimentary basin without clearly the result of multiple episodes of in- 
any effects of intrusions, a vitrinite reflectance trusion which resulted in the emplacement of kim- 
of 1.32 would correspond to a paleotemperature of berlites of widely different character. 
about 140øC, but in cases such as your kimberlite The presence of abundant xenoliths derived 
(or in dolerite contact zones) a higher tempera- from Karroo strata that are no longer preserved in 
ture maintained for a shorter time will have the the area is strong evidence of substantial eros- 
same effect. I have no disagreement with ion. A deep level of erosion also is supported 
$.N.P.A.'s conclusion, although if the kimberlite by the irregular shape of the body, the approach 
was able to cool much more quickly than a dolerite towards dyke-like form at the present exposure 
sill, the temperature might have been slightly surface, the presence of outward-dipping contact 
higher. In any case it seems safe to say that it zones, and the presence of "blind" areas where 
could not have been more than about 300øC." kimberlite failed to penetrate to the present sur- 

Karroo dolerites and Stormberg lavas have not face (Fig. 2). These features are directly anal- 
been found as xenoliths in the Dokolwayo kimberlite ogous with the deeper parts of the Kimberley pipes 
These two distinctive, resistant rock types are (Hawthorne, 1975). 
common xenoliths in many central and southern The central kimberlite is best classified as 
African kimberlites (Hawthorne, 1975). Their ab- a tuffisite-breccia, interpreted as resulting from 
sence lends support to the view that the Dokolwayo turbulent, essentially gas-solid, fluidized intru- 
diatreme predates the late Triassic period when sion. Evidence supporting this mode of emplace- 
Stormberg volcanic activity was initiated in ment is summarized below :- 
southern Africa. 

So far, no ultramafic xenoliths have been 1. The clastic texture of the rock. 

TABLE IV. Analyses of Garnets and Spinel from Dokolwayo(D) and Hlane(H). 

Mean Chemical C•!_o•s_i_t_i_o_n._s 

Garnet 

Colour Range 

Mauve D 

H 

Cerise D 
H 

Pink D 
H 

Red D 

H 

Dark Orange D 
H 

Pale Orange D 
H 

S t raw D 

H 

Spinel D 
H 

AI•.O• St.d FeO St.d TiO2 St.d CaO St.d Cr203 St.d MgO St.d No. of grains 
. . • analysed 

17.6 1.37 6.4 0.88 0.1 O.11 6.2 0.87 7.3 1.50 19.4 1.04 49 
20.5 0.83 7.3 0.67 0.4 O.16 4.7 0.21 3.2 0.68 20.5 0.49 50 
20.5 0.83 7.3 0.67 0.4 O.16 4.7 0.21 3.2 0.68 20.5 0.49 48 
20.7 0.69 7.2 0.75 0.3 0.13 4.9 0.34 4.0 0.80 20.4 0.58 51 
21.O 0.84 7.1 0.40 0.3 0.09 4.6 0.19 2.4 0.70 21.2 0.52 50 
21.1 0.67 7.1 0.34 0.3 0.18 4.6 0.28 3.1 0.69 21.1 0.33 28 
20.9 0.83 8.3 1.O5 0.7 0.31 4.5 0.23 2.1 0.67 20.4 0.86 50 
21.1 0.74 8.2 1.26 0.7 0.28 4.6 0.20 2.4 0.76 20.8 1.O3 50 
21.7 0.58 9.8 1.O5 0.9 0.18 4.0 0.43 0.4 0.30 20.0 0.75 50 
22.1 0.52 10.0 1.87 0.9 0.24 4.2 0.63 0.5 0.43 19.7 1.46 51 
22.0 0.44 10.5 1.50 0.8 0.18 3.8 1.05 0.2 0.].4 19.5 1.50 52 
22.9 0.45 11.4 2.50 0.3 0.23 4.5 1.51 0.1 0.13 18.2 2.50 50 
22.9 0.75 11.5 4.89 0.3 0.17 4.5 2.13 0.3 0.33 18.5 4.65 22 

23.2 0.36 10.1 2.88 0.1 0.08 4.6 1.38 0.2 0.14 19.4 2.53 38 
5.8 3.75 16.7 3.75 1.4 1.19 0 - 59.9 4.92 13.5 1.57 48 
5.3 3.98 17.5 4.45 1.3 1.31 0 - 59.8 6•39 12.8 2.O1 20 

Analyst : G. Hutchinson 
St.d = Standard deviation 
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Fig. 5. Composition of garnets from the Dokolwayo kimber!ite and the Hlane paleo-alluvial deposit 
expressed in terms of CaO and Cr203. 
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2. The high proportion of incorporated 
xenogenic material. 

3. The high degree of mixing of xenoliths and 
xenocrysts, of extremely variable size, 
derived from different stratigraphic hori- 
zons. 

4. The presence of erratically oriented flow 
structures including swirl and eddy pat- 
terns. 

5. Tuffisite veins, commonly containing a high 
proportion of quartz and feldspar grains 
(60-70 vol. %), cut the central kimberlite 
and included xenoliths and locally disrupt 
and brecciate the latter. 

6. The broken nature of many of the mineral 
grains is ascribed to impact during fluid- 
ized intrusion. 

7. The low emplacement temperature indicated 
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by the absence of thermal metamorphic 
effects on xenolithic components, particu- 
larly on heat-sensitive coal inclusions. 

8. The presence of spherical kimberlite aggre- 
gates in which the average size of the 
grains decreases outwards, producing a 
rudely concentric zoning emphasised by 
concentric alignment of elongate components. 
These aggregates are considered to be vol- 
canic lapilli that may have formed by 
accretion in the fluidized system. 

Considered collectively these features are 
strong evidence of at least one major phase of 
gas-solid fluidized intrusion, probably preceded 
by explosive breakthrough to the surface of a 
higher (now eroded) level. The abundance of a 
tuffisite-breccia further suggests that intrusive 
activity of this type has played a major role in 
forming and shaping the diatreme at higher (ero- 
ded) levels, a supposition that is in accordance 
with the views of Dawson (1960, 1962) on the 
formation of kimberlite pipes. 

Features at the present levels of exposure do 
not suggest, however, that fluidization was res- 
ponsible for initial formation of the diatreme. 
Contact relationships exposed in boreholed cores 
show that the marginal porphyritic kimberlite is 
older than the tuffisite-breccia (veinlets of the 
latter cut the former at contacts). The porphy- 
ritic kimberlite apparently represents the pre- 
served marginal remnants of an intrusive phase 

that was largely cored out by the later tuffisite- 
breccia. 

The previously described irregularities in 
the shape of the pipe suggest that an early stage 
of diatreme formation involved magmatic stoping, 
probably accompanied by inward spalling of country 
rock material. This stage of formation culmina- 
ted in the emplacement of porphyritic kimberlite, 
enriched in earlier crystallized material and 
xenoliths. The intrusion of the porphyritic kim- 
betlite may have been associated with a fluidized 
phase, developed at a higher level in the diatren•. 

The two-phase intrusive history of the Dokol- 
wayo diatreme described above is clearly an over- 
simplification. The presence of earlier genera- 
tions of kimberlite as inclusions in both the 

central and marginal kimberlites indicates a more 
complex situation involving earlier periods of 
intrusive activity. Nevertheless, it is consi- 
dered that the marginal and central kimberlites 
are evidence of a general time progression from 
magmatic stoping at an early (embryonic) stage of 
diatreme formation to later fluidized erosion at 

higher levels. In a complex diatreme such as the 
Dokolwayo occurrence this cycle of formation may 
have been repeated several times. 

Age of the Diatreme 

No zircon or mica suitable for radiometric 

dating has been found in the Dokolwayo kimberlite 
but a tentative age determination by a mineral 
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// '- 
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Xx 

x 
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Fig. 6. Composition of garnets from the Dokolwayo kimberlite and the Hlane paleo-alluvial deposit 
expressed in atomic proportions of Ca, Mg and Fe. 
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Fig. 7. Composition of spinel from the Dokolwayo kimberlite and the Hlane paleo-alluvial deposit 
expressed in terms of Cr20•, Ti02 and Al•03. 

isochron U-Pb method indicates an age of 300 -+ 
20 my (Allsopp & Kramers, 1977). This age has 
been verified by field relationships. 

The maximum age limit of the diatreme is de- 
termined by the presence of miospores of pre- 
dominantly lower Permian age in xenoliths of 
sandstone and coal in the kimberlite matrix. 

These xenoliths may be correlated with sand- 
stones and coals found in the middle Ecca (lower 
Permian) coal measures of the main Karroo basin in 
Swaziland. It follows that the diatreme formed 

in post lower Permian times and incorporated frag- 
ments of coal and sandstone from Ecca beds present 
at that time but since removed by erosion. The 
time interval that elapsed between the deposition 
of the Ecca coal measures and the intrusion of the 

diatreme must have been sufficient for the lithi- 

fication and diagenesis of the Ecca sandstones to 
have taken place and for the carbonaceous deposits 
to be converted to coal. 

The minimum age limit of the diatreme is fixed 
by its relationship to the diamondiferous sedi- 
ments of the Hlane area as there is field and geo- 
chemical evidence which suggests that the diamonds 

question there is no doubt that the Red Beds of the 
Hlane area pre-date the overlying Stormberg basalts 
and rhyolites of the Lebombo and associated doler- 
ite dykes. Manton (1968) determined the age of 
the southern Lebombo acid volcanic rocks as 202 ñ 

14 my using a Rb decay constant of 1.39. Recal- 
culating t•his data using a Rb decay constant of 
1,42 gave an age of 198 •: 13 my. If the base of 
the Jurassic is taken to be 195 my it follows that 
both the Red Beds and the Dokolwayo d iatreme must 
have originated in pre-Jurassic times. 

?'able 11I shows the age of emplacement of the 
oldest of the post-Karroo kimberlites, the Dokol- 
wayo kimberlite, and all the known pre-Karroo kim- 
berlites in southern Africa; none are similar in 
age to the Dokolwayo diatreme. 

Mineral Chemistry 

In an attempt to prove that the heavy, resistant 
kimberlite derived minerals (other than diamond) 
found in the Hlane deposit could have originated 
from the Dokolwayo kimberlite, detailed studies of 
the relative quantity, colour and chemical compo- 

and accompanying kimberlite derived minerals in the sition of representative samples of these minerals 
Hlane Red Beds grits and conglomerates are derived were carried out. Both deposits contain kimber- 
from the Dokolwayo diatreme. No fossils have been litic garnets and chrome spinel but no ilmenite. 
identified from these beds but their stratigraphic Mineral samples were obtained from crushed rock 
position and strong resemblance to fossil bearing specimens and from surface drainage channels. 
beds in the main Karroo basin allow reasonable Mechanical concentrating devices and Bromoform 
correlation. The Red Beds in the main Karroo were used to obtain heavy residues in the 4-0.5 mm 
basin are of upper to middle Triassic age (du Toit, size range. These residues were examined under a 
1954). Whilst this correlation may be open to binocular microscope and the kimberlite derived 
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minerals were separated from the balance of dense 
mineral grains and rock fragments by visual in- 
spection. Superficial examination of the grains 
from both sources show a wide colour range of 
garnets from pale straw to mauve. Unbroken 
grains commonly have finely cross-hatched surfaces 
reminiscent of overlapping roof tiles; this 
feature may be caused by etching. Spinels 
generally do not exceed 2 mm in diameter and un- 
broken grains occur as equidimensional octahedra 

Structural Setting 

The Dokolwayo diatreme is located near the axis 
of the Lebombo monocline, a structure regarded by 
du Toit (1929) as having originated during the 
eruption of the Stormberg lavas in Jurassic times. 
The monocline extends almost straight in a-•north - 
south direction for 700 km along the western 
boundary of Mozambique. The axial region of the 
monocline is characterised by numerous sub- 

with shiny black surfaces. No ilmenite was found. parallel north-south striking faults and dolerite 
Colour comparison was carried out on roughly 

1000 garnet grains in the 16-28 (Tyler) mesh size 
range, selected at random from the larger samples 
referred to above. These grains were divided in- 
to seven colour groups, straw, pale orange, dark 
orange, red, pink cerise and mauve. The number 
of grains in each category varied to some extent 
between the two sources but in both cases more 

than 60% of the grains fell within the pale 
orange, dark orange and mauve groups. 

Similar studies carried out on other ilmenite 

free or ilmenite poor kimberlites suggest that the 
range and proportion of garnet colours may be a 
diagnostic feature of the particular source. 
For example, two kimberlite dyke sources in the 
Eastern Transvaal (the closest known kimberlites 
to the Dokolwayo occurrence) contain characteris- 
tic milky pink to mauve garnets unlike any found 
at Dokolwayo. Similarly the kimberlite dyke 
swarm in the Theunissen area in the Orange Free 
State contains a high proportion of garnets of a 
flesh pink colour not found elsewhere. A further 
example is the Jagersfontein kimberlite in the 
Orange Free State which contains numerous unique 
pale mauve garnets. 

Microprobe analyses of over 700 grains of gar- 
net and spinel from Dokolwayo and Hlane were 
carried out so that detailed comparison of the 
mineral chemistry of these grains could be made. 
From the samples referred to above 20-48 grains 
of spinel and 22-52 grains of garnet from each 
colour category were selected at random for analy- 
sis. Analyses were carried out at the Anglo 
American Research Laboratories, Johannesb•rg, 
using an A.R.L. SEMQ automated electron micro- 
probe. A summary of the results obtained is pre- 
sented in Table IV. 

Figure 5 shows the composition of the Dokolwayo 
and Hlane grains in terms of CaO versus Crz03 and 
Fig. 6 indicates the compositional range expressed 
in terms of atomic proportions of Ca, Mg and Fe. 
All plotted data points were selected to show the 
extremes of composition. Figure 7 shows the com- 
position of spinel in terms of Al203, Cr203 and 
Ti02. 

Comparison of the results obtained shows that 
there is a high degree of similarity in chemical 
composition of the garnet and spinel from the two 
sources. Whilst this similarity cannot prove 
that the Hlane garnet and spinel was derived from 
the Dokolwayo kimberlite it lends strong support 
to this hypothesis of origin. 

dyke swarms. Cox (1970) postulates that the 
Lebombo monocline is controlled by structures that 
are the southerly continuation of the Mozambique 
Belt. 

Clifford (1966 and 1970) and Dawson (1970) show 
that in Africa the economically important diamond 
bearing kimberlites are located within the bound- 
aries of old cratonic areas. The older cratons 

defined by Clifford (1970) are those areas of con- 
tinental crust that have not suffered orogenic 
deformation for at least the past 1500 my. 

The Dokolwayo diatreme appears to be marginal 
to the area defined by Clifford (1970) as the 
southern African (Transvaal Rhodesia) craton. 
However, in the vicinity of the diatreme the gran- 
ite gneisses are 2940 + 45 my (Davies & Allsopp, 
1976) and there is no evidence of younger orogenic 
deformation. A gentle eastward downwarping is 
reflected in dips of 10 ø to 12 ø in the Karroo 
rocks. More substantial crustal deformation that 

reflects the true terminus of the craton may occur 
further to the east along the axis of a gravity 
"low" (Reeves, 1976) where acid lavas are extruded 
and where the Karroo rocks plunge steeply beneath 
Cretaceous and Tertiary sedimentary formations. 
It is therefore concluded that the Dokolwayo dia- 
treme lies within the boundaries of the Transvaal 
Rhodesia eraton. 

Kimberlite Magma Genesis 

Mitchell (1970) states that whilst some geolo- 
gists consider the constant spatial association 
and temporal sequence between basaltic magma and 
kimberlite to be evidence of a genetic relation, 
others do not subscribe to this point of view. 
The discovery of the Dokolwayo kimberlite with 
its unique Permo-Triassic age is a further ex- 
ample of a southern African kimberlite which is 
not shortly preceded by a major event of basalt 
extrusion or dolerite emplacement. The vast 
majority of kimberlites in southern Africa are 
nevertheless of post Jurassic age and their em- 
placement shortly followed the Stormberg volcanic 
event. 

With the recognition of the new ages of kim- 
berlite listed in Table IV the time span of kim- 
berlite emplacement in southern Africa resembles 
more closely that of the Siberian kimberlite pro- 
vince. Milashev (1974), Rozhkov (1967), Kharkiv 
(1967) and Bogatykh (1976) show that Siberian 
kimberlites range in age from Paleozoic in the 
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southerly Malo Botuobiya cluster to Mesozoic in 
the more northerly clusters; the main body of 
kimberlites are of Paleozoic age. These authors 
also show that widespread dolerite intrusion took 
place both prior to and subsequent to the eraplace- 
sent of kimberlites. 

Although many kimberlite occurrences are linked 
in time and space with the extrusion of plateau 
basalts and intrusion of related dolerites, other 
kimberlites do not share these relationships. It 
is suggested in these latter cases that there is 
no genetic link between basalt and the kimberlite 
magma. 
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STRUCTURAL SETTING OF KIMBERLITES IN SOUTH-EASTERN AUSTRALIA 
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Abstract. Recent discoveries have established 

the existence of fourteen areas where kimberlitic 

rocks occur in south-eastern Australia, in the 
States of New South Wales, Victoria, Tasmania and 
South Australia. One or more intrusions are 

found in each area, the maximum being twenty- 
seven. Rb-Sr dating on whole-rock samples and on 
phlogopite separates have established Permian and 
Jurassic ages for kimberlitic occurrences in 
north-western New South Wales and South Australia 

respectively. Field relations indicate that all 
the occurrences post-date the Proterozoic and 
that some are as young as Tertiary. 

In an attempt to relate the kimberlitic occur- 
ences, and their associated rock types, to a 
structural framework the following features were 
investigated: on- and off-shore structures, 
igneous activity, earthquake activity, general 
tectonics, gravity and magnetics. It appears 
that postulated extensions of transform faults, 
stemming from both the Antarctic and Tasman Sea 
Ridges, have played the major role in the loca- 
tion of kimberlitic intrusives in south-eastern 

Australia. Near the eastern seaboard, the NNE 
projected continental fracture zone, stemming 
from the A•ntarctic Ridge, also coincides with a 
broad belt of Cainozoic igneous activity, an 
edge of epeirogenic uplift, and the mean line of 
hot spot migration. All of the kimberlitic 
occurences near the eastern seaboard of Australia 

fall within this broad zone of activity. Their 
location also appears to have been governed by 
fracture patterns initially developed during pre- 
breakup times, which later became the sites of 
continental extensions of transform faulting. 

Introduction 

Fourteen occurrences of kimberlitic rocks 

have recently been discovered in south-eastern 
Australia in the States of South Australia, 
Victoria, Tasmania and New South Wales (Figure 1 

and Table 1). One or more intrusives are found 
in each area, with a maximum of twenty seven in 
one cluster. With one exception, the field 
relations indicate that all occurrences post- 
date the Proterozoic, and that at least one is 
as recent as Tertiary. Rb-Sr isotopic analyses 
have been carried out on whole-rock samples, 
phlogopite, and other mineral separates from 
three of the areas. References have been made to 

"kimberlite" occurrences in four areas in Aust- 

ralia, all located in the south-east (Lovering 
and White, 1969; Colchester, 1972; Tucker and 
Collerson, 1972; Ferguson et al., 1977). 

This paper attempts to relate the kimberlitic 
and associated rock types to a structural frame- 
work. Relations with the following features have 
been investigated: on- and off-shore structures, 
supracrustal igneous activity, granitic activity, 
earthquake activity, tectonics, gravity and 
magnetics. 

The term "kimberlitic" is used to describe 

these rocks as there are significant petrographic 
and chemical differences compared with kimber- 
lites from other areas (see Ferguson and Sheraton 
this volume). 

Rb-Sr Isotopic Analysis 

Analytical Techniques 

Analytical procedures for Rb and Sr, incorp- 
orating a mixed 84Sr-85Rb spike, were based on 
the techniques outlined in Page et al. (1976) and 
Williams et al. (1976). A triple-filament ion 
source was used for both Rb and Sr determina- 
tions; the latter were made in a 30 cm radius - 
60 degree sector mass-spectrometer from which a 
87Sr/86Sr mean value of 0.71035 is derived for 
the NBS 987 standard. Regression of the analyt- 
ical points is based on the work of Mcintyre 
et al. (1966). A relative deviation of 0.3% has 
been used for 87Rb/86Sr and a standard deviation 
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Fig. 1. Localities of kimberlitic occurrences 
in south-eastern Australia. 

Area: 1 Port Augusta 
2 Wal!oway 
3 Terowie 

4 White Cliffs 

5 Bullenmerri 

6 Oatlands 

7 Delegate 

Area: 8 Bombala 

9 Jugiong 
10 Abercrombie 

11 Nullo Mountain 

12 Gloucester 

13 Bingara 
14 Mt. Brown 

of 10 x 10 -5 has been assigned to 87Sr/86Sr. The 
value 1.42 x 10-11y -1 (Neumann and Huster, 1972), 
as provisionally recommended by the August 1976 
meeting of the IUGS (International Commission on 
Stratigraphy, Subcommission on Geochronology), 
has been used for the decay constant of 87Rb. 
All uncertainties are expressed at the 95% con- 
fidence level. A 6 ng blank correction has been 
applied to both Rb and Sr analyses where approp- 
riate. Blank-corrected isotopic data appear in 
Table 1. 

Isotopic Data 

South Australia. Phlogopite from five sep- 
arate kimberlite intrusions has been analysed. 
Total-rock analyses were also made on three of 
these intrusions (Table 2). The phlogopites are 
insufficiently enriched in 87Rb relative to 86Sr 
to allow age estimates independent of initial 
ratio assumptions. Reasonably reliable ages 
should, however, be provided by the two phlogo- 
pite-total rock pairs, which yield values of 
164 m.y. and 172 m.y. for samples 75210090 and 
75210434, respectively (Table 2). A K-At age 
determination on the phlogopite separate from 
sample 75210434 gave an age of 173 • 4 m.y. 
These ages are in agreement with that calculated 
from phlogopite 75210091 - total rock 75210090 
at 174 m.y. The two phlogopites which are less 

72 

enriched in 87Rb are consequently more sensitive 
to assumed initial ratio; these yield higher 
and presumably less reliable ages (188 m.y. for 
75210085, 199 m.y. for 75210086). All analytical 
points produce only a poorly-defined isochron 
with age and initial ratio of 176 -+ 29 m.y. and 
0.708 +_ .004. Carbonatite (75210081) from the 
Walloway occurrence (intrusive 2) has initial 
87Sr/86Sr marginally below 0.705. 

New South Wales. White Cliffs (Figure 1 
area 4). The age of the kimberlites at White 
Cliffs can be deduced from two independent iso- 
topic arguments. First, a phlogopite (75210021), 
little enriched in 87Rb relative to 86Sr (Table 
2), when combined with its total-rock point, 
yields a value of 260 m.y. This is supported by 
data for two eclogite xenoliths from the kimber- 
lite. A clinopyroxene-total rock pair from eclo- 
gite 75210033 generates a nodule age of 600 m.y. 
Garnet, clinopyroxene and total-rock data produce 
an age of 260 +- 67 m.y. for ec!ogite 75210025. 
Both nodule ages presumably represent maximum 
values for the enclosing kimberlitic rock. The 
analytical points for 75210025 define a model ! 
isochron (i.e., none of the scatter can be attri- 
buted to geological causes). This may simply be 
a consequence of mass-balance considerations, 
even though an intergranular Rb- and Sr-bearing 
phase has been established to be present in 
eclogite nodules (Allsopp et al., 1969; Griffin 
and Murthy, 1968); it seems likely that Rb and 
Sr in the garnet would be dominated by kelyphitic 
material (e.g., Allsopp et al., 1969; Barrett, 
1975). The indicated initial 87Sr/86Sr ratio 
for nodule 75210025 is 0.7086 -+ .0007 (at 260 
m.y.); that for sample 75210033 is 0.7040 (at 
600 m.y.). These isotopic data suggest that the 
former of these chemically similar eclogite 
nodules may have been isotopically reset during 
generation or intrusion of the kimberlitic magma. 

Jugiong (Figure 1, Area 9). Owing to the 
absence of phlogopite, isotopic analyses have 
been restricted to phases less useful for geo- 
chronology. Nevertheless, trends which are con- 
sistent with the stratigraphical constraints 
appear to be recognisable on the 875r/86Sr vs. 
87Rb/86Sr diagram (Figure 2). Most surface 
samples of kimberlitic material from intrusion 4 
(specimens 75210067 A to D) have indistinguish- 
able 87Sr/86Sr ratios (Table 2 and Figure 2). An 
additional autolith composite (75210104) has a 
marginally, but possibly significantly higher 
ratio. A kimberlitic lapillus (75210419) taken 
from drill core at 97 m has an identical 87Sr/ 
86Sr ratio to the 75210067 samples. This may be 
fortuitous, or alternatively indicate that these 
two separate diatremes from which they were coll- 
ected have identical isotopic histories. 

A further group of four samples apparently 
plot on a subhorizontal line with lower indicated 
initial ratio (about 0.7050 as opposed to 0.7056). 
Of these, 75210445 and 75210447 represent a kim- 
berlitic lapillus and an autolith, respectively, 
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TABLE 1A 

Area 

Co-Ordinates Number and 

(Centre of Area) Shapes of 
(lat / long) Intrusions Country Rock 

"Radiometric 

Age" 

1. PORT AUGUSTA 

2. WALLOWAY 

3. TEROWIE 

a) Wonna Group 

b) Pandappa/ 
Calcutteroo Group 

c) Nackara Group 

d) Pine Creek Group 

4. WHITE CLIFFS 

137ø38'E/32ø30'$ 3 kimberlite sill Relatively unfolded 
outcrops, extending sediments overlain 
along a 25km NW-SE by large Proterozoic 
trend; possibly quartzite formation 
part of same sill. forming mesa 
Sills up to 2m cappings. 
thick. 

138ø35'E/32ø37'S 7 kimberlitic dykes, Siltstone of the 
some with elongated Proterozoic 
"blows", with Umberatane Group. 
northerly trend; 
largest body 20m 
long. 

139ø00'E/33ø15'S 3 kimberlite pipes 
ranging from 20xlOm 
to 280x140m; 
5 kimberlite dykes 
up to lkm long and 
from 0.25 to 2m wide; 
1 swarm of small kim- 

berlite dykes. Most 
dykes have a NW-SE 
strike but some 

strike NNE-SSW. 

139o12'E/33o07'S 4 kimberlite pipes 
(20xlOm, 20x20m, 
110x50m and 160x25m); 
4 kimberlite dykes & 
1 dykeswarm striking 
NW-SE and NNE-SSW. 

139o14'E/32ø57'S 5 narrow and short 
kimberlite dykes with 
NNE-SSW strikes. 

139o17'E/33o10'S 1 kimberlite pipe 
(650x150m) and 3 
dykes with northerly 
trend. 

142o37'E/30o42'S 1 kimberlite pipe 
(130x90m); 5 small 
dykes trending 

Proterozoic 

marine 

sediments. 

172 m.yo 

Precambrian • 260 m.y. 
schists. 

164-174 m.y. 

taken from drill core at approximately 30 m 
below surface; 75210041 and 75210055 are total- 
rock samples from separate intrusions. Two 
moderately fresh kimberlitic dykes found cutting 
intrusion 4 (75210448 and 75210102) and a fresh 

kimberlitic lapillus from intrusion 2 (75210047) 
have the lowest 87Sr/86Sr ratios, being below 
0.705, found in the kimberlitic intrusions in the 
Jugiong area. 

An amphibole megacryst (75210067E) of probable 

?S 
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TABLE lB 

Area 

Co-Ordinates Number and 

(Centre of Area) Shapes of 
( la t / long) Int rus ions Country Rock 

"Radiometric 

Age" 

5. BULLENMERRI 

6. OATLANDS 

7. DELEGATE 

8. BOMBALA 

9. JUGIONG 

10. ABERCROMBIE 

11 . NULLO MOUNTAIN 

12. GLOUCESTER 

13. BINGARA 

14. MT. BROWN 

143ø07'E/38ø15'S 1 kimberlitic body, Tertiary marine 
presumably pipe sediments generated 
largely covered by by late Tertiary 
maar. volcanics forming 

craters. 

147o19'E/42o17'S 2 kimberlitic 
bodies of unknown 

shape and size. 

Sequence of Permo- 
Triassic sediments 

intruded by sheets 
of Jurassic dole- 

rite. 

148ø47'E/36o50'$ 2 kimberlitic pipes Intrudes along 
measuring 390x300m boundary between 
and 210x120m. Upper Ordovician 

149ø23'E/36o47'$ 1 kimberlite pipe 
70x40m and 1 small 

kimberlite dyke 
striking NE-SW. 

Middle Jurassic 

(Lovering and 
Richards (1964), 

meta-sediments McDoug._a!• and 
and Lower Devonian Wellman (1976)). 
granite. 

Upper Devonian 
granite. 

148ø16'E/34o59'S 8 pipes of which 
the largest 
measures 635x425m, 
240x170m, 300x120m 
and 100xlO0m. 

149ø22'E/33o52'S 1 kimberlitic pipe 
shape unknown but 
smallest dimension 
at least 12m. 

150o13'E/32o50 ' S 2 kimberlitic 
occurrenc es of 

unknown shape. 

151ø42'E/32ø04'S 2 elongated kim- 

Middle Devonian 

granites which have 
intruded Silurian 

sediments. Two 

intrusives cut 

Cainozoic basalt 

dated at 17.2 m.y. 

Middle Devonian 

graywacke, under- 
lain by Carbonif- 
erous granite. 

Sands tones and clay- 
stones of the Jurassic 

Narrabeen Group. 

Undif ferentiated 

berlite pipes meas- Carboniferous 
uring 140x20m and sediments. 
100x10m. 

Cainozoic 

150o28'E/30ø07'S 3 kimberlitic bodies Upper Devonian 
of unknown shape. sandstones. 

15 2o46 ' E/28o38 ' $ 3 tabular kimber- 
litic occurrences 

dipping about 300 
SSE and extending 
for at least lkm 

along strike. 

Middle to Upper 
Jurassic sand- 

stones and mud- 

stones. 
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TABLE 2A. Rb-Sr Isotopic Compositions: South Australia 

Sample and Location Rock Type Rb Sr 
(• g/g) ( • g/g) 

87Sr/86Sr 87Rb/86Sr 

Terowie (area 3) 

Intrusion 1 
75210085 phlogopite kimberlite 400.0 205.5 

Intrusion 2 

75210086 phlogopite " 95.01 25.23 

Intrusion 3 
75210090 total rock " 130.6 461.6 
75210090 phlogopite " 490.6 62.48 

Intrusion 4 

75210091 phlogopite " 482.8 114.9 

Walloway (area 2) 

Intrusion 1 
75210434 total rock kimberlite dyke 143.3 620.8 
75210434 phlogopite " " 443.9 100.2 

Intrusion 2 
75210081 total rock carbonatite 5.268 1579 

0.72340 5.629 

0.73905 10.91 

0.71053 0.8170 
0.76190 22.79 

0. 73863 12.17 

0.70735 0.6756 
0. 73706 12.83 

0.70499 0.00963 

lower crustal origin, found in intrusion 4, has 
a lower 87Sr/865r ratio (0.70406) than the surr- 
ounding kimberlitic rock. 

Garnet-spinel lherzolite (752104 33) and spinel 
lherzolite (75210117) inclusions from intrusion 3 
have statistically indistinguishable 87Rb/86Sr 
and 87Sr/86Sr ratios (Table 2). The high Rb and 
Sr contents and high 87Sr/86Sr ratios of the 
garnets separated from garnet lherzolite nodules 
(75210059 and 75210062) in intrusion 4 presumably 
reflect a dominantly ke!yphitic component (Table 
2). Clinopyroxene from the latter nodule poss- 
esses the most primitive 87Sr/86Sr ratio (0.7029) 
found in this study. 

In the case of the kimberlitic rocks in the 

Jugiong area two of the seven diatremes (incl- 
uding intrusion 4) penetrate Cainozoic basalts; 
nearby lavas give an age of 17.2 m.y. (Wellman 
and McDou•all, 1974b). Given this age constraint 
the subhorizontal lines shown in Figure 2 for the 
two major groups of results might be interpreted 
as isochrons of Quaternary or Tertiary age. 

Interpretation 

Some of the 87Sr/86Sr isotopic differences in 
the South Australian and Jugiong material poss- 
ibly relate to the difficulties of obtaining 
completely unaltered samples but may also, in 
part, be due to primary factors. The lower 
87Sr/86Sr ratios found in the Jugiong occurrences 

correlate with the least altered material. Berg 
and Allsopp (1972) and Barrett and Berg (1975) 
have established that low 87Sr/865r ratios are a 
feature associated with fresh kimberlites as 

contrasted with higher values for altered kimber- 
lite; however, micaceous kimberlites also have 
high values for this ratio. The Jugiong kimber- 
lites have a low mica content, so that percol- 
ating groundwater may be responsible for the high 
87Sr/86Sr values in this variety of altered kim- 
berlite (Barrett and Berg, op. cit). On the 
other hand the high 87Sr/86Sr ratio encountered 
in the South Australian occurrences may be a 
reflection of their high mica content and not of 
secondary alteration. Langworthy and Black (in 
prep.) argued for a radiogenically-enriched and 
heterogenous phlogopite-bearing mantle in the 
source region of a kimberlite-related magma. 
Such a region would be expected to be enriched 
not only in K, but also in Rb and its daughter, 
radiogenic Sr. The possibility of isotopic 
heterogeneity in the mantle has been noted by 
many other authors (eg. Harris et al., 1972; 
Barrett, 1975; Barrett and Berg, 1975), and 
recently vigorously argued by Brooks et a1.(1976). 

Structural Settings 

Seismic activity is shown in Figure 3, and 
represents a compilation of recordings since 
1900 from data filed in the Bureau of Mineral 

?S 
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TABLE 2B Rb-Sr Isotopic Compositions: New South Wales 

Sample and Location Rock Type Rb Sr 
(• g/g) (• g/g) 

87Sr/86Sr 87Rb/86Sr 

White Cliffs (area 4) 

Intrusion 1 

75210021 phlogopite 
75210021 total rock 

Intrusion 2 

75210025 total rock 

75210025 garnet 
75210025 clinopyroxene 
75210033 total rock 

75210033 clinopyroxene 

Jugiong (area 9) 

Intrusion 1 

75210041 total rock 

Intrusion 2 

75210047 total rock 
75210419 total rock 

Intrusion 3 

75210055 total rock 
75210433 total rock 

75210117 total rock 

Intrusion 4 

75210059 garnet 

75210062 garnet 

75210062 clinopyroxene 

75210067A total rock 
75210067B total rock 

75210067C total rock 
75210067D total rock 

75210067E amphibole 
75210102 total rock 
75210104 total rock 
75210445 total rock 
75210447 total rock 
75210448 total rock 

kimberlite dyke 281.3 141.8 
" " 64.25 1202 

eclogite nodule 7.098 286.8 
" " 1.798 4. 337 
" " 0.199 118.0 
" " 16.15 1!1.1 
" " 2. !24 131.8 

kimberlite 26.36 769.7 

kimberlite lapillus 64.44 1326 
" " 62.48 447.6 

kimb er lite 47.63 946.0 
garnet-spinel lherzolite 
nodule 7.624 46.29 
2-spinel lherzolite 
nodule 9.594 58.05 

garnet lherzolite 
nodule 

garnet lherzolite 
nodule 

garnet lherzolite 
nodule 

kimberlite autolith 

kimberlite lapillus 

megacryst in kimberlite 
kimberlite dyke 
2-kimberlite autoliths 

kimberlite lapillus 
kimberlite autolith 

kimberlite dyke 

0.72654 5.736 
0.70591 0.1543 

0.70887 0.07146 
0.71303 1.1975 
0. 70866 O. 00487 

0.70761 0.4200 

0.70441 0.04651 

0. 70498 0.09888 

0.70475 0.1403 
0. 70559 0.4030 

0.70516 0.1453 

0. 70615 0.4754 

0.70623 0.4772 

0.2527 0.9209 0. 71078 0.8082 

0.6370 1.4017 0. 71316 1.313 

0.3120 76.81 0.70291 0.01172 
46.53 785.6 0. 70562 O. 1710 
53.05 993.1 0. 70558 O. 1542 
43.07 940.4 0. 70567 O. 1322 
35.72 849.0 0. 70556 0. 1214 

1.969 118.8 0.70406 0.04783 
42.58 785.0 0. 70484 0. 1562 
64.49 858.0 0. 70582 0.2170 
52.66 688.9 0. 70512 0.2206 
42.20 777.7 0. 70512 O. 1566 
51.87 753.9 0. 70448 O. 19860 

Resources. Tow prominent belts of earthquake 
activity are apparent (Figure 3), one striking 
north to north-west through the Flinders Ranges 
of South Australia and extending to the north- 
west margin of the continent; the second belt 
trends north through Tasmania, across Bass Strait 
into Victoria, and then north-eastwards into New 
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South Wales, and continues offshore in south- 

eastern Queensland. Cleary and Simpson (1971) 
have postulated that these two zones of earth- 
quake activity correspond to projected continent- 
al extensions of oceanic transform faults orig- 
inating from the Antarctic Ridge. The separation 
of Australia from Antarctica began 53 m.y. ago, 
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Fig. 2. Plot of 87Sr/86Sr versus 87Rb/86Sr for sundry rocks and minerals 
found in the Jugiong kimberlitic rocks (area 9). 

and is still continuing (Weissel and Hayes., 1972). 
The Transform fault postulate is cited by other 
authors to account for the development of the 
shear zone feature in the Flinders Range of South 
Australia (Coward, 1976; Embleton, 1976 and 
Steward, 1976). Nine of the areas lie on or 
adjacent to the projected continental extension 
of these oceanic transform faults. Of the four- 

teen kimberlitic occurrences, only four lie out- 
side seismically active areas. 

Selected structural features and supracrustal 
igneous activity are shown in Figure 4 and summ- 
arised in Table 2. All large scale structural 
features, both on- and off-shore, are represented 
in Figure 4; these include lineaments, faults, 
fold trends, shears and transform faults. The 
distribution of igneous features shown in this 
figure represents most of the supracrustal act- 
ivity in south-eastern Australia. Dense cluster- 
ing of diatremes can, in part, be schematic or 
selective, the selection being dependent on 
whether or not the diatremes contain xenoliths. 

Further, only those judged to be of upper mantle 

origin are shown (mostly taken from Wass and 
Irvin•, 1976). The reasoning behind this select- 
ive process is that as some of the diatremes are 
similar to kimberlites in their mode of emplace- 
ment they may have a spatial and/or genetic 
affiliation with them. 

As indicated by Cleary and Simpson (1971), the 
edge of epeirogenic uplift on the south-eastern 
seaboard of Australia (described by David, 1950), 
coincides roughly with recent earthquake activity, 
and with a projected oceanic fracture zone stem- 
ming from the Antarctic Ridge. All the kimber- 
litic areas on the south-eastern seaboard of 

Australia straddle the edge of this epeirogenic 
uplift which commenced in the Mesozoic and cont- 
inued intermittently through the Cainozoic 
(Wellman and McDou•all, 1974). Cainozoic basalt- 
ic activity is associated with the epeirogenic 
uplift, occurring in an approximately 300 km-wide 
zone which incorporates all the kimberlitic areas 
near the south-eastern seaboard of Australia. 

This basaltic activity is dominantly alkaline, 
but in two of the areas the immediate rock types 
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Fig. 3. Earthquake activity in south-eastern Australia. Map compiled 
from "Earthquake Data File, Bureau of Mineral Resources, Geology and 
Geophysics, Canberra, A.C.T., Australia". Projected oceanic fracture 
zones (Cleary and Simpson, 1971). 

are sub-alkaline. The Cainozoic mean line of hot 

spot migration (Wellman and McDou•all, 1974a), as 
defined by central volcano provinces and the 
present day hot spot sites (Sass, 1964), also 
passes through the zone of basaltic activity in 
south-eastern Australia. Areas 9, 10, 11 and 14 
lie on or near this mean line of hot spot migra- 
tion. The Jugiong occurrences (area 9) lie on 
the mean line of hot spot migration at a site 
with a deduced age of less than 11 m.y. This age 
possibly corresponds to the age of the kimber- 
litic rocks. With one exception, the remaining 
kimberlitic areas in south-eastern Australia 

are associated with supracrustal igneous activity 
(Table 2). The Walloway occurrence (area 2) has 

a unique spatial association with carbonatite 
(Tucker and Collerson, 1972). 

Hayes and Ringis (1973) have postulated that 
the Tasman Sea opened up by a process of sea- 
floor spreading between about 80 and 60 m.y.b.p. 
As can be seen from Figure 4, the crustal iso- 
chrons intersect the continental margin of 
Australia with a large angular discordance res- 
ulting in older oceanic crust being absent north 
of Tasmania. Basing their views to some extent 
on these features, Hayes and Ringis (1973) have 
ascribed this complex relationship to subduction 
during a limited period of Tasman Sea opening. 
This interpretation has however, been challenged 
by Weissel and Hayes (1977) who re-interpret the 
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Fig. 4. Selected structural features and supracrustal igneous activity in south-eastern Australia. 
Sources' - 

Cainozoic Volcanics' Edwards 1950; Spry 1962; Sutherland 1969; Sutherland et al., 1973; Wellman 
et al., 1970; Wellman 1974; Wellman and McDougall 1974a and b. 
Mesozoic and Paleozoic intrusions' "The Geological Map of Australia, 1'2,500,000 scale, Bureau 
of Mineral Resources, Geology and Geophysics, Canberra, A.C.T., Australia". Harper 1915; Boeson 
et al., 1961; Evernden and Richards 1962; Brown et al., 1968; Packham 1969; Beams 1975. 
Other' - 

Diatremes' Adamson 1969; Crawford 1973; Wass and Irving 1976. Hot Spot Activity' Sass 1964; 
Wellman and HcDougall 1974a. Lineaments' Scheibner 1976a; Harrington et al., 1973. Faults, shears 
and fold trends- "The Geological Map oœ Australia, 1'2,500,000 scale, Bureau of Mineral Resources, 
Geology and Geophysics, Canberra, A.C.T., Australia". Giddings and Embleton 1974; Crawford and 
Campbell 1973; Veevers 1976; Coward 1976. Sea-floor spreading' Weissel and Hayes 1972; Hayes and 
Ringis 1973; Ringis 1975. Edge of epeirogenic uplift' David 1950; Wellman and McDougall 1974a. 

DRL = Darling River Lineament 
CIL = Cobar Inglewood Lineament 

LRL = Lachlan River Lineament 

MRL = Murray River Lineament 

79 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



MESG•01C 

GR/•NITIC R½)Ct•S OF SE /NUSTR•LiA 

Fig. 5. Granitic rocks of south-eastern Australia. Map compiled from 
"The Geological Map of Australia, 1:2,500,000 scale, Bureau of Mineral 
Resources, Geology and Geophysics, Canberra, A.C.T., Australia". 

marine magnetic data in terms of a simple two- 
plate spreading system thereby obviating the need 
for subduction. 

Wilson (1965) developed the hypothesis that 
lines of weakness in old continental crust 

determine sites for the development of transform 
faults; Ringis (1975) has found that this con- 
cept has application to the south-eastern Aust- 
ralian margin. An attempt has been made to 
relate the distribution of kimberlitic rocks from 

this region to the fracture patterns resulting 
from the opening up of the Tasman Sea. Following 
Rinsis (1975), the transform faults are numbered 
for ease of reference (Figure 4). 

Lack of information does not yet allow the 
northernmost kimberlitic occurrence at Mt. Brown 

(area 14) to be related to possible fracture 
zones associated with Tasman Sea opening. The 
postulated continental extensions of fracture 
zone 2 is a west to north-west boundary line 
between two structural blocks; additionally, 
Permian felsic plutons are present on the coast. 
Fracture zone 3 extension coincides with a 

boundary between a structural block and sediment- 
ary basin; there is further coincidence here 
with discordant igneous bodies of Mesozoic age. 
Permian thrust faulting associated with the 
Great Serpentine Belt also intersects the coast 
at this point (Ringis, 1975). As can be seen 
from Figure 4, the Gloucester and Bingara occur- 
rences (areas 12 and 13) lie near the Great 
Serpentine Belt. The continental extension of 
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transform fault 4 coincides with the Hunter-Mooki 
thrust zone which also forms the northern edge 
of the Permo-Triassic Sydney Basin (Ringis, op. 
cit.). One of the Bingara kimberlitic intrusions 
(area 13) is situated on the north-westerly 
extension of this thrust zone. The Nul!o 
Mountain occurrence, (area 11) is found to the 
south of this thrust zone in a dense cluster of 
Tertiary diatremes. 

The Lachlan River Lineament lies on the cont- 

intental extension of transform fault 5, in the 
continental shelf region. The extension of this 
line includes Mt. Woolhough - an inferred mafic 
igneous body (Ringis, 1975). The dense cluster of 
Sydney Basin diatremes (Crawford. , 1973) lies on 
the Lachlan River Lineament, as does the Aber- 
crombie kimberlitic occurrence (area 10). Part 
of the olivine leucitite cluster in central 

New South Wales also falls on this lineament, 
which possibly also incorporates the White 
Cliffs occurrence (area 4) at its extreme west- 
ern extension. 

The on-shore projection of transform fault 6 
coincides with the central complex of Milton, a 
Permian intrusion which contains alkaline rock 

types (Ringis, op. cit.). Tertiary diatremes, 
the Jugiong kimberlitic rocks (area 9), and a 
cluster of olivine leucitites are all located on 

a WNW projection of this oceanic transform- here, 
however, it must be stressed that only minor WNW 
lineaments are present in the continental setting 
(Figure 4). The Juglong occurrences are also 
adjacent to the NNW-trending Coolac Serpentinite 
Belt (Figure 4) which to the SE is semi-contin- 
uous with b•W-trending lineaments and faults 
incorporating the Bombala and Delegate occurr- 
ences (areas 8 and 7). 

The extended trend of fracture zone 7 into the 

continental setting includes the three Mesozoic 
mafic igneous complexes of Mt. Dromedary, 
Montague Island and Tanja syenite, all of which 
contain alkaline rock types. Some 70 kilometres 
inland the Myalla Road syenite complex falls on 
this trend line, as well as Tertiary diatremes 
farther to the west. Farther inland the Murray 
River Lineament forms a possible northwesterly 
extension of this zonal trend. The Delegate and 
Bombala occurrences (areas 7 and 8) lie in a 
fringe area slightly to the south of this post- 
ulated lineament. 

The extension of fracture zone 8 coincides 

with the southern edge of the Gippsland Basin 
(Rin____n•_•, op. cit. ). A large number of Tertiary 
and Quaternary diatremes, including the kimber- 
litic occurrence of Bullenmerri (area 5), are 
situated on a western projection of this line- 
ament. The Oatlands occurrence in Tasmania 

(area 6), as well as Tertiary diatremes, could 
also be construed as lying on the continental 
projection of transform fault 11. 

Should the Tasman Sea transform faults have a 

continental manifestation, then it must be noted 
that these postulated extensions change from the 

slightly curved fracture line patterns of trans- 
form fault 5, and those south of it, to strongly 
curved ones farther north. The strongly curved 
fracture pattern shown in the northern part of 
Figure 4 coincides with the area where the oceanic 
isochrons intersect the continental margin at high 
angles, and, as noted, may be a possible product 
of subduction during a limited period of Tasman 
Sea opening (Hayes and Ringis, 1973). The abund- 
ant thrust faulting in the New England Fold Belt 
began in the Permian as a result of obduction 
(Scheibner, 1973). Along this strongly-curved 
grain, first produced in the Permian orogenic 
episodes, lay the sites of continued reactivation, 
including the period during the opening of the 
Tasman Sea. In the area to the south of trans- 

form fault 4, the postulated Palaeozoic obduct- 
ion and subduction zones are sub-parallel to the 
present-day coastline and thereby approximately 
at right-angles to the postulated transform fault 
extensions. This factor could account for the 

fracture pattern variations. 
As pointed out by Ringis (1975) the intrusions 

on or near the coastline on the projected exten- 
sions of the transform faults all predate the 
•-• 80 m.y.b.p. opening of the Tasman Sea. This 
feature is in accordance with the postulate that 
the sites of transform faults are probably dict- 
ated by pre-existing structural weaknesses in 
the pre-breakup continental crust (Wilson, 1965; 
Watterson, 1975). 

With the exception of four areas, the kimber- 
litic rocks occur in or near granitic plutons; 
in three of these four areas the relationships 
are obscured by young cover (Figure 5). The 
Walloway occurrence (area 2) intrudes Protero- 
zoic rocks, and is not spatially associated with 
younger granites. Area 1 kimberlitic rocks are 
the only ones spatially associated with Pre- 
cambrian granite plutons; elsewhere the plutons 
are of Palaeozoic age. 

Scheibner divided the Lachlan Fold Belt in 

New South Wales into anticlinorial and synclin- 
orial zones. "The terms anticlinorial and syn- 
clinorial denote to major and composite struct- 
ural units in fold or orogenic belts of anti- 
clinorial or elevated, and synclinorial or 
depressed character '• (p 10, 1976b). Using pub- 
lished information (see caption Figure 6), this 
technique was applied to the other States in 
south-eastern Australia; the composite map is 
shown in Figure 6. Information is inconclusive 
in four kimber!itic areas, the remaining occur- 
rences fall equally into anti- and synclinorial 
zones. By definition, there is, in part, a 
resulting general coincidence between anti- 
clinoria zones and zones of major granitic dev- 
elopment. 

In terms of Bouguer anomalies (Figure 7) 
thirteen of the kimberlitic areas are located in 

gravity lows; the exception is Bullenmerri 
(area 5), which occurs in a gravity low but is 
immediately adjacent to a high-low boundary. On 

81 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union
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SYNCUNORIAL ZONE 
BOUNDARY BI[TWEEN STRUCTURAL 
UNIT5 ,INCLUDE5 FAULTS 

D KiI•BIERLITiC 0•CURfiENCœ 

Fig. 6. Anticlinorial and synclinorial zones of south-eastern Australia. 
Information compiled from:- 
General: "Tectonic Map of Australia and New G,•inea 1:5,000,000 Geological 
Society of Australia, 1971", "The Geological Map of Australia, 1:2,500,000 
scale, Bureau of Mineral Resources, Geology and Geophysics, Canberra, 
A.C.T., Australia". 
New South Wales: Scheibner 1974, 1976a and b. 
Victoria: Spencer-Jones and VandenBerg 1975; VandenBerg 1976; Crook and 
Powell 1976. 

Queensland: Jones 1965. 
Tasmania: Banks and Jago 1972; Williams et al., 1975; Williams 1976. 
South Australia: Thomson et al., 1975; K•z--•976. 

the basis of gravity trends, Wellman (1976) has 
defined crustal block boundaries which are incl- 

uded in Figure 7. As can be seen, four areas lie 
on or adjacent to these boundaries, namely the 
occurrences at Port Augusta, White Cliffs, 
Jugiong and Bingara (areas 1,4,9 and 13 respect- 
ively). There is a broad parallelism between 

the trends displayed by gravity, tectonic units, 
and elongation of major granitic belts. 

Magnetic coverage is sketchy for south-east 
Australia; information is limited to ten of the 
fourteen areas. Of these, most lie in magnetic 
lows; where the occurrences are on magnetic 
highs they are immediately adjacent to magnetic 
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Fig. 7. Bouguer Anomalies of south eastern Australia, contour intervals 
40 milligals. Taken from "Compilation and production of the 1976 Gravity 
Map of Australia (Anfiloff et al., 1976)". Boundaries between crustal 
blocks defined by gravity trends (Wellman 1976). 

low boundaries. Six of the ten areas occur on 

or adjacent to magnetic high-low boundaries. 
There is a broad correlation between the magnet- 
ic and gravity grain, but no coincidence of highs 
and lows. There is insufficient magnetic cover- 
age in the main granitic zones, as well as in 
zones of supracrustal igneous activity, to test a 
correlation. Although information is sketchy 
there is a broad superposition of the magnetics 
and clinoria trends. 

The salient features of the fourteen kimber- 

litic occurrences are tabulated in Table 3. 

Conclusion 

Postulated continental extensions of trans- 

form faults, stemming from both the Antarctic and 
Tasman Sea Ridges, appear to have played the major 
role in the location of kimberlitic intrusions in 

south-eastern Australia. The South Australian 

kimberlitic occurrences all lie on the continent- 

al projection of the oceanic fracture zone arising 
from present-day spreading associated with the 
Antarctic Ridge. On the eastern seaboard, this 
southern spreading ridge is also thought to be 
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TABLE 3A 

Area No. & Locality 1 Port Augusta 2 Walloway 3 Terowie 

Map 

Earthquakes 

Structural 

Features 

Lie on W margin of N-S 
earthquake zone & on W 
side of projected N-S 
oceanic fracture gone. 

Lies adjacent to N-S 
lineament which is a 

fault further to the N. 

Possible NNW alignment 
of the three kimber- 
lites. 

Lie in central part of Lie on E margin of N-S 
N-S earthquake zone earthquake zone adjacent 
immediately adjacent to to projected N-S oceanic 
projected N-S oceanic fracture zone. 
fracture zone. 

Lies in Flinders Range Lies in Flinders Range 
"elbow" position. "elbow" position. 
Elongate kimberlitic Elongate kimberlitic 
intrusions parallel to intrusions parallel to 
fold grain. fold grain. 

Supracrustal 
Igneous 
Activity 

Immediately to the E of 
Proterozoic mafic 

intrusions. 

Carbonatites & kimber- Blank zone. 
litic intrusions 

intimately associated. 

Granitic 

Rocks 
Near Precambrian 

granite plutons. 
Blank zone. Near Ordovic ian 

granitic plutons. 

Anticlinorial and 

Synclinorial 
Zones 

In central part of 
anticlinorial 
zone. 

In central part of 
synclinorial 
zone. 

In central part of 
synclinorial zone. 

Gravity In gravity low 
adjacent to crustal 
block boundary. 

In gravity low in 
marginal part of 
crustal block. 

In gravity low in 
central part of 
crustal block. 

Magnetics Two of the intrusions 

occur in a magnetic 
high & the third on a 
high-low boundary. 

In a magnetic low. In the centre of a 

magnetic low. 
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TABLE 3 B 

Area No. & Locality 4 White Cliffs 5 Bullenmerri 6 Oatlands 

Map Blank zone. 
Earthquakes 

Blank zone. On NE fringe of 
earthquake region. 

Structural 
Features 

Adjacent to fault & NNW 
lineament. On fringe of 
W extension of Lachlan 
River Lineament. 

On S flank of edge 
of epeirogenic uplift 
& adjacent to NE line- 
ament. 

In zone of minor 

NNW faults. 

Supracrustal 
Igneous 
Activity 

In area of Palaeozoic 
mafic intrusions. 

Lies within cluster In area of broad 

of Quaternary diatremes province of Mesozoic 
& in a province of mafic intrusion 
alkali basalts. rocks. Tertiary 

diatremes nearby. 

Granitic 

Rocks 
Young cover obscures 
relationships. 

Young cover obscures 
relationships. 

Young cover obscures 
relationships. 

Anticlinorial and 

$ynclinorial 
Zones 

Gravity 

In anti-clinorial 

zone in complex 
area. 

In gravity low adjacent 
to high-low boundary 
near intersection point 
of four crustal blocks. 

Situated on proj- 
ected position of 
boundary between syn- 
& anticlinorial 

zones. 

In gravity high 
immediately adjacent 
to high-low boundary. 
Removed from crustal 

block boundary. 

Young cover obscures 
relationships. 

In gravity low near 
high-low boundary. 

Magnetics In a magnetic low near 
a high-low boundary. 

Right on a high-low 
boundary. 

One kimberlite in high 
immediately adjacent to 
high-low magnetic 
boundary; second occurr- 
ence in magnetic low. 

8S 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



TABLE 3C 

Area No. & Locality 7 Delegate 8 Bombala 9 Jugiong 

Map 

Earthquake 

Structural 

Features 

On E fringe of earthquake On E fringe of earth- 
activity & adjacent to quake activity and 
projected NE oceanic frac- adjacent to projected 
ture zone. NE oceanic fracture 

zone. 

Adjacent to NE lineament 
& on SE flank of edge of 
epeirogenic uplift. 

Adjacent to alkali 
basalt & in province 
of central complexes 
with alkaline 

varieties. 

In area of earthquake 
activity & adjacent to 
projected NNE oceanic 
fracture zone. 

Lies at the intersection 

of N striking faults & 
lineaments. On W flank 

of edge of epeirogenic 
uplift. 

Supracrus tal 
Igneous 
Activity 

In area of alkali 

basalts & diatremes. 
Adjacent to alkali 
basalt & in province 
of central complexes 
with alkaline variet- 

ies. 

Adjacent to thrust fault 
with serpentinite. 
Tertiary alkali basalts 
in area. Lies on mean 

line of hot spot 
migration. 

Granitic 

Rocks 
Intrusion into Silurian 

granite. 
Intrusion into 

Devonian granite. 
Cluster in part 
intrusion into Silurian 

granitic pluton. 

Anticlinorial and 

Synclinorial 
Zones 

Gravity 

Central anticlinorial 

zone. 

In gravity low near 
crustal block 

boundary. 

Centre of area of 

anticlinoria. 

In gravity low on 
flank of high-low 
boundary. 

All in anticlinorial 

zone which is very 
narrow at this point, 
hence near synclinorial 
boundary. 

In gravity low immedia- 
tely adjacent to crustal 
block boundary. 

Magnetics No information 

available. 
No information 

available. 
Southern occurrences on 

high-low boundary; no 
information for N 

occurrences. 
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TABLE 3 D 

Area No. & Loca!ity 10 Abercrombie 1! Nullo Mtn. 12 Gloucester 

Map 

Earthquakes 

Structural 
Features 

In area of earthquake 
activity & immediately 
adjacent to projected 
NNE oceanic fracture 

zone. 

Occurs within the SE 

trending Lachlan River 
Lineament & on the W 

flank of edge of 
epeirogenic uplift. 

In the area of mild 

earthquake activity 
& on E flank of 

projected NNE oceanic 
fracture zone. 

On E flank of edge of 
epeirogenic uplift. 

On N fringe of earth- 
quake activity. 

Lies in "elbow" position 
o f the Tamwor th Syn- 
linorial Zone & on E 

flank of edge of 
epeirogenic uplift. 

Supracrustal 
Igneous 
Activity 

Lies adjacent to mean 
line of hot spot 
migration; Sydney Basin 
diatremes & this area 

of kimberlites lie on 

the Lachlan River 

Lineament. 

Lies in area of 

Tertiary diatreme 
cluster. 

Lies close to S exten- 

sion of Great Serpentine 
Belt & general area 
of Cainozoic alkali 

basalts. 

Granitic 

Rocks 

Adjacent to mid-to-late 
Palaeozoic granites. 

Young cover obscures 
relationships. 

Near Permian granitic 
plutons. 

Anticlinorial and 

Sync!inorial 
Zones 

Central synclinorial 
zone. 

Probably in syn- 
clinorial zone 

occurring in Sydney 
Basin. 

In central part of 
Tamwor th Synclinorial 
Zone. 

Gravity In gravity low 
centrally situated in 
crustal block. 

In gravity low near 
centre of crustal 
block. 

In gravity low near 
high-low boundary 
approaching crustal 
block boundary. 

Magnetics In centre of magnetic 
low zone. 

In magnetic high 
immediately adjacent 
to high-low boundary. 

No information 

available. 
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TABLE 3 E 

Area No. & 

Locality 
13 Bingara 14 Mt. Brown General Cornmen t 

Map 

Earthquakes 

Structural 

Features 

Two occurrences lie 

astride projected NNE 
fracture zone; area 
devoid of earthquake 
activity. 

Blank zone. 

Occurs in N extension Adjacent to minor NNE 
of Tamworth Synclino- trending faults on E 
rial Zone & on W flank of edge of 
flank of edge of epeirogenic uplift. 
epeirogenic uplift. 

Supracrustal 
Igneous 
Activity 

Lies close to Great In area of mixed alk- 

Serpentine Belt; aline & sub-alkaline 
also in diatreme Cainozoic basalt 

area. In province of activity & adjacent 
Cainozoic sub-alkaline to mean line of hot 

basalts. spot migration. 

Granitic Near Permian Near Permian 

Rocks granitic plutons. granitic plutons. 

Anticlinorial Near flanks of 

and Tamworth Synclinor- 
Synclinorial ial Zone. 
Zones 

Probable synclin- 
orial zone. 

Of the fourteen areas only four lie 
outside of seismically active zones. 
Nine of the areas lie on or adjacent 
to the continental projections of 
oceanic fracture zones. 

All areas on the E seaboard straddle 

the edge of epeirogenic uplift. There 
is a marked coincidence of the edge of 
epeirogenic uplift with the projected 
oceanic fracture zone on the E sea- 
board. All kimberlites are associated 

with either faults,lineaments or folds. 
Three areas are found in "elbow" 

positions of major flexures. 

All areas on E seaboard are found in 

areas of basaltic activity which is 
dominantly alkaline but some areas are 
associated with sub-alkaline basalts. 

Only one area (3) is not spatially 
associated with supracrustal igneous 
activity. 3 areas (9,12&13) are assoc- 
iated with serpentinites. Areas 9,!0, 
11&14 lie on or near the mean line of 

hot spot migration. 

All areas except for four occur in or 
near granitic plutons; in three of 
these four areas the relationships are 
obscured by younger cover rocks. The 
Walloway occurrence (area 2) intrudes 
Proterozoic rocks and is unrelated to 

younger granites. 

The areas are evenly distributed in 
syn- and anticlinorial zones; 
information is uncertain in four areas. 

Gravity 

Magnetics 

In gravity low 
near crustal 

block boundary. 

No information 

available. 

In gravity low near 
gravity high-low 
boundary removed 
from crustal block 

boundary. 

In magnetic low. 

Thirteen of the areas are located in 

gravity lows; the exception is Bullen- 
merri (area 5) occurring in a gravity 
high immediately adjacent to a high- 
low boundary. Four of the areas lie 
on, or adjacent to, crustal block boun- 
daries as defined by gravity trends. 

Information limited to ten of the four- 
teen areas. Most of the areas lie in 

magnetic lows, where in magnetic highs 
these are immediately adjacent to high- 
low boundaries. Six of the ten areas 

occur on or adjacent to magnetic high- 
low boundaries. 
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responsible for the projected continental fract- 
ure zone, lying within a broad belt of Cainozoic 
igneous activity in south-eastern Australia bet- 
ween the edge of epeirogenic uplift and the mean 
line of hot spot migration. All the kimberlitic 
occurrences near the eastern seaboard of Austral- 

ia fall within this broad zone of activity. 
Their location also appears to have been governed 
by fracture patterns initially developed during 
pre-breakup times and which later became the 
sites of continental extensions of transform 

faulting during the Tasman Sea opening; this 
spreading commenced 80 m.y. ago and aborted 60 
m.y. ago. A number of the kimberlitic occurren- 
ces on the eastern seaboard of Australia are loc- 

ated at the intersections of the projected cont- 
inental transforms stemming from the two spread- 
ing centres. 
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Abstract. Although diamonds have been known 
since the 1700's in Brazil, only in the last 
decade has unequivocal evidence for kimberlites 
been obtained. Much of this evidence is in the 

confidential reports of mining companies; accord- 
ingly this brief note is to indicate the 
occurrence and nature of some of the recentiv 

discovered kimberlites in western Minas Gerais. 

These kimberlites form only part of a larger 
region of kimberlite activity extending from 
Minas Gerais, through Gois and Mato Grosso States 
into Rondonia Territory. 

Introduction 

A large area of Brazil, approximately 8.5 
million km 2, consists of the South American 
Platform or Shield (A!meida et al., 1976). This 
platform is similar in many respects to the 
geological character of the Siberian, African and 
Australian shields and accordingly the occurrence 
of kimberiite would not be unusual. Furthermore, 

the widespread occurrence of diamond in Brazil 
(e.g. States of Minas Gerais, Mato Grosso, Bahia, 
and Goias as well as Territories of Rondonia and 

Roraima) (Fig. 1) also lend crecedence to the 
possibility of kimberlites. Such ideas have 
recently proven correct and kimbertites are now 
documented from several areas in Brazil. 

The main purpose of this paper is to place in 
context the present general situation with regard 
to research and prospection for kimberlites in 
Brazil. Such studies are in their infancy and 
thus only general geological remarks with respect 
to kimberlite localities are made, although 
special emphasis is placed on the area in West 
Minas Gerais State w•ere most of the kimberlites 

presently known are located. 

The Kimberlitic Province of West 

Minas Gerais 

West Minas Gerais State is by far the most 
important diamondiferous area in Brazil and con- 

rains the majority of kimber!ites discovered up to 
the present time. The geographic limits of this 
Province may be defined roughly by the Paranaiba 
and Grande Rivers. Most of the well-known 

centers of diamond production, such as Coromandel, 
Monte Carmelo, Romaria, Patos, Estrela do Sul, 
are located within this region. 

Detrital diamonds were first discovered in 

West Minas Gerais about 1750. During the nine- 
teenth century when Brazil was the major world 
producer of diamond, the washings in West Minas 
Gerais were responsible for most of the Brazilian 
production. Furthermore, a characteristic of tt•e 
area is the periodic finding of large diamonds, 
such as the Getulio Vargas w•ich weighed 726.6 
carats and is still the f•ifth largest • d•amond ever 
found. The occ•rrence of large stones is 
common in the placers of Santo [nac•o and Santo 
Antonio das Aguas Vermelhas River near Coromande] 
as well as near Estreia do Sul along the Bagagem 
River. For example, a 83-carat diamond was 
recently found in placers at the side of Estrela 
do Sul (Svisero and Haralyi, 1977). 

The existence of kimberlites in West Minas 

Gerais has been a subject of long discussion. 
Many authors in the past point out the possibility 
that kimberlite may occur in Brazil, (Derby, 1898; 
Rimann, 1917; Maack, 1926; Freyberg, 19•2), but 
only recently through systematic surveys were 
kimberlites actually discovered. Two companies; 
a French and a Brazilian studied the dispersion 
of the resistant kimberlite minerals pyrope garnet 
and Mg-ilmenite and discovered several intrusive 
bodies with kimberlitic characteristics (Barbosa 
et al., 1976). More recently another company 
has reprospected the region and has increased the 
number of probable kimberlites. In spite of this 
work the only kimberlite reported in the litera- 
ture to date is the Vatgem diatreme located 20 km 
southeast of Coromandel (Svisero et al., 1977). 
Presently several kimberlites including the 
Limeira, Capo da Erva, Japecanga, Vargem, Santa 
Clara, Forca, Lagoa Seca, Poco Verde and Santa 
Rosa have been sampled and are being investigated 
(Fig. 2). 
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Fig. 1. Main localities of diamond occurrences in Brazil: 1) Tibagi, 2) Franca, 3) Tiros, 4) Estrela 
do Sul, 5) Coromandel, 6) Romaria, 7) Abaete, 8) GrRo Mogol, 9) Diamantina, 10) Morro do Chapeu, 
11) Len•ois, 12) Gilbues, 13) Maraba, 14) Tepequen, 15) Uraricoera, 16) Machado, 17) Aripuana, 18) 
Chapada Guimaraes, 19) Diamantino, 20) Poroxeu, 21) Rondonopolis, 22) Coxim, 23) Barra do Gar•as, 24) 
Baliza, 25) Mineiros. 

Geo lo gy, 

The geology of West Minas Gerais modified from 
Barbosa et al., (1970) and Hasui et al. (1976) is 
summarized in Fig. 3. The most conspicuous 
feature is a central zone of Precambrian rocks 

extending NW-SE which constitute the Alto 
Paranaiba tectonic arc separating the Parana 
Basin in the southwest from the Alto San- 

Franciscana Basin on the northeast. The geology 
of this central zone comprises Upper Pre-cambrian 
metasediments belonging to the Araxa, Canastra 
and Bambui Groups. The Araxa Group, the oldest 

unit in the area, is composed essentially of 
schists and metabasites of high greenschist and 
amphibolite facies. It is followed by the 
Canastra Group (quartzites and phyllites) and 
Bambui Group (slates and limestones). The former 
rocks show little or no metamorphism. 

Another remarkable feature of the region 
(Fig. 3) is the occurrence of six large alkaline 
and carbonatite complexes whose distribution 
follows the trend of regional structures. 
However, as will be discussed later the eraplace- 
ment of these alkaline complexes is linked to 
major fractures or faults which have probably 
also controlled the kimberlitic intrusions. 
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Fig. 2. Geologic location of kimberlites in the Kimberlitic Province of West Minas Gerais. 

Geophysics 

Several recent geophysical surveys both 
aeromagnetic (Bosum, 1973; Bosum et al., 1974, 
Vianna and Schmidt, 1975) and gravimetric 
(Almeida et al., 1976) have contributed greatly 
to understanding the structural control of the 
geology. 

In Figure 4 is displayed the aeromagnetic 
pattern of the area where three different types 
of anomalies may be distinguished: 1) an 
irregular type related to the basaltic traps of 
Parana Basin and Alto San-Franciscana Basin; 
2) a large polar type corresponding to the 
exposed alkaline complexes of Tapira, Araxa, 
Salitre, Serra Negra, Catalao I and Catalao II; 
the smaller intrusions of Ibia, Sao Getardo and 
Perdizes, as well as kimberlites, and other 
basic and ultrabasic rocks which did not reach 

the surface; 3) a linear type of anomaly pro- 

duced by ancient deep faults that have been pene- 
trated by dikes whose ages varies from Cretaceous 
(diabases, basalts) up to 1000 million years old 
(metabasites). Almeida (1967) first showed that 
these deep faults have been periodically reacti- 
vated, of which the last period occurred during 
the Upper Cretaceous and was followed by kimber- 
lite intrusion. 

The gravimetric pattern of West Minas Gerais is 
shown in Fig. 5. The main feature is a central 
uplift along the NW-SE and NE-SW directions. 
This uplift corresponds exactly with the tectonic 
arc of Alto Paranaiba which Hasui at al. (1976) 
assumes to have been developed during the Upper 
Cretaceous. This uplift was followed by deep 
faults on the border and may have localized the 
kimberlite and carbonatite activity. The 
kimberlites particularly seem to be concentrated 
at the juncture of the two deep structures (NW-SE 
and NE-SW) that intersect near Monte Carmelo and 
Coromandel (Figs. 3 and 4). 
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Fig. 3. Geologic sketch of West Minas Gerais State. Symbols: p œ A - Araxa Group, p B B - Bambui 
Group, p B C - Canastra Group, Sd - Mesozoic and Cenozoic sediments. Numbers refer to alcaline 
diatremes: 1) Tapira, 2) Araxa, 3) Salitre, 4) Serra Negra, 5) CatalRo I, 6) CatalRo II. 

Age of Kimberlites 

A number of kimberlite in West Minas Gerais 

have been dated by zircons (Davis, 1977) and they 
appear to be Cretaceous in age. This age is 
supported by field evidences as well as by many 
other indirect data. The Cretaceous period 
began in this region with the outpouring of 
enormous amounts of basaltic lava that intruded 
the sediments of the Parana Basin about 125 

million years ago (Amaral 1972). In the Upper 
Cretaceous the development of the Alto Paranaiba 
Area took place, including deep fracturing that 
enabled the migration of kimberlites, carbona- 
tites and other alkaline rocks into the crust. 

Other evidence of a Cretaceous age for the 
kimberlites is provided by the diamond-bearing 
conglomerate of the Bauru Formation. This 
conglomerate, the secondary source of diamond in 
the area, has been mined near the locality of 
Rumaria since 1867. Heavy mineral constituents 
obtained by washing the conglomerate include 

(besides diamond) pyrope, and Cr-pyrope garnets 
as well as Mg-ilmenite together with magnetite 
perovskite and several other minerals. In 
general, the conglomerate has a suite of minerals 
that can be considered to be derived from both 

kimberlitic and alkaline sources. 

Vargem Kimberlite 

Presently, the Vargem Kimberlite, located 
20 km southeast of Coromandel District, is the 
only one reported in the geological literature 
(Svisero et al., 1977). The kimberlite is 
extremely weathered at the surface but can be 
sampled in outcrops of yellow ground due to 
erosion by the Santo Inacio River which flows 
across a portion of the diatreme (Fig. 2). 

Although weathered, the Vargem kimberlite 
shows a serpentinized and brecciated texture plus 
a few weathered xenoliths. However, concentrate 

from the pipe contains deep purple garnets, 
green diopsides and leucoxenized ilmenite. 
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Fig. 4. Aeromagnetometric pattern of West Minas Gerais State. 

Electron probe analyses of these minerals are 
presented in Table 1, and plotted in ternary 
variation diagrams (Figs. 6, 7, and 8) 
together with comparable data of African and 
U.S. kimberlites. 

Limeira Kimberlites 

Three kimberlites are presently known on the 
Limeira Farm located a few kilometers from the 

Monte Carmelo-Douradoquara road. One of these 
kimberlites, referred as Limeira I, contains a 
number of xenoliths which unfortunately like 
the kimberlite are weathered. More resistant 

kimberlite crops out in a small (dry) river bed 
that crosses the diatreme. Detailed geological 

mapping revealed that the Limeira I kimberlite is 
associated with a small olivine-basaltic plug. 

Romaria Kimberlite 

As previously mentioned diamond has been 
exploited at Romaria since the end of nineteenth 
century. Hussak (1894) based on the results of 
Romaria concentrates suggested the presence of 
kimberlites as the source of those diamonds. 

Recent detailed aerogeophysical survey has led to 
the finding of three probable kimberlites; two 
near Monte Carmelo and another near Romaria 

(Fig. 2). Several lines of evidence, including 
mineralogical and sedimentological studies, point 
to kimberlite being the primary source of 
diamonds in Romaria (Svisero et al., 1978). 
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Other Kimberlite Provinces in Brazil 

Kimberlites are not only restricted to West 
Minas Gerais State and it is possible that South 
Piaui State probably constitutes another area of 
kimberlite intrusions. However, only one kimber- 
lite, the Redondao Kimberlite, has been reported 
in the literature to date (Melo and Porto, 1965; 
Svisero et al., 1977). 

The Redondao was the first kimberlite to be 

discovered in Brazil, and Melo and Porto (1965) 
referred to it during a geological reconaissance 
for oil in South Piaui State. The absence of 

vegetation plus the presence of an almost 
circular depression 1 km wide and 70 meters deep, 
certainly assisted the finding of the Redondao 
diatreme. 

The Redondao kimberlite, as in the case of the 
Vargem, is weathered at the surface and deep red 
garnet seems to be the only resistant mineral 
present in the concentrates. A particular 

SiO 2 
TiO 2 
A1203 

Cr203 
FeO 

MnO 

MgO 
CaO 

NñO 

Na20 
K20 

TABLE 1. RepresentaL ire Analyses •f 
Mineraœs from the Vatgem Kimberlite. 

Garnet Clinopyroxene Ilmenite 

42.8 41.7 54.4 54.3 0.02 0.02 
0.30 0.20 O. t2 0.06 48.0 50.1 

21.2 15.5 0.21 2.01 <0.01 0.31 
1.35 10.2 0.71 2.35 1.48 2.24 
8.42 8.11 4.39 2.77 42.0 35.4 

- - 0.11 0.09 0.27 0.25 

21.1 18.3 16.7 15.9 7.36 10.8 
4.66 6.86 22.0 10.0 0.01 0.04 

<0.01 0ø02 <0.01 0.01 <0.01 <0.01 
0.05 0.07 1.11 2.75 <0.01 0.14 

<0.01 <0.01 <0.01 0.01 <0.01 <0.01 

Total 99.9 100.9 99.7 99.3 99.1 99.3 
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Fig. 6. Garnet from Vargem and Redo'ndRo diatremes 
in. terms of Ca-Mg-Fe atomic per cent. Kimberlitic 
garnets from Southern Africa and North America are 
slyown for comparison. (Reid and Hanor, 1970; Cox et 
al., 1973; Meyer 1975 and Meyer and Svisero, ]975). 

feature of the Redondao kimberlite is the 

presence of numerous xenoliths of crustal and 
mantle origSn. Among the xenoliths have been. 
found a garnet lherzolite about 12 cm in size. 
Unfortunately, apart from garnet the xeno]ith 
was completely serpentinized. Electron probe 

FeTiO, •t ^ ,, .. •0 • A t rica and 

Mole per cent MgTR)• 
Fig. 7. Compositions of ilmenites from Vargem 
diatreme expressed in terms of the molecules 
ilmenite (FeTiO 3) Geikielite (MgTiO 3) and Hemitite 
(Fe203). Recalculation of iron into Fe''' and 
Fe'' was done following the method of Boyd (1971). 
Area for kimberlitic ilmenites from Southern 

Africa and North America is based on data from 

Mitchell, 1973; McCallister et al., 1975; Boyd 
and Nixon, 1973). 

CaSiO 
Diopside " 

Vargem 

Africa 

o 

•sio 3 M.I,. p,.r t..m 

Fœg. 8. Composit ion,' of diop.side from tbu V,•rgcm 
d'atremc together wiLl• t•tt• ,r k•mi)t,rl itir- diopsides 
fromSouthernAfr'c.• (Cox ct ,•.1., 197'!; l,oyd, 1969). 

analyzes of ,a. rnets from R.dondao kI. ml•e lit .tnd 
xenol'th are ] [sLed in rable 2. Fi ,ures • and 9 

arc Co-Mg-Fu diagrams J[' tlxu y,•rn 't.s t.o• eth•.r 
wSth comparable ones lrom ot. Jl•.r suurces. 

Besides th Provinces •f Wu•L M/n.•: Ger,• 

Southwest Pia•i m,•ny other p];•c{.• In Br:•/I! 
possible potent i.a] klml>erllt. e i•rov.lt•r'es. For 
example, di,•monds ,•rc. widesi)r•.atl in many 
l. ocaliti ,s sut't• as nortt• M.•Lo Gro'so, t..ntrdi 
I',•ra, Roraima and Am.•t>.• 'l't.rrl t{•r eq. t; 
data on these teas is still r ,•'[rfct 'd to 

general reconaissa•' •, w'tl• sore, minor r c 

improvemen[ by ERTS Survey. I<iml• ,rl i..t ,s ttave 
been prospected for in =ore, of [t• ,.', 1 cal ities 
but the r,sults at, stt ll •nknown, alLho,•,}, a 
possible di,•mond-b ,aring I Jml, rl tt , in Ro•don 
Territory has b .en r-ported. 

'I'AIILI- 2. R•.'I) rt..4e•ll ,• t. i vt, (' •-•t. t A,•.i ly.,-;e:-; 
J , t•lh t{(',.lt)llt!,,½) K iml•c.r I i I t. ,.•n(t G.•rn 'L- 
Jhc. r/o 1 i L Xeno ] i LI•. 

Xenolith Kimber] 

SiO 2 
TiO 2 
A1203 
Cr203 
FeO 

MnO 

MgO 
CaO 

NiO 

Na20 
K20 

42.0 42.0 41.8 40.6 

0.34 0.22 0.19 0.05 

21.1 22.6 21.3 20.6 

3.39 1.75 2.68 4.20 

5.99 8.37 8.13 7.30 

- 0.36 0.36 0.43 
21.4 20.6 20.7 21.0 

4.91 4.88 4.89 5.14 
<0.01 <0.01 <0.01 0.04 

0.09 0.05 <0.01 0.01 

<0.01 <0.01 <0.01 <0.01 

Total 99.2 100.8 100.1 99.4 
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Fig. 9. Compositions of garnets in garnet - 
"lherzolite" xenolith from Redondao diatreme, 
Piaui State, in terms of Ca-Mg-Fe atomic per cent. 
Comparable garnets in ultramafic xenoliths from 
Southern Africa are shown for comparison (Bloomer 
and Nixon, 1973; Nixon and Boyd, 1973; Boyd, 1974; 
Boyd and Nixon, 1975). 
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PRECAMBRIAN ULTRAMAFIC DYKES WITH KIMBERLITE •J•FINITIES IN THE KII•BERLEY AREA 
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Abstract. The field relations and major petro- 
graphic features of five feldspar free u!tramafic 
dykes are described. These dykes, which contain 
abundant clinopyroxene and altered olivine, cut 
the Precambrian wallrocks of the De Beers and 
Wesselton kimberlite pipes. Rb-Sr dating of one 
of the dykes indicates an intrusion age of 1910 -+ 
60 my. 

Minerals found within heavy mineral concen- 
trates prepared from samples of these dykes incl- 
ude magnesian ilmenite and pyropic garnet. Com- 
positional data are presented which show that 
these ilmenites and garnets are chemically identi- 
cal with those commonly found in kimberlites or in 
peridotire nodules present as xenoliths in kimber- 
lites. In view of the affinities with kimberlite 
indicated by the presence of these minerals in the 
ultramafic dykes, comparisons are drawn between 
the two rock-types. it is found that, if other 
mineralogical characteristics, textural features, 
aspects of the bulk chemistry and some major min- 
eral compositions are taken into account, these 
dykes cannot be classified as kimberlite. 

As a result of this study it is also concluded; 
that the magma which gave rise to these dykes 
originated within the upper mantle within the 
depth range postulated for the genesis of kimber- 
lite magma; that similar ultramafic dykes may be 
widely distributed under the extensive cover of 
Karroo shales that blanket the region; and that 
the dykes were emplaced at higher temperatures 
than those pertaining during high-level kimberlite 
intrusion. 

Introduction 

A suite of unusual ultramafic dykes has been 
located in underground mine workings near the 
Wesselton and De Beers kimberlite pipes in the 
Kimberley area. Five of these dykes contain 
abundant clinopyroxene and altered olivine and are 
feldspar-free. Other petrographically similar 
dykes contain limited amounts of plagioclase. 

A petrogenetic association between all the dykes 
is suspected but the plagioclase-bearing occurren- 
ces have not been studied in detail and are not 
discussed in this contribution. 

In this paper the field relations, petrography 
and bulk chemistry of the feldspar-free dykes are 
reviewed. Mineralogical affinities between these 
dykes and kimberlite are described and comparisons 
are drawn between the two rock types. The age of 
intrusion of the dykes is discussed, and some 
petrogenetic implications are noted. 

Field Relations 

The dykes cut the Archaean gneissic basement 
rocks of the area which have been dated at approx- 
imately 2900 my, (Barrett and Berg, 1975) and 
overlying andesitic lavas, quartz porphyries and 
quartzites of the Ventersdorp System (2300 my; van 
Niekerk and Burger, 1964). 

The dykes trend in various directions ranging 
from northwest to due east. Dips vary between 
80 ø and 50 ø and dyke widths range from a few 
centimetres to 1.5 m. The widest dyke occurs in 
the wallrocks of the Wesselton kimberlite pipe, 
four others are located near the De Beers pipe 
(Fig. 1). 

The Wesselton occurrence was noted by Williams 
(1932) who classified it as .... "a serpentinised 
mica augire peridotite or a hardebank (kimberlite) 
dyke". Underground exposures indicate that this 
dyke is continuous over a vertical distance of 
800 m and it has an established (minimum) strike 
length, interrupted by the kimberlite pipe, of 
700 m. The continuity of the other dykes is less 
well known and two of the dykes have only been lo- 
cated at single exposures in mine tunnels. 

Post-intrusion faulting along at least three of 
the dykes is evidenced by the development of brec- 
ciated zones within or along one contact of the 
dykes, by the presence of prominent shearing with 
associated slicken-siding and by off-setting of 
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Fig. 1. Locations of the ultramafic dykes near the De Beers and Wesselton kimberlite pipes. The out- 
line of the De Beers pipe at a depth of 720 m is shown. The positions of the two dykes north of the De 
Beers pipe are projected from higher levels. The shape and size of the Wesse!ton pipe at a depth of 
490 m is indicated. 

kimberlite dykes which are younger than the ultra- 
mafic dykes but predate the faulting. 

Petrography 

The dykes are tough, moderately hard, dark grey 
generally fine-grained rocks. Individual dykes 
exhibit considerable textural variation and the 

wider dykes have prominent chilled margins. 
The textoral variation is particularly well 

displayed by the dyke at Wesselton mine. The 
contacts of this dyke are marked by an extremely 
narrow (1-3 ram) vitrophyric selvedge which con- 
sists of altered o livine microphenocrysts com- 
monly less than 0.5 mm in length, set in a dark 
brown glassy base containing very small (<0.03 mm) 
opaque granules and scattered microlites of clino- 
pyroxene. Olivine has been pseudomorphously 
replaced by talc and subordinate serpentine and 
chloriteo The altered olivine phenocrysts com- 
monly occur in the form of skeletal hopper cryst- 
als (Donaldson, 1976) and as complex parallel 

growth forms similar to those described by Drever 
and Johnston (1957) from picritic intrusions. 

Inwards from the vitrophyric selvedges the 
groundmass becomes finely crystalline (Fig. 2) 
and the rock assumes a porphyritic character. 
The groundmass consists mainly of acicular laths 
of clinopyroxene up to O.1 mm in length and 
similarly fine-grained phlogopite. Other ground- 
mass minerals are serpentine, chlorite (in part an 
alteration product of clinopyroxene and phlogo- 
pite), opaque minerals, rare calcite and clay mat- 
erial. Abundant hopper crystals, ranging between 
0.3 and 1.0 mm in size, and parallel growth aggre- 
gates of altered olivine are also common in the 
porphyritic parts of the dyke and occur as promin- 
ent phenocrysts (Fig. 2). 

The central part of the dyke has a panidiomor- 
phic-granular texture although the euhedral 
character of the major minerals is partly masked 
by extensive alteration. This zone contains 
abundant altered olivine and clinopyroxene crys- 
tals which make up 50-60 vol. % of the rock 
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Fig. 2. Hopper crystals of •ltered olivine in a fine-grained groundmass consisting mainly of acicular 
clinopyroxene, phlogopite and opaque minerals. Porphyritic zone, Wesselton dyke. 

(Table 1). As in the marginal parts of the dyke 
pseudomorphous replacement of olivine by talc and 
serpentine is complete. Skeletal grains are much 
less evident but some hopper crystals which gener- 
ally approach external morphological completeness 
are present. Rare pseudomorphs reach 3 mm in 
length but the majority of the altered olivine 
grains do not exceed 1 min. Clinopyroxene occurs 
as well-formed laths usually between 0.5 and 1.5 
mm in length. Extensive steatization and chlori- 
tization of the pyroxene has occurred, accompanied 
by the generation of much fine opaque material. 

Phlogopite, chlorite and serpentine are rela- 
tively abundant minerals. Phlogopite occurs as 
laths up to 0.75 mm long and as interstitial 
material together with serpentine and chlorite 
between altered olivine and clinopyroxene. This 

Accessory minerals in the central part of the 
dyke include apatite, opaque oxides, a little cal- 
cite and clay (sepiolite or hydromica). Apatite 
occurs as highly acicular laths up to 0.4 mm in 
length. Opaque minerals (rarely larger than 0.1 
rnm and commonly much smaller) occur in various 
forms including equant subhedral and euhedral 
crystals and acicular laths. Embayed grains and 
highly skeletal crystals are noticeable. 

The dykes at De Beers mine are texturally and 
mineralogically similar to the Wesselton occur- 
rence (Fig. 3 and Table 1) but differ in one im- 
portant respect; mica is rare or absent. Sul- 
phides (mainly pyrite) are common accessory miner- 
als and a little quartz is sometimes present with- 
in altered olivine grains. 

In addition to opaque oxides heavy mineral con- 
mica is strongly pleochroic (8=¾ brown, c• pale centrates obtained from samples of the Wesselton 
yellow-brown) and is often partly altered to chlor- dyke and three of the De Beers mine dykes con- 
ire. tained garnet, rutile, zircon and sulphides. Six 
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Fig. 3. Altered olivine and fresh clinopyroxene (prominent cleavage) crystals in the central p•rt of 
an ultramafic dyke near the De Beers kimberlite pipe. 

extremely small fragmental diamonds were recovered 
from a sample of one of the De Beers dykes. Fur- 
ther sampling has confirmed that diamond is a very 
rare constituent of this dyke. No diamonds were 
recovered from samples of the other dykes. 

Geochemi s try 

The major element content of samples from four 
of the dykes has been determined and the analyses 
are recorded in Table 2 (analyses 1-4). Also 
shown is the average composition of 14 kimberlite 
dykes from the Kimberley area (analysis 5) and the 
composition of a phlogopite-diopside kimberlite 
(analysis 6) from the Bellsbank dyke system situa- 
ted 80 km NNW of Kimberley. The Kimberley occur- 
rences include precursor dykes which were intruded 
before the pipes were formed and late-stage dykes 
within the major pipes of the area. The two 
groups of kimberlite dykes do not, with one vola- 

tile-rich exception, display wide variations in 
bulk chemistry. They plot as a well-defined 
group on the ternary diagram used by Dawson (1967) 
to illustrate kimberlite compositions (Fig. 4). 

It is apparent from Table 2 and Figure 4 that 
the ultramafic dykes differ geochemically from the 
Kimberley kimberlite dykes. Although the former 
are clearly also ultrabasic the Si02 content is 
high relative to the average for the kimberlites. 
The ultramafic dykes are also characterized by 
considerably higher iron, alumina and soda and 
much lower magnesia, lime and volatiles. Similar 
differences are apparent when the bulk composi- 
tions of these dykes are compared with Dawson's 
average basaltic and micaceous kimberlites 
(Dawson, 1967). The high CaO and C02 figures for 
the kimberlite dykes are indicative of consider- 
able calcite, a mineral which is a rare constit- 
uent of the ultramafic dykes. Depression of the 
average silica content of the kimberlite dykes 
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below 30 wt. % is coincident with the generally 
high content of volatiles and lime. 

In several respects the major element chemistry 
of the ultramafic dykes approximates that of cer- 
tain diopside-rich kimberlites (Fig. 4). Com- 
parison of the analyses with a phlogopite-diopside 
kimberlite from the Bellsbank group (analysis 6, 
Table 2) shows however, that the kimberlite has 
markedly lower iron and alumina and higher vola- 
tiles and K20 contents; the latter is due to the 
presence of abundant phlogopite. 

Mineral Compositions 

Mineral compositions have been determined by 
electron microprobe analyses at the Anglo American 
Research Laboratories in Johannesburg using an 
automated ARL SEMQ instrument. 

Severe alteration of the olivine in the dykes 
is widespread. No unaltered olivine was found in 
any of the t•in sections prepared for microprobe 
analysis hence no compositional data are available 
for this mineral. 

Clinopyroxene compositions are presented in 
Table 3. These clinopyroxenes are Fe-rich rela- 
tive to clinopyroxenes in kimberlite (Fig. 5). 
Few analyses of primary matrix clinopyroxenes from 
kimberlite have been published but available data 
indicate limited compositional variation and res- 
triction to the diopside field as shown in Figure 
5. The clinopyroxenes from the ultramafic dykes 
plot in a clearly separate area in this Ca-Mg-Fe 
ternary diagram. 

Two mica analyses from the Wesselton dyke are 
also listed in Table 3. Compared with kimberlite 
phlogopites these micas are Fe-rich. In one case 
the Mg:Fe ratio is slightly more than 2 and in the 
other slightly less than 2. Consequently the 
mica can be regarded as intermediate between phlo- 
gopite and biotite. K20 is low relative to kim- 
berlite phlogopites. 

Minerals recovered from heavy mineral concen- 
trates of samples of three De Beers dykes and the 
Wesselton occurrence are of particular interest. 
They include garnets and opaque oxides which fall 

TABLE 1. Modal Analyses 

Dyke No. K3 P1 K3 P2 K3 P3 K3 P4 K4 P1 

Olivine 28 25 22 30 30 

Clinopyroxene 36 37 36 32 23 
Serpentine / 30 32 32 30 23 

Chlorite/Clay 
Phlogopite - - Tr 0 16 
Opaque minerals 6 5 8 6 7 
Other* - - <1 2 1 

*Mainly calcite and apatite 
K3 P1 - K3 P4 Modal analyses of dykes at De Beers 

mine. 

K4 P1 Modal analyses of the dyke at Wesselton 
mine. 

TABLE 2. Chemical Analyses 

No. 1 2 3 4 5 6 

Si02 
TiO• 
A1203 
Fe203 
FeO 

Cr•O• 
MnO 

MgO 
CaO 

Na20 

KaO 
PaOs 

S 

LOI 

H20 + 
co• 

-- 

H20 
Ni0 

44.8 40.4 41.7 41.7 27.40 46.77 
1.87 2.05 1.98 2.90 2.06 1.77 
6.62 7.20 7.18 5.44 2.20 3.96 

15.1' 18.7' 16.7' 17.3' 5.03 7.52* 
3.89 

0.27 0.30 0.28 0.22 0.25 0.37 
0.20 0.28 0.25 0.25 0.18 0.05 

14.3 16.4 17.1 16.9 28.11 17.99 
8.41 1.40 1.68 5.16 12.91 4.97 

0.70 0.74 0.96 0.61 0.24 0.43 
0.66 0.45 0.33 1.86 0.88 2.52 
O.18 0.21 O.19 0.40 1.20 0.96 
n.d. n.d. n.d. n.d. 0.07 n.d. 

n.d. n.d. n.d. n.d. 14.33 10.81 
5.16 7.12 6.85 4.95 n.d. n.d. 

1.27 0.51 0.58 1.04 8.36 n.d. 
0.96 3.09 2.76 0.94 0.82 n.d. 
0.12 0.16 O.13 0.12 O.13 n.d. 

Analyses 1-3 Ultramafic dykes near the De Beers 
kimberlite pipe. 

Analysis 4 Ultramafic dyke near the Wesselton 
kimberlite pipe. 

Analysis 5 Average of 14 kimberlite dykes in 
the Kimberley area (unpublished 
analyses - C.R. Clement and J.J. 
Gurney) 

Analysis 6 Bellsbank kimberlite dyke (un- 
published analysis - E.M.Wo 
Skinner). 

*Total Fe as FeaO• 
n.d. mot determined. 

within the compositional ranges of those commonly 
found in kimberlites or within peridotite xeno- 
liths in kimberlites. Selected analyses are 
given in Table 4. 

The opaque minerals include magnesian ilmenite 
(commonly containing more than 10% MgO and 1.5% 
Cr203), ilmenite and a variety of spinels includ- 
ing high chrome chromites (up to 64% Cra03). 
Dawson and Stephens (1975) classified garnets from 
kimberlite and associated xenoliths according to 
chemical parameters evaluated on a statistical 
cluster analyses basis. Many of the garnets in 
these dykes have compositions which coincide with 
a cluster group dominated by garnets from four- 
phase garnet lherzolite nodules in kimberlite 
(Fig. 6). They are titanium-poor pyrope garnets 
generally containing moderate Cr203 (3.5-5%) and 
low CaO (4.5-6%). Non-kimberlitic Fe and Mn- 
rich garnets are also present in the ultramafic 
dykes (Table 4). 

Age of the dykes 

Field relations indicate that these dykes pre- 
date the Cretaceous kimberlite pipes in the Kim- 
berley area which have been dated by Allsopp and 
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SiO + A + K_O + NaO 

eee ß 

CaO+MgO+Total Fe (as FeO)+TiO Volatiles 

Fig. 4. Ternary diagram illustrating differences in bulk composition between tl•e ultramarie dykes 
(solid squares) and kimberlite dykes in the Kimberley area (solid circles). Pt•]ogopite and d•ops[de 
bearing kimberlites from the Bellsbank area (star) and the Swartruggens dyke system (open circle with 
central dot) plot fairly close to the ultramafic dykes. 

Barrett (1975) at 84 + 3 my (recalculated using 
%Rb = 1.42 x 10 TM yr-Z). Truncation of the 
dykes at the contacts of the pipes is evident at 
both De Beers and Wesselton mines (Fig' 1). 
Furthermore the dykes do not cut Upper Carbonif- 
erous Dwyka shales of the Karroo System which 
form the upper 130 m of the geological succession 
in the area. The dykes cut the gneissic base- 
ment rocks of the area (dated at •2840 my- 
recalculated using %Rb = 1.42 x 10 TM x yr-Z; 
Barrett and Berg, 1975) and the Ventersdorp Sys- 
tem rocks (dated at •23OO my; van Niekerk and 
Burger, 1964). A post-Ventersdorp System pre- 
Karroo age is therefore indicated. To determine 
the age of the dykes more precisely radiometric 
dating, by the Rb-Sr method, was carried out on 
one whole-rock and four fine-grained mica concen- 
trates from two samples of the Wesselton dyke. 

Partial chloritization of the mica is common 

and many grains are coated with an unidentified 
white amorphous material. However, examination 
of the microprobe data (Table 3) reveals that the 
extent of the alteration is not severe: if the 

volatile content, unaccounted for in the probe 
analyses, is assumed to be water, the water con- 
tent at 6-7% more closely resembles that of fresh 
biotites and phlogopites (4-5%) than that in 
chlorites (12-13%). Repeated agitation in an 
ultrasonic water bath followed by careful hand- 
picking under a microscope yielded samples 10-20 
mg in weight that appeared free from alteration. 
A few per cent of residual pyroxene in the mica 
concentrates was, however, unavoidable but this 
is unlikely to have affected the validity of the 
ag e-mea s ur ement s . 

Conventional techniques were used for the chem- 
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TABLE 3. Clinopyroxene and mica analyses 

Source 

2 3 4 5 6 7 8 

K3 P2 K3 P2 K4 P1 K4 P1 K4 P1 K4 P1 K4 P1 K4 P1 

Si02 50.15 51.92 51.95 52.46 51.91 51.93 39.02 36.94 
Ti02 1.43 1.23 1.25 0.92 1.13 0.95 4.80 4.12 
A1203 3.27 2.79 1.40 O.85 O.88 O. 83 11.46 11.56 
Cr203 O. 15 0.27 0.24 0.20 - O.O1 - 0.O! 
FeO* 11.38 9.49 7.78 7.65 8.54 8.67 13.59 16.55 
MnO O. 17 O. 14 0.11 O.11 O. 15 - 0.07 0.08 
MgO 15.34 15.92 15.70 16.O2 15.34 15.29 17.39 16.89 
CaO 18.52 19.44 21.23 21.17 20.95 20.78 0.O9 0.O5 
Na20 0.53 0.48 0.57 O.51 0.57 0.68 O. 71 O. 34 
K20 - O.O7 0.01 O.O1 - - 7.O0 6.44 
NiO 0.03 0.04 0.07 0.05 0.O1 - 0.06 0.08 

Total 100.97 101.79 100.31 99.95 99.48 99.14 94.19 93.06 

Analyses 1 and 2 
Analyses 3-6 
Analyses 7 and 8 
*Total Fo as FeO 

Clinopyroxenes from an ultramafic dyke at De Beers mine. 
Clinopyroxenes from an ultramafic dyke at Wesselton mine. 
Micas from the dyke at Wesselton mine. 

3O 

5O 

Ca 

o 

40 [] 

2o Fe 
o lO 2o 

Mg Fe 

Fig. 5. Compositions of clinopyroxenes from kimberlites and associated xenoliths and from two of the 
ultramafic dykes expressed in terms of Ca, Mg and Fe. Fields A, B and C show the composition ranges of 
½linopyroxene from xenoliths in kimberlite (from Dawson, et al., 1977), solid circles represent kimber- 
lite groundmass diopsides (from Dawson et al., 1977 and Emeleus and Andrews, 1975), solid squares rep- 
resent the compositions of clinopyroxenes from the ultramafic dykes. 
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No. 

Si02 
Ti02 
A1203 
Cr20s 
FeO* 
MnO 

MgO 
CaO 

TABLE 4. Selected analyses of heavy minerals from concentrates 

1 2 3 4 5 6 7 8 9 10 11 12 13 

- - 0.3 .... 42.02 41.17 42.21 36.28 36.19 37.22 
51.12 54.68 48.8 0.42 3.45 0.25 92.19 - - 0.06 - - - 

- 0.19 0.1 3.94 2.36 11.62 - 20.79 20.74 20.10 21.31 21.11 21.83 
2.42 1.84 0.1 64.02 56.21 55.50 4.28 4.68 4.92 5.34 0.02 0.03 0.O1 

35.11 29.01 43.4 15.67 27.81 18.74 2.65 6.12 6.69 6.45 17.40 24.79 29.95 
O.31 0.17 3.4 0.27 0.30 O. 18 - 0.28 0.32 0.34 21.84 14.53 3.57 

10.85 14.28 0.3 12.31 9.31 12.11 - 20.60 21.03 19.93 1.75 0.86 3.62 
- - 0.1 .... 5.15 5.36 5.44 2.10 1.66 4.66 

Total 99.81 100.17 96.5 96.63 99.44 98.40 99.12 99.64 100.23 99.87 100.7C 99.17 100.86 

Analyses 1 and 2 Kimberlite-type magnesian ilmenite 
Analysis 3 Ilmenit e 
Analyses 4-6 Spinels 
Analysis 7 Rutile 
Analyses 8-10 Kimberlite-type garnet 
Analyses 11-13 Non-kimberlitic garnet 

* Total Fe as FeO 

ica! separation of Rb and Sr and for the mass- 
spectrometric analyses. Data for the E & A stan- 
dard Sr, analysed by the same method, yielded a 
S?$r/S6Sr ratio of 0.70795 -+ 0.00002. Measure- 
ments on the NBS standard SRM-607 showed that the 
Rb and Sr concentration determinations are accur- 

ate to within 1%. The experimental data for the 
whole-rock and mica samples are listed in Table 5. 

Fitting a straight line by the method of York 
(1966) would be the most direct way of handling 
the above data. As indicated below this is prob- 
ably not a valid approach in the present instance, 
but for completeness the computed results (using a 

-- 

value of 1.42 x 10 TM yr 1 for the decay constant 
of 8?Rb) sre: Age = 1763 -+ 40 my; Initial 8?Sr/ 
S6Sr ratio = 0.7068 + .0009, where the errors lis- 
ted are 1 sigma values. 

In an earlier section the severe alteration of 

the dyke rocks was described. In particular it 
was noted that pyroxene, the main Sr-bearing 
mineral, is extensively altered to steatite and 
chlorite. It is probable therefore that the Rb- 
Sr data for the whole-rock sample has been in- 
fluenced by groundwater exchange; that this is 
the case is supported by the fact that the 
initial •?Sr/S6Sr ratio referred to above is un- 
usually high for a presumed mantle-derived rock 
of this age. Barrett and Berg (1975) obtained 
•7Sr/SSSr ratios of O.710 -0.720 for groundwater 
from the Kimberley area, and partial exchange with 
such water is feasible. The isochron approach to 
the interpretation of the age-determination data 
is therefore rejected. 

Estimated initial S?Sr/•SSr ratios for 1900 my- 
old mantle derived rocks range from approximately 
0.701 to 0.704 according to the models of Faure 
and Powell (1972) and Davies et al. (1970). An 
intermediate value of 0.7025 has been assumed and 

the calculated ages based on this assumption are 
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also listed in Table 5. The uncertainty arising 
from the choice of the initial Sr ratio is approx- 
imately-+ 25 my, which is less than the uncertain- 
ty due to the scatter of the data. The mean mica 
age (see footnote to Table 5) is 1910 ñ 60 my. 
The possibility that this age represents a resett- 
ing event cannot be excluded, but no pervasive 
19OO my thermal event, that could give rise to re- 
setting, has been recognised in the Kimberley arem 

Comparison with kimberlite 

The heavy mineral suite in these rocks clearly 
suggests a link between the dykes and kimberlite 
as does their occurrence in an area of intensive, 
albeit much later, kimberlite intrusion. In 
other respects, however, the dykes differ consid- 
erably from kimberlite. 

Modal analyses (Table 1) indicate that clino- 
pyroxene is generally volumetrically more abundant 
than olivine. Although diopside occurs as an 
essential mineral in some kimberlites (Skinner and 
Clement, 1977) it is commonly less abundant than 
olivine. 

There is a complete absence in the dykes of an- 
hedral, commonly rounded, macrocrysts of olivine 
which together with smaller euhedral phenocrysts, 
form the typical olivine assemblage in kimberlite. 
Similarly the silicate and oxide heavy mineral 
suites, although compositionally akin to those 
present in kimberlite, are unusual in that none of 
the minerals occur as macrocrysts. The majority 
of the grains recovered lie between 1OO and 28 
mesh (Tyler) screen sizes. 

Textural features and the morphological charac- 
teristics of some essential minerals differ 
markedly from those reported from kimberlite. 
Notable in these respects are the hypidiomorphic- 
granular to panidiomorphic-granular textures of 
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MgO 

FeO CaO 
Fig. 6. Compositions of garnets from the ultramafic dykes in terms of MgO, FeO and CaO. 36 Garnets 
from these dykes plot within the field outlined by a solid line. Additional garnets are plotted as 
solid circles. The dotted line outlines a compositional field of statistically clustered garnets from 
kimberlite and associated xenoliths. Most of these garnets are derived from garnet lherzolite nodules 
(from Dawson and Stephens, 1975). 

the major (central) parts of the dykes and the 
skeletal olivines which have not been found in 

kimberlite. The abundance of parallel growth 
forms of olivine is also atypical relative to 
kimberlitic olivine. 

Textural features of the ultramafic rocks in- 

dicate that crystallization of the major minerals 
occurred more or less in situ. It is therefore 

concluded that the dykes were emplaced as liquids 
at considerably higher temperatures than have been 
suggested to pertain during high level kimberlite 
intrusion. The glassy margins and fine-grained 
character of the dykes indicate rapid cooling 
after eraplacement. The skeletal nature of many 
olivine grains suggests rapid olivine growth 
(Donaldson, 1976). 

The differences between these ultramafic dykes 
and kimberlite noted above, together with pre- 
viously discussed differences with respect to bulk 
chemistry and some mineral compositions, are con- 
sidered sufficient to rule out classification of 
these rocks as kimberlite. 

Conclusions 

Three main conclusions can be drawn from this 

s t udy; 
Firstly the intrusion of Cretaceous kimberlites 

in the Kimberley area was preceded by a much ear- 
lier period of ultrabasic magmatism resulting in 
the intrusion of these dykes which may be widely 
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TABLE 5. Rb-Sr Radiometric Dating - 
Experimental Data 

8 ?Rb / 8 ? Sr / Apparent 
Sample S?Rb S6Sr S6Sr)A SSSr)N age (my) 

Whole-rock 12.49 36.84 O.3351 O.7153 - 
Mica- 1 54.06 25.83 2.069 0.7636 2050 

2 53.56 24.31 2.178 0.7623 1907 
3 60.69 29.64 2.024 0.75699 1871 
4 56.44 25.60 2.180 0.76212 1899 

Note: The concentrations of 8?Rb and S•Sr are ex- 

•ressed in ppm. Rb/SSSr)A is the atomic ratio, and S?Sr/S•Sr)N 
is normalised to SSSr/86Sr TM 8.375. 
The whole-rock sample and the mica concentrates 1 
and 2 are from sample K4 P/l, and the other two 
micas are from sample K4 P/2. 
The Sr measurement for the Mica-1 sample was of 
poor quality, and the data for this sample was 
accordingly given less weight in calculating the 
mean age. 

distributed under the extensive cover of Karroo 

rocks in the region. 
Secondly, although these rocks cannot be class- 

ed as kimberlites, it is concluded on the basis of 
some of the heavy minerals present, that the magma 
which gave rise to the dykes originated within the 
upper mantle in the depth range postulated for the 
genesis of kimber!ite. 

Thirdly a direct genetic association between 
the dykes and the kimberlites in the area can be 
considered but seems unlikely in view of the long 
time interval between the two periods of intrusion. 
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Abstract. Kimberlitic, melilititic, trachytic, 
and carbonatite eruptives occur in association at 
Saltpetre Kop, Sutherland, South Africa. This 
magmatic assemblage is believed to have originat- 
ed as a result of crystal fractionation, liquid 
immiscibility and crystal-liquid reaction phenom- 
ena operative in an ascending kimber!itic magma 
generated by limited mantle melting in the depth 
range 100 - 200 km. The kimberlitic rocks at 
Saltpetre Kop are considered to represent part of 
the original magma which erupted from a relative- 
ly low pressure regime (20 - 25 kb). Slow 
uprise of the remainder was accompanied by olivine 
fractionation, separation of an immiscible carbon- 
atite phase and the onset of an olivine-liquid 
reaction resulting in the formation of olivine 
melilitite; continued fractionation of the magma 
to beyond the limit of melilite stability gave 
rise to the feldspathic assemblages of the trach- 
ytic eruptives. 

Introduction 

The close association in space and time of 
olivine melilitite, carbonatite, kimberlite and 
other ultramafic alkaline rocks has long been 
interpreted by many authors as being indicative 
of a genetic link between them (see Tuttle and 
Gittins, 1966; Heinrich, 1966; for summaries). 
Current opinion has it that carbonatitic liquids 
are associated with kimberlites either as late- 

stage residual fluids or as immiscible phases 
developed during kimberlite crystallisation 
(Franz and Wyllie, 1967; McGetchin and Nikhauj, 
1973; Gittins et al., 1975; Griffin and Taylor, 
1975; Ferguson et al., 1975). Less agreement 
appears to exist on a genetic relationship be- 
tween kimberlite and olivine melilitite. 

Taljaard (1936) considered that kimberlite repre- 
sented hydrothermally altered olivine melilitite, 
and Holmes (1936) considered olivine melilitite 
to be kimberlite magma devoid of xenolithic 
minerals, H20, C02, P20s and CO•-. Frankel 
(1956) concluded that olivine melilitite represen- 
ted a portion of the magma from which kimberlite 
was derived. Bultitude and Green (1968) consider- 
ed olivine melilitite to be a primary melt of 
hydrous mantle material or to have been generated 
by extreme fractionation of picritic melts. 
Eg.gler (1974) and Boettcher et al. (1975) have 
stressed the importance of the presence of CO 2 in 
mantle melting events for the production of 
melilite-bearing assemblages. Yoder (1973, 1975) 
has recorded that under anhydrous conditions the 
stability of akermanite is limited to pressures 
less than 14 kb, that in the presence of excess 
H20 stability is limited to pressures less than 
10.2 kb and that in the presence of excess C02 

akermanit$ stability is 1, imited to pressures less than 6 kb-. Accordingly constraints are placed 
on the regions where melilite-bearing rocks may 
crystallise; such relatively low pressure regimes 
are unlikely to be sites of generation of olivine 
melilitites and associated magmas (Bultitude and 
Green, 1968). 

Following his study of the Gross Brukkaros 
volcano in South West Africa, Janse (1971) pro- 
posed that kimberlite represente• •etatively un- 
modified magma which appeared at the surface fol- 
lowing rapid ascent from depth. The same magma 
if arrested en route and modified by carbonate 
removal was considered to give rise to monticell- 
ite-bearing assemblages under low pressure 
conditions and melilite- and nepheline-bearing 
assemblages under higher or fluctuating pressure 
conditions. Danchin et al. (1975) applied the 
technique of cluster analysis (Rhodes, 1969; 
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Fig. 1. Map showing locality of Sutherland and 
the distribution of dominantly alkaline eruptive 
centres parallel to the coast of South and South 
West Africa, after Cornelissen and Verwoerd, 1975. 

Lenthall, 1972) to 109 chemical analyses of 
kimberlites and spatially associated ultramafic 
alkaline rocks reported in the literature and 
found that at an arbitrarily selected distance 
coefficient of 3 the analyses defined seven major 
cluster Groups (see Table III). Groups 1 to 3 
contained only non-kimberlitic rocks and are 
dominated by melilite-bearing and monticellite- 
bearing ultramafics; Groups 5 to 7 contained only 
kimberlites while Group 4 is transitional 
containing both kimberlite and non-kimberlitic 
material. Considered in terms of the modified 

CMA$ system (O'Hara, 1968), the average analyses 
of the cluster Groups define an olivine control 
line extending from the magnesium-rich kimberlites 
to the non-kimberlitic ultramafics (Ferguson et 
al., 1975). From this it was concluded that 
kimberlites and associated rocks could be geneti- 
cally related by polybaric olivine-dominated 
fractionation coupled with a reaction relation- 
ship involving olivine, ilmenite and carbonated 
magma to produce melilite, perovskite and under 
low pressure conditions, monticellite. 

To further test these conclusions the igneous 
assemblages associated with kimberlitic rocks of 
the $altpetre Kop diatreme were studied. 

The Sa!tpetre Kop Eruptive Centre 

The Saltpetre Kop volcano, situated some twenty 
kilometres southeast of the village of Suther- 
land, Cape, South Africa, is one of a large 
number of predominantly alkaline eruptive centres 
occurring in a zone parallel to the west coast of 
South and South West Africa (Fig. 1). Cornelis- 
sen and Verwoerd (1975) point out that while ages 
•'re imperfectly known it is reasonable to postu- 
late that this vulcanism is related to young 
continental warping associated with the opening 
of the south Atlantic. Saltpetre Kop forms a 
prominent cone-shaped hill rising some 250 m 
above the surrounding countryside and comprises 
post-Karroo intrusive and extrusive rocks which 
include trachyte, carbonatite, olivine melilitite 
and pyroclastic kimberlitic eruptives. Olivine 
melilitites are also exposed on the Sutherland 
town lands and at Tonteldoosfontein 15 km 

further to the south. The geology of the Salt- 
petre Kop eruptives has been described by Roge..rs 
and du Toit (1903, 1904), Taljaard (1936), 
Gerrard (1958) and more recently by de Wet (1974) 
to whom free reference is made in the following 
section. 

The Saltpetre Kop vent forms the centre of a 
regular circular updomed region within the 
sedimentary Beaufort Formation of the Karroo 
Supergroup. The regional 2-3 ø northerly dip of 
the shales and sandstones becomes affected some 

4 km from the vent and increases progressively 
until near the main vent the outward dip of the 
strata reaches 60 ø . The main vent at $altpetre 
Kop is filled with lithic pyroclasts and occupies 
an area some 1500 x 1000 metres; fragments of 
Karroo sediments predominate, but fragments of 
quartzite and dolerite are present as are rare 
xenocrysts of hornblende, ilmenite and biotite. 
Silicification of the central vent breccia is 

common, but in the vicinity of carbonatite out- 
crops, carbonate becomes important as a cementing 
material. Rogers and du Toit (1903, 1904) 
recorded that within 4 square kilometres around 
Saltpetre Kop some twenty volcanic necks and 
vents are developed; recent mapping by de Wet 
(1974) has categorised these eruptives in more 
detail. According to de Wet the eruptive rocks 
around Saltpetre Kop comprise trachytic materials 
which are the most abundant volcanics together 
with less abundant and less voluminous carbona- 

tite and olivine melilitite. Pyroclastic rocks 
bearing a strong macroscopic resemblance to some 
types of kimberlite are present within the ring 
of disturbed rocks some three kilometres west of 

$altpetre Kop in the form of the so-called 
Silver Dam pyroclastics. According to de Wet 
(1974) the order of intrusion is given as 
o!ivine melilitite, trachytic eruptives and 
carbonatite; the relative age of the pyroclastics 
is unknown. 

Olivine melilitite is present as dyke-like and 
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Fig. 2. Olivine replaced by an assemblage of 
tabular meltlite, magnetite and marginal phlogo- 
pite, pp. light, X40. 

sill-like bodies of small extent intruded into 

the Beaufort sediments in the vicinity of Salt- 
petre Kop. Unaltered material is disappointingly 
scarce and extensive carbonation in the vicinity 
of carbonatites is not uncommon. One sill 500 
metres south of the main vent is notable in that 
it contains an abundance of 2 cm diameter auto- 

lithic nodules (Ferguson et al., 1973) estimated 
by de Wet (1974) to make up 30% of the exposed 
portion of the sill. The olivine melilitite 
exposed on the town lands at Sutherland village 
may represent sills or dykes of shallow dip 
(Taljaard, 1936; Gerrard, 1958). The town lands 
olivine melilitite exposures differ from those of 
Saltpetre Kop in that they are somewhat coarser 
grained, relatively unaltered and more noticeably 
porphyritic in hand specimen; inclusions of 
older olivine melilitites are not infrequent in 
some specimens studied. 

de Wet (1974) distinguishes between contaminat- 
ed and almost inclusion-free trachytic eruptives. 
The latter are present as narrow steeply dipping 
dykes of K-rich trachyte in sharp contact with 
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the surrounding sedimentary strata; unweathered 
material is reddish brown, but becomes cream- 
coloured on exposure. Apart from the main vent, 
trachyte contaminated by an abundance of wall rock 
sediments and minor dolerite and quartzite 
comprises the largest intrusions around Saltpetre 
Kop. The contaminated trachyte occurs as 
irregular dykes up to one kilometre in length and 
with widths measured in tens of metres. 

Small plug-like and dyke-like bodies of 
carbonatite occur around Saltpetre Kop and 
attention is drawn by de Wet (1974) to the abund- 
ance of hornblende, biotite and ilmenite mega- 
crysts within some outcrops. Carbonatitic rocks 
show finer grained selvages against olivine 
melilitites when in contact thus establishing 
their age relationship (de Wet, 1974). The 
Silver Dam type pyroclastics are present in 
several vents having diameters of 10-30 metres. 
The vents are filled with country rock sediments 
and less-abundant igneous and metamorphic rock 
fragments set in a grey-blue earthy matrix 
containing an abundance of amphibole, pyroxene, 

Fig. 3. Portion of an olivine crystal replaced 
by euhedral monticellite (high relief) and 
anorthite (low relief), pp. light, X225. 
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ilmenite and brown mica megacrysts measuring 
several centimetres across. The megascopic 
resemblance of this material to some kimberlites 
encouraged the exploration of these vents by 
shallow excavations in earlier times. 

In the vicinity of Saltpetre Kop the generally 
cream-coloured Karroo sediments show marked red/ 
brown discoloration due to the introduction of 
iron oxides especially along joint planes. de 
Wet (1974) records the presence of introduced 
ba---•ite crystals along joints in sandstones over 
a wide area around Saltpetre Kop. 

Petrography and Mineralogy 

Silver Dam type pyroclast.ics 

Inclusions and groundmass make up almost equal 
volumes of many portions of these rocks. The 
groundmass consists of highly decomposed fine-- 
grained rock composed of carbonate and finely 
divided perovskite together with cryptocrystal- 
line indeterminate materials. Ghost outlines 

of pre-existing crystals within the groundmass 
possibly represent original olivine grains. 
Rock fragments mainly of sedimentary origin make 
up the largest proportion of the inclusions 
present; also present are fragments of granite, 
gneiss, dolerite and a gabbro characterised by 
purple clinopyroxene crystals. Mineral frag- 
ments include ilmenite in crystals up to 2.5 cm 
across, brown amphibole crystals up to 3 cm a- 
cross, purple augite up to 0.5 cm across and 
prominent biotite flakes. Brown amphibole 
and augite are surrounded by reaction rims in 
which fine biotite is prominent. Chemical 
analyses of two ilmenite grains (Table i, Nos. 1 
and 2) from the pyroclastics are included in 
Table I as are two analyses of clinopyroxene 
grains and a clinopyroxene occurring in a 
gabbro xenolith (Table I, Nos. 3, 4 and 5). 
Comparison of the latter 3 analyses suggests 
that the pyroxene grains are xenolithic rather 
than cognate. 

01ivine Melilitite 

The olivine melilitites of the Sutherland 

town lands have been studied by Taljaard (1936) 
and Gerrard (1958) while de Wet (1974) dealt 
with the olivine melilitites in the vicinity of 
$altpetre Kop. In general, outcrops on the 
town lands are less altered and contain larger 
phenocrysts of olivine and magnetite. Several 
olivine melilitites from Saltpetre Kop show 
extensive replacement by carbonate which in 
places is accompanied by fluorspar. 

The olivine melilitites are invariably porphyr- 
itic or microporphyritic rocks containing 
abundant olivine phenocrysts (up to 10 ram) and 
less common magnetite set in an aphanitic 
groundmass; most olivine grains show corrosion 

effects resulting from reaction. The matrices of 
the. olivine melilitites show wide variation in 
grain size, composition and degree of alteration. 
Extremely fine-grained cryptocrystalline types 
have been interpreted by Gerrard (1958) as 
resulting from very rapid crystallisation. 
Matrices of coarser crystallinity are composed of 
variable proportions of melilite, phlogopite, 
olivine, augitic pyroxene, magnetite, perovskite, 
apatite, zeolites and rare monticellite and 
nephe!ine. Ilmenite is reported as a rare miner- 
al by Taljaard (1936) and Gerrard (1958) but was 
not encountered in the specimens studied here. 
Xenolithic, generally rounded fragments of older 
olivine melilitite are of common occurrence with- 
in the samples studied. 

Olivine phenocrysts in the olivine melilitites 
have been corroded and embayed by reaction with 
the surrounding liquid, producing rims of 
phlogopite followed by melilite (Table I, No. 29), 
magnetite, perovskite and minor monticellite 
(Table I, Nos. 30-34)and anorthite (Table 1, No. 
35) with secondary carbonate and zeolite. 
Figure 2 illustrates an advanced stage of re- 
placement where the crystalline aggregate is 
composed of olivine remnants, tabular me!ilite, 
phlogopite and magnetite. 

Monticellite is not an abundant phase in the 
olivine melilitite suite. Gerrard (1958) 
records monticellite as a replacement of olivine 
and attributes the process to contact metamor- 
phism resulting from a younger intrusion. Both 

Fe20 3 
hemetite 

•gTiO3 •0 •o 3o 4o 5o oo 7o 80 9o FeTiO3 
geikielite ilmenite 

Fig. 4. Variation in mol. per cent MgTiOs, 
FeTi03 and Fe203 for kimberlitic ilmenites: 
filled circles - autolith ground•ss ilmenites, 
Wesselton; ringed filled circle - average com- 
position (Danchin et al., 1975); open circles- 
autolith groundmass ilmenites, Lesotho• ringed 
open circle - average composition (Danchin et al., 
1975); double squares - autolith nucleus 
ilmenites; crossed double square - average compo- 
sition (Danchin et al., 1975); filled triangle- 
secondary Liqhobong ilmenite (Haggerry, 1973); 
open triangle-primary Liqhobong ilmenite 
(Haggerry, 1973); filled diamond- secondary il- 
menite in lherzolite (Boyd and Nixon, 1973); 
enclosed area- kimberlitic ilmenites after 
Frick (1973); filled stars - ilmenites from 
aln•ites (Frick, 1973); S, ilmenites, Silver 
Dam pyroclastics, Saltpetre Kop. 
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Taljaard (1936) and Gerrard (1958) record the 
presence on the Sutherland town lands of a fine- 
grained porphyritic rock consisting of pheno- 
crysts of magnetite and olivine (up to 5 mm) set 
in a fine granular matrix of monticellite, 
magnetite and an isotropic to near isotropic 
unidentified mineral. Microprobe studies showed 
the latter to be laumonite and also that in the 

granular groundmass monticellite (Table I, Nos. 
31 to 34) is subordinate to fine-grained olivin• 
Extensive marginal replacement of phenocrystal 
olivine by fine granular monticel!ite is in 
evidence and "ghost textures" seen under low 
magnification suggest that the present ground- 
mass includes completely replaced olivine pheno- 
crysts. 

Another occurrence of monticellite was recorded 
from a Sutherland town. lands olivine melilitite 

which contains an olivine phenocryst (Fig. 3) 
which has been completely replaced by a granular 
aggregate of euhedral monticellite crystals 
(Table I, No. 30) set in a matrix of anorthite 
(Table I, No. 35); the latter mineral has not 
been previously recorded from the Sutherland 
eruptives. Other olivine phenocrysts in the 
same thin section show reaction rims in which 

melitite is prominent. 

Trachyte 

de Wet (1974) has described the trachytes pres- 
ent in the vicinity of Saltpetre Kop as being 
porphyritic rocks composed of generally corroded 
sanidine phenocrysts set in a microcrystalline 
matrix of lath-shaped feldspar microlites 
together with finely disseminated iron oxides. 
Small crystals of nepheline occur in the vicinity 
of sanidine phenocrysts. Biotite is a scarce 
phase while apatite, and more rarely, fluorspar 
are present as accessory minerals. The speci- 
mens studied by the writers contain xenolithic 
fragments of cryptocrystalline, apparently 
highly altered rock considerably richer in fine- 
grained iron oxide than the enveloping trachyte. 
A feature of this highly altered material is the 
presence of prominent iron oxide rimmed, near 
euhedral crystals of fluorspar. 

Carbonatitic Rocks 

de Wet (1974) has recognised s•vitic and 
ankeritic varieties of carbonatite together with 
a biotite metacarbonatite which is described as 

a biotite-rich rock extensively replaced by 
calcite. de Wet (1974) further reports that, in 
contrast to most other Southern African occur- 

rences of carbonatitic rocks Ba is always in 
excess of Sr. Gross Brukkaros is an exception 
showing more similarity to Saltpetre Kop than 
to other occurrences in this respect. Pyro- 
chlore octahedra 40 to 50 microns in diameter are 

disseminated in s•vite occurring within the 
central vent. 
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Geochemistry 

(a) Methods 

Rock samples intended for chemical analyses 
were reduced in an agate-lined swing mill and 
dried at 110øC. Fe, Mn, Ti, Ca, K, P, $i, A1 
and Mg were determined on a Philips PW1410 semi- 
automatic X-ray spectrometer using the fusion 
method of Norrish and Hutton (1969). Pressed 
powder pellets were used for Na without matrix 
correction. Water and ignition losses were deter- 
mined at 110øC and 1000øC respectively. CO2 
and ferrous iron were determined by standard 
wet chemical procedures. Mineral analyses were 
carried out using a Jeo! JXA50 and an ARL-$EMQ 
microprobe. Analysed mineral standards were 
employed in both cases and the raw data were 
corrected according to the Bence-Albee (1968) 
procedure. 

(b) Minerals 

Ilmenite (Table I, Nos. 1 and 2) was recorded 
as a phenocrystal phase only within the Silver 
Dam pyroclastic assemblage and the analyses are 
compared with the fields of kimberlitic ilmenite 
established by various authors in Figure 4. The 
Silver Dam ilmenites contain less than 5 per 
cent MgO and accordingly plot with the less magne- 
sian ilmenites found in kimberlites and in the 
field of ilmenites occurring in aln•ites (see 
Frick, 1973 and Danchin et al., 1975). According 
to Hag$.er_ty (1973) the compositions of the Sil- 
ver Dam ilmenites would compare most closely 
with those of primary high-pressure ilmenites, 
although their close chemical correspondence to 
aln•itic ilmenites (Frick, 1973) would suggest a 
relatively low-pressure regime for their form- 
ation. 

Twenty-two analyses of olivines from the Salt- 
petre Kop melilitite suite are presented in 
Table I. They range from Fo6s to Fo90 with some 
specimens showing little variation (Fo76-7s, 
Sample C31, Table I, Nos. 6, 7, 13, 14, 15) 
while others show a spread of values of Fo6s- 
Fos3 within the same thin section (Table I, Nos. 
8, 9, 11, 12). Olivines in older xenolithic 
olivine melilitite fragments returned values of 
Fo73 and Foss (Table I,Nos.26,27). Compositional 
determinations on the core and rim of a large 
o!ivine grain failed to reveal a zonal structure 
(Table I, Nos. 19, 20). No distinct ranges in 
composition characterise groundmass and pheno- 
crystal olivines; nevertheless, the wide range of 
compositions present in sample C30 (Table I) 
suggests in this specimen at least, that the 
olivines do not represent an equilibrium assem- 
blage and include xenocrystic grains. Comparison 
of matrix and autolith olivines from the auto!ith- 

rich olivine melilitite at Saltpetre Kop yielded 
no significant difference in composition(Table I, 
Nos. 22, 23, 24, 25). 
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TABLE II. (cor•tinued) CiPW Norms 

Number 1 2 
Sample Number C25 C27 

3 4 5 6 
C27A C27M C28 C29 

7 8 9 10 
C30 C31 C32 G1 

_ -- 

ap 2.59 2.42 
il 4.67 4.24 
or - - 

ab - - 

an 5.37 4.77 
mt 0.92 0.1I 
di 5.34 4.83 
he 1.38 1.54 
fo 30.87 28.16 
fa 1D.87 11.33 
ne 13.33 8.68 
lc 6.53 14.88 
la 18.92 19.25 
kp - - 

1.73 2.66 - 3.32 

3.04 4.15 6.04 5.04 

3.08 5.17 10.71 2.85 
2.46 2.69 2.43 2.87 

25.66 1.33 - - 

6.51 0.38 7.27 10.36 
19.73 3•.18 32.49 30.26 

6.32 10.78 6.78 8.81 
7.23 7. I0 2.50 11.82 

17.68 15.56 I ! . 28 - 
6.59 20.00 20.01 21.49 

- - - 3.19 

- - - 2.75 

3.41 1.87 3.08 - 
4..97 6.04 5.38 6.89 

5.59 9.23 3.37 21.54 
1.15 3.24 2.43 2.9! 

- 2.22 - 8.15 
11.63 0.35 8.59 1.79 
30.37 36.16 32.42 30.88 
10.81 7.19 8.10 8.59 
8.61 5.63 11.09 6.08 

- 9.44 ] .88 2.38 
20.46 18.62 20.26 8.63 

2.99 - - - 

Numb er 11 1 2 
Sample Nun•ber G2 G4 

13 14 15 16 
G5 G6 G7 G8 

17 18 21 22 
G9 G10 C21 C41 

CC - 

ap 1 .96 0.62 
il 7.59 4.48 
or - - 

ab - - 

an 5.88 25.87 
mt 3.19 7.25 
di I I. 96 !. 28 
he 2.50 O. ] 3 
fo 28.58 23.99 
fa 7.56 7.42 
ne 14.42 11 .38 
lc 7.65 8.61 
la 8.72 8.80 
kp - - 

0.28 - 7.32 1.95 
1 .96 - - 4.36 
9.59 5.17 4.70 15.91 

5.08 0.48 9.84 3.35 
7.07 4.29 6.23 7.09 

21 .46 - - 28.62 
2.00 9.69 4.53 0.45 

21 .28 31.93 31.63 26.20 
2.51 7.21 5.77 0.43 

10.85 8.55 !3.67 8.77 
9.65 - - 4.70 
8.29 24.93 14.04 2.55 

- 7.76 2.28 - 

4.43 2.41 3.27 2.33 
16. I4 5.11 0.84 1.35 

- - 32.87 68.52 
- - - 1.66 

3.40 13.81 9.07 10.66 
7.10 9.63 - 1.71 

27.97 14.10 0.63 1.79 
0.44 1 .83 13.27 7.30 

22.47 27.63 - - 
0.44 4.52 - - 
8.89 9.09 2.83 0.83 
4.76 5.62 27.20 - 
3.86 6.25 - - 

-- 

_ -- -- 

Note : Norms 1- 9 calculated on CO, free basis 

Two analyses of melilite are presented in Table 
I (Nos. 28 and 29). One of these (No. 28) is of 
the melilite illustrated in Figure 2 while the 
other (No. 29) is of the melilite from a reaction 
rim around olivine; the latter is poorer in 
silica and richer in magnesia. Both melilites 
have compositions closer to melilite than to 
either akermanite or gehlenite. Five analyses of 
monticellite occurring as one of the replacement 
products of olivine are listed in Table I (Nos. 
30-34 ). 

(c) Rocks 

Table II lists analyses and norms of nine meli- 
litites from the Sutherland area, a trachyte and 

trachyte breccia from $altpetre Kop and two pyro- 
clastics from the Silver Dam occurrence. Also 
listed in Table II are analyses of other 
Southern African olivine melilitites. 

The olivine melilitite analyses (Table II) were 
compared statistically with 126 analyses of 
kimberlites and associated ultrabasic rocks and 
the seven major cluster Groups established for 
the latter by cluster analysis by Danchin et al. 
(1975) and Ferguson et al. (1975). At the same 
distance coefficient (3.0) employed by Ferguson 
et al. (1975) the $utherland/Saltpetre Kop 
olivine melilitite cluster with the analyses of 
the melilite- and monticellite-bearing ultramafic 
rocks which dominate Groups 2 and 3 of Ferguson 
et al. (1975) while the olivine melilitites 
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Fig. 5. Projection (Wgt %) of olivine me]ilite 
analyses (Table II) from or towards diopside into 
the plane C3A-M-S. A, field of non-kimberlitic 
rocks; B, field of kimberlitic rocks, after 
Danchin et al., (1975). Triangles - olivine 
melilitite; circle - GLIK (average garnet verwacht trend in Figure 9a very likely took 
lherzolite in kimberlite, Ito and Kennedy, 1967) place at depths considerably less than the 200 km 
Phase boundaries volatile-free after O'Hara (1968). or more envisaged for the nascency of kimberlite 

listed by Gerrard (1958) cluster with Group 1 
which contains rocks of similar mineralogy to 
Groups 2 and 3. The olivine melilitites listed 
in Table II were further compared with the seven 
cluster Groups established by Ferguson et al. 
(1975) by consideration of their positions with- 
in the CMAS tetrahedron (O'Hara, 1968). As 
pointed out by Ferguson et al. (1975) the 
average compositions of the initially establish- 
ed cluster Groups define a trend along an 
olivine-dominated control line which links the 
most magnesian kimberlites to the least magnesian 
of the spatially associated ultrabasic rocks. 
The control line is subparallel to the CAM plane 
of the tetrahedron and appears unrelated to 
pseudo-invariant points applicable to 30 kb or 
less (O'Hara, 1968). In Figures 5 and 6 the 
Sutherland and other Cape olivine melilitites 
plot as additional points within the fields 
occupied by the non-kimberlitic ultramafics 
while in Figures 7 and 8 the average of the oli- 
vine melilitites listed in Table II provides an 
additional point on each of the olivine control 
lines. 

Figure 9a shows the kimberlite-melilitite 
trend projected into the CMS plane of the CMAS 
tetrahedron where it is compared with the ultra- 
basic komatiite-tholeiite trend of the Onverwacht 

eruptives of the Barberton Mountain Land, South 
Africa (Mclver and Lenthall, 1974). While 
widely divergent, both trends are largely linear- 
ly away from the olivine point indicating the 
importance of olivine fractionation in both 
series. As shown in Figure 9a the kimberlite- 
melilitite trend is initially at a high angle to 
the Di-Fo join suggesting a possible crossing of 
this join during movement towards the larnite 
normative compositions characteristic of 
melilite-bearing or potentially melilite-bearing 
rocks (Yoder, 1973). The Onverwacht trend, in 
contrast, is away from the Di-Fo join towards 
quartz-normative compositions. The two divergent 
trends shown in Figure 9a represent compositional 

loci of evolving magmas providing natural para- 
llels to the two trends predicted by Boettcher et 
al. (1975) and illustrated in Figure 9b. The 
latter authors concluded that the experimentally 
determined C02-rich trend gives rise to liquids 
which "may mimic kimberlite-carbonatite magmas 
and exhibit many chemical similarities to 
olivine melilitites and olivine nephelinites 
which are ultimately spatially associated with 
many kimberlites". Experimental work has there- 
fore offered independent support for the validity 
of the evolutionary trend from kimberlite to non- 
kimberlitic melilitic compositions established by 
consideration of natural specimens(Danchin et al., 
1975; Ferguson et al., 1975). 

The mantle-melting event giving rise to the On- 

(see Gur___•, 1974). Consideration of the pre- 
dicted phase relationships of the Onverwacht 
sequence (Mclver, 1975; Howells et al., 1975), 
however, indicates their relationship to mantle 
melting at depths possibly in excess of 135 km 
(45 kb). According to Mclver and Lentilall (1974) 
the composition of the parental magma to the 
Onverwacht sequence would be close to point 2 on 
the Onverwacht trend. Such compositions are 
likely to be related to melting at an invariant 
point which would project as a pseudo-invariant 
point within the area Di-En-O1 (Onverwact•t trend) 
of Figure 9a. 

Eg•ler (1974) has shown that under CO•- 
saturated conditions the minimum melting point 
in the assemblage Fo-En-Di moves to the larnite- 
normative side of the Di-Fo join between 15 and 
30 kb. Other recent experimental results s•ow 
that carbonate would be a stable phase in the 
presence of C02 and H20 vapour for most pro- 
jected P-T conditions in the upper mantle 
(N. ewton and Sharp, 1975; Kusbiro et al., 1975). 
Furthermore, it has been shown by the former 
authors that in the upper mantle regimes expected 

AS 

5o CS,• 30 •o M•S 

Fig. 6. Projection (wgt %) of olivine melilitite 
analyses (Table II) from or towards S into the 
plane M2S-CS-AS. A, field of non-kimberlitic 
rocks; B, field of kimberlitic rocks, after 
Danchin et al., (1975). Ornamentation as in Fig. 5. 
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for kimberlite generation Fo is incompatible with 
C02 at high activity by the reaction Di + Fo + 
V + En + Dol. Eggler (1975), however, points out 
that inclusions' •'f' ølivine are common in dia- 
monds but that clinopyroxene is rarely present 
and suggests that in deep mantle regions C02 was 
possibly sufficiently abundant to react out 
clinopyroxene but insufficient to react out 
olivine. 

In Figure 9a the kimberlite trend line between 
points 6 and 5 in the C-S-M projection strongly 
suggests that olivine and orthopyroxene were 
fractionating phases from a melt initiated in the 
larnite-normative field during the early stages 
of kimberlite evolution. This suggestion is 
supported by the work of _Egglet (1974) who has 
shown that orthopyroxene and olivine are liquidus 
phases in larnite normative melts resulting from 
melting in the system Fo-Di-En-C02 at high 
pressure. ..B. rey and Green (1975) have also shown 
that the effect of the CO2 in upper mantle 
regions is to bring orthopyroxene and garnet onto 
the liquidus of olivine melilitite liquids. 
While the effect of garnet is less clear in the 
trends shown in Figures 8 and 9a the initial 
portion of the trend can apparently be satis- 
factorily accounted for by olivine and orthopy- 
roxene fractionation. 

Brey a.n.d Green (1976) have shown that at <17 
kb and 950øC a' 'pyrolite composition, less 40% 
olivine, together with excess C02 and H20 (MH 
buffered, XC02 = H20 = 0.5) has En + Di + O1 + 
C02 as stable phases. Accordingly it is 
feasible to suggest that the strong olivine 
control evident in the trend from point 5 in the 
kimberlite sequence to less magnesian composi- 
tions (Fig. 9a) can be accounted for by olivine 
stability in association with CO• at lower pres- 
sures coupled with expansion of the olivine pri- 
mary phase volume with decreasing pressure in the 
uprising magma column. 

In order to assess further the evolutionary 
model relating more magnesian members of the 
kimberlite trend to less magnesian compositions 

'?'.' ,; .... © so 
ß 

Fig. 7. Projection (wgt %) from or towards diop- 
side into the plane C3A-M-S of average analyses 
of the seven cluster Groups (see Fig. 8B, Ferguson 
eta!., 1975) and the average of the olivine mel- 
ilitite analyses from Southern Africa (Table I!). 
Circled figures, average cluster group analyses 
(C02 free); star, average olivine melilitite; 
circle, GLIK. 

CS •S 

,• ,,, V , ',,/' ............ 
50 30 10 M2$ CS_-- 

Fig. 8. Projection (wgt %) from or towards S 
into the plane M2S-CS-AS of the average analyses 
of the seven cluster Groups (see F_ergus•o.n et al., 
1975, Fig. 8A) and the average of the olivine 
melilitite analyses from Southern Africa 
(Table II). Ornamentation as in Fig. 7. 

initially by olivine-orthopyroxene-dominated 
fractionation followed by olivine-dominated 
fractionation, a series of least squares linear 
mixing calculations were performed. In these 
calculations use was made of the average composi- 
tions of the seven kimberlite cluster Groups 
(Danchin eta!., 1975; Ferguson et al., 1975) in 
combination with analysed olivines from Saltpetre 
Kop and an orthopyroxene from an Australian 
kimberlite. Cluster Groups 4 and 5 (Fig. 9a) 
could not be related on the basis only of olivi- 
ne subtraction from the latter. However, sub- 
traction of both olivine (Fo90) and orthopyroxene 
(En90) from cluster Group 6 yielded calculated 
compositions for cluster Groups 4, 5 and 7 which 
show close agreement with the observed composit- 
ions of the latter. In Table III observed com- 

positions of cluster Groups 4, 5 and 7 are com- 
pared with the compositions calculated for these 
cluster Groups following extraction of the indi- 
cated proportions of olivine and orthopyroxene 
(Table III, B, C) from cluster Group 6. Sub- 
traction only of olivine (Fo?s, Table Ill) in 
the proportions indicated in Table III from 
cluster Group 4 yielded calculated compositions 
for cluster Groups 1, 2 and 3 which especially 
in terms of major elements are in turn similar to 
the observed compositions of the latter. The 
results of the mixing calculations thus appear to 
be consistent with the polybaric evolutionary 
model of kimberlitic and associated rocks 

suggested by consideration of the CMAS system. 

Discussion 

The development of magma compositions such as 
those of the olivine melilitites listed in Table 

II by polybaric fractionation of kimberlitic 
magma is indicated by the evidence presented in 
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• ...... E 
Di 

Fig. 9a. Projection (wgt %) from A into the 
C-$-M plane of the average analyses of the seven 
cluster Groups (Ferguson et al. 1975), the 
average of the olivine melilitite analyses from 
Southern Africa (Table II) and the average 
analyses of the Onverwacht peridotite-komatite, 
basaltic komatiite and tholeiitic eruptives 

from the Barberton Mountain Land. Circled 

figures - average cluster Group analyses (CO 
free); solid star - average olivine meliliti•e; 
circled stars -Onverwacht eruptives, 

1. high magnesia peridotitic komatiites, 
2. basal Sandspruit peridotitic 

komatiites, 
3., 4., 5. Geluk, Badplaas and Barberton 

basaltic komatiites, 
6., 7., 8. tholeiitic eruptives (see 

Mclver and Lenthall, 1974). 

Circle - GLIK 

Fig. 9b. Inferred magmatic trends occasioned by 
mantle melting in the presence of H20 and COz, 
after Boettcher et al., 1975). 

Figures 5, 6, 7, 8 and 9a. Support is there- 
fore to be found for the generalised models of 
kimberlite-melilitite evolution proposed by 
Janse (1971) and Ferguson et al. (1975) as at 
Gro s s Brukkaro s vo! cano. 

Amphibole megacrysts are a prominent feature of 
the Silver Dam pyroclastics at Saltpetre Kop and 
Boyd (1971) has commented on the paucity of 
amphibole megacrysts in kimberlitic rocks as 
opposed to the appearance of this mineral in 
basaltic rocks. On the basis of McGetchen's 

(1970) analysis of kimberlite eruption 'Boyd"' 
(1971) points out that xenolithic fragments in 
these rocks are likely to originate at the same 
mantle depth as the matrix. This being the case 
the amphibole megacrysts present in the Silver 
Dam pyroclastics suggest an eruption from depths 
similar to those applicable to basaltic magmas. 
124 

According to the amphibole stability fields 
established by Boettcher et al. (1975) the 
Silver Dam pyroclastics could have equilibrated 
at pressures of 20-25 kb and the Silver Dam 
pyroclastics would thus represent a kimberlitic 
assemblage that equilibrated at shallower levels 
than many other kimberlites. 

In this respect the iron-rich nature of the 
ilmenites in the Silver Dam pyroelastics poses 
some contradictions. On the MgO vs T i02 plot 
for kimberlitic ilmenites (Green and Sobolev, 
1975) the Silver Dam ilmeni res 'Plot wi'•h" ilmen- 
ires having the lowest MgO and Ti02 contents and 
are similar in this respect to the autolith 
ilmenite nuclei reported by .F...er. gus. o • et al. 
(1973). According to Haggerry (1973) progressive 
crystallisation results in magnesium enrichment 
in kimberlitic ilmenites and iron-rich i!menites 
should therefore be characteristic of less rather 

than more evolved compositions. Compared with 
the results of Frick (1973) it is found that the 
Silver Dam ilmenites resemble those found in 
aln•itic rocks which are related to more evolved 
compositions in the kimberlite - non-kimberlite 
trends of Figures 5, 6, 7, 8 and 9a. Support 
for the possibility that the Silver Dam ilmenites 
represent relatively lower temperature equilibra- 
tion products in the kimberlite evolutionary 
sequence is indicated by the experimental work of 
Green and $obolev (1975). The latter authors 
have shown that in coexisting synthetic garnet- 
ilmenite parageneses Ti02 contents are proportion- 
al to temperatures of equilibration and decrease 
with falling temperature. As garnet was not 
observed in the Silver Dam specimens studied it 
follows that interpretation of the low-Ti02 Sil- 
ver Dam ilmenites as being indicative of lower 
temperature equi l ibrat ion than many other kimber- 
litic rocks must be treated with s•me reserve. 

However', the possibility of coexistence in depth 
of garnet and ilmenite in the Silver Dam kimber- 
litic magma cannot be discounted. Frick (1973) 
has commented on the instability of" ilm'&nite in 
kimberlite at the time of emplacement and con- 
siders that ilmenite in reaction with carbonated 

magma gives rise to magnetite and perovskite. 
The change from ilmenite as the major opaque 
phase in the Silver Dam pyroclastics to magnetite 
in the olivine melilitites is possibly explained 
by a liquid ilmenite reaction in relatively 
shallow environments. 

Possibly the most striking petrographic feature 
of the Sutherland melilitite suite is the react- 

ion relationship between olivine and liquid. 
Schairer and Yoder (1964), Schrairer (1967), 
Platt and Ed.•.ar (1972) and Gupta et al. (1973) 
have demonstrated the instability of forsteritc 
relative to melilite in synthetic compositions 
simulating ultrabasic alkaline liquids in the 
Ne-Fo-La-SiO2 system. Within this system the 
forsteritc-liquid reaction permits development 
of melilite nephelinites (diopside, melilite, 
nepheline) from olivine- nepheline- melilite- 
diopside-liquid assemblages. At lower temperat- 
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TABLE IfI. (continued) CIPW Norms (CO2 free) 

A D E F G H I K L M N 0 P 

ap 
il 
or 

ab 

an 

mt 

hm 

en 

fs 

di 

he 

fo 

fa 

ne 

lc 

la 

kp 

1.53 4.13 2.04 0.67 1.99 2.23 3.11 0.55 3.96 1.90 3.72 1.51 3.86 
3.52 4.94 4.74 3.46 4.58 6.65 7.18 5.70 11.77 6.45 11.07 6.56 11.53 
5.42 ............ 

2.83 ............ 

7.37 3.97 8.57 6.95 6.25 7.70 9.15 4.39 I3.64 5.81 12.81 ! 3.58 13.36 
7.01 8.43 -1.95 3.94 0.06 9.16 -.10.18 5.67 -16.69 5.41 -15.66 7.85 -16.35 
2.29 - 10.92 5.42 9.23 2.25 21.54 - 26.68 - 25.05 - 26.13 

17.40 16.64 14.16 - - 3.77 0.00 7.11 10.25 6.54 11.00 12.00 9.36 
2.29 0.37 ..... ! .23 - - - 1.23 - 

51 .93 44.46 44.38 54.75 51 .50 42.61 43.05 28. I7 25.50 '•1.90 28.59 27.13 26.52 
- 0.12 ..... 6.15 - 5.77 - 3.53 - 

0.68 2.24 2.97 2.83 2.91 2.33 4.52 15.17 4.11 5.82 3.88 8.66 4.02 
- 9.39 5.7t - - 5.45 3.20 7.22 9.62 13.42 9.04 6.36 9.44 
- 5.46 8.47 20.95 19.46 17.86 14.47 18.65 11.15 16.05 10.51 11.58 I2.13 
- - - 1.04 4.02 - 3.97 ...... 

ures melilite in turn is resorbed in liquid- 
diopside-melilite-nephe!ine assemblages to pro- 
duce potential wollastonite in nepheline- 
feldspar-diopsite assemblages which could mimic 
phonolite (Platt and Edga.r, 1972). 

The olivine-liquid reaction preserved in the 
Sutherland olivine melilitites would appear to 
provide the natural analogue of the forsterite- 
liquid reaction in the Ne-Fo-La-Si02 system; in 
the natural system melilite was accompanied by 
phlogopite, perovskite, montice!lite and zeolite. 

The stability limit of melilite •n the presence 
of excess CO2 is less than 6 kb- (yoder, 1975• , 

and this would imply a maximum depth of 18 km- 
for the onset of the olivine reaction interval. 

In Figures 5 and 6 a change of slope is apparent 
in the mean trend-lines defined by the fields of 
kimberlitic and non-kimberlitic rocks. This 

change takes place at the points of overlap of 
the two fields and is possibly a consequence of 
the change of fractionating phases o casioned by the olivine-liquid reaction at 6 kb -$ in the 
natural equivalent of the Ne-Fo-La-SiOa system. 
Trend-lines based on average cluster Group 
analyses do not show the change in trend (Figs. 
7,8). Ferguson et al. (1975), Danchin et al. 
(1975) and Janse (1971) favoured the development 
of monticellite as a relatively late-stage 
mineral during high-level arrest and equilibrat- 
ion of evolving magma of the kin•berlite trend. 
More recent work has revealed the not infrequent 
presence of monticellite in many South African 
kimberlites (Clement et al., 1975). Accordingly 
monticellite does not have the unique position 
among the more evolved members of the kimberlite 

series assigned to it by Janse (1971), Fer..•uso_n_ 
et al. (1975) and Danchin et al. (1975). 
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Separation of a carbonatite liquid from the 
carbonated kimberlitic magma either by a process 
of fractionation (Yoder, 1975; Wyllie and Huan•., 
1975) or immiscibility (yon Eckerman, 1961) is 
another feature which would be expected to mani- 
fest itself at lower pressure regimes than those 
at which magma generation took place. Wt•ether 
this separation took place at Saltpetre Kop be- 
fore or after the onset of the olivJne reaction 
interval is uncertain. Carbonate extraction 

would, however, result in a residual liquid con- 
sisting of olivine crystals togethe• with monti- 
cellire and potential or crystalline nepheline, 
melilite and ph!ogopite depending on deptl•. This 
liquid could be considered as a potential 
melilite-nepheline-phlogopite peridotite, contin- 
ued fractionation of which in a crustal regime 
would result in the formation of nepheline- 
phlogopite-melilitite, which in turn could give 
rise to an assemblage containing nepheline and 
feldspar. This latter assemblage is that of the 
Saltpetre Kop trachytes which probably represent 
the natural equivalent of the residual liquids 
which Platt and Edgar (1972) suggest mimic phono- 
lite in the K-free synthetic system. 

Two reactions (Yoder, 1973) which possibly took 
place at an advanced stage of evolution, but 
before the disappearance of olivine are' 

2 Ak + 3Lc + (x + 1)Fo+4Di + 3Ks + xFo (1) 

Di + 3Ks + (x + 4)Fo + 3H•O + COa + 
Phlogopite + Calcite + xFo (2) 

The amount of Fo available at the time of the 

reaction will determine the proportion of oliv- 
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ine in the final assemblage which apart from 
olivine agrees closely with the minor intrusives 
of metacarbonatite (calcite and biotite) de- 
scribed from Saltpetre Kop by de Wet (1974). The 
incompatibility of melilite a•'• feldspar in the 
presence of olivine (Yoder, 1973) precludes the 
possibility that the anorthite-monticellite- 
melilite-olivine assemblage encountered in these 
rocks is in equilibrium. 

A Model For Saltpetre Kop 

Kimberlitic magma with dissolved COz and H20 was 
generated by partial melting of hydrous carbonate- 
bearing garnet lherzolite (Wyllie and Huan•, 1975) 
at depths probably between 100-200 km. Initial 
slow uprise of this magma was accompanied by 
olivine and orthopyroxene fractionation. Arrest 
of some of the magma in a pressure regime where 
amphibole was a stable phase was followed by 
rapid transport to surface of this magma to give 
rise to the Silver Dam pyroclastics. Arrest of 
the evolving magma at depths of less than 18 km 
allowed fractionation towards the olivine react- 

ion interval to produce melilite-monticellite- 
phlogopite-perovskite-zeolite assemblages togeth- 
er with disequilibrium or excess olivine in the 
olivine melilitites. Possibly concomitantly 
with the arrest of the magma and the onset of the 
olivine reaction interval a carbonatite phase be- 
gan to separate; volatile pressure increased to 
the point where it exceeded the lithostatic pres- 
sure; doming took place culminating in the form- 
ation of the central vent at Saltpetre Kop. 
Radial and tangential fractures developed during 
updoming were then intermittently exploited by 
olivine melilitites, trachytic eruptives and car- 
bonarites. The trachytes developed as a result of 
continued fractionation of magma in a crustal 
regime to beyond the limit of melilite stability 
to produce a potassium-rich feldspar-bearing 
system. 
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MINERALOGY AND PETROLOGY 

MINERALOGICAL CLASSIFICATION OF SOUTHERN AFRICAN KIMBERLITES 

E. Michael W. Skinner and C. Roger Clement 

Geology Department, De Beers Consolidated Mines Limited, P.O. Box 616, Kimberley 8300, R.S.A. 

A_•r.a__qc!. Previous mineralogical classifica- 
tions of kimberlites are considered inadequate 
principally because they fail to take into account 
the full range of primary minerals that occur in 
these rocks. A new classification is therefore 
proposed based on the relative abundances in kim- 
berlites of five primary minerals. These miner- 
als are diopside, monticellite, phlogopite, cal- 
cite and serpentine. 

Olivine is always an abundant mineral in kim- 
berlites but is of limited use in classification 
since the abundance of olivine is largely indepen- 
dent of the relative abundances of the other 

minerals present. Furthermore, adequate distinc- 
tion cannot be made between olivine derived 
directly from the kimberlite magma and xenocrystic 
olivine. 

Deuteric alteration of kimberlites is a common 
feature but alteration due to deuteric processes 
does not seriously hinder classification. Severe 
weathering or metasomatism may, however, make 
reliable mineralogical classification impossible. 

Modal analyses of twelve southern African kim- 
berlites are presented to demonstrate the practic- 
al application of the proposed classification and 
to illustrate the wide mineralogical range exhibi- 
ted by kimberlites. 

Introduction 

Examination of the fine-grained constituents of 
kimberlites has been and is to some extent a com- 

paratively neglected aspect of petrographic stud ~ø 
ies of these rocks. In contrast many detailed 
investigations have been undertaken with respect 
to the larger (often xenocrystic or xenolithic) 
components of kimberlites. Two main reasons for 
this can be advanced. Firstly many of the coarse 
components are considered to be representatives of 
minerals and rocks which occur in the Earth's 
upper mantle and consequently they are of consid- 
erable geological importance. The true rela- 
tionship of these components to kimberlites is 
poorly understood. Secondly the fine-grained 
components have been regarded as rather elusive 
constituents which are commonly extensively al- 
tered. We believe, however, that a better under- 
standing of the fine-grained minerals is essential 

if the nature of kimberlite and its relationship 
with other rocks is to be fully understood. We 
also believe that previous mineralogical classi- 
fications of kimberlite are generally inadequate 
because they fail to take into account the full 
range of primary minerals that may be present in 
kimberlites. 

A fundamental requirement for the mineralogical 
classification of any suite of rocks is the delin- 
eation of valid petrographic limits. For our 
proposed classification we consider that such 
limits are embodied in the definition of kimber- 
lite proposed by Clement et al. (1977). The most 
relevant part of this definition is as follows: 
"The matrix contains as prominent primary pheno- 
crystal and/or groundmass constituents, olivine 
and several of the following minerals: phlogopite, 
calcite, serpentine, diopside, monticellite, apa- 
tite, spinels, perovskite and ilmenite. Other 
primary minerals may be present in accessory 
amo un ts. • 

Review and Discussion of Some Previous 
Classifications 

Early classifications of kimberlite such as 
those introduced by Lewis (1897) and by Wagner 
(1914), tend to combine a number of physical char- 
acteristics, including the degree of weathering 
and textural variation, with variation in mineral 
content. Two main types of kimberlite were 
recognised. These are basaltic (mica-poor) and 
lamprophyric (micaceous) kimberlites. 

The terms used by Lewis and Wagner have become 
widely accepted and still form the basis of most 
modern classifications. For example, the elabor- 
ate classification devised by Milashev (1963; 
cited by Frantsesson, 1970) is based, from a 
mineralogical standpoint, on initial subdivision 
into basaltic and lamprophyric types. Further 
subdivision is made according to specific groups 
of minerals which Milashev regarded as principal 
primary constituents. Basal tic kimberlite was 
divided into types containing (a) olivine, clino- 
pyroxene and/or melilite(?) and (b) olivine or 
olivine and monticellite. Lamprophyric kimber- 
lite was divided into types containing (a) olivine, 
phlogopite, clinopyroxene and/or melilite(?) and 
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Fig. 1. A phlogopite kimberlite from the Sydney-on-Vaal dyke. Serpentinized olivine phenocrysts are 
set in a groundmass consisting mainly of small, euhedral, phlogopite crystals. 

(b) olivine and phlogopite or olivine, monticell- 
ite and phlogopite. 

The inclusion of melilite in Milashev's 
classification as a principal primary mineral is 
questionable. In the kimberlites which we have 
examined we have not found melilite or any other 
feldspathoid minerals, but we admit that our 
sample is regionally biased. Milashev regarded 
both calcite and serpentine as secondary minerals. 
It has, however, since been shown (Watson, 1967; 
Emeleus and Andrews, 1975; Clement, 1975 and 
others) that these minerals also occur as primary 
cons tituen ts. 

The widespread acceptance of Lewis' and 

In an alternative classification proposed by 
Mitchell (1970) kimberlites were subdivided 
according to the relative abundances of olivine, 
phlogopite and carbonate. Three main types, kim- 
berlite (equivalent to basaltic kimberlite), mica- 
ceous kimberlite and calcareous kimberlite, were 

recognised. We consider that this classification 
like others, is inadequate, mainly because it 
fails to account for the full range in type and 
abundance of principal primary minerals. An 
additional criticism is that use of the term 

'kimberlite' to describe a specific variety is 
confusing. 'Kimberlite' is used, and will con- 
tinue to be used, as a collective term uniting all 

Wagner's terms is surprising. The term 'basaltic' members of the kimberlite suite incorporating all 
is geologically incorrect in the context of these 
authors as kimberlites are feldspar-free and do 
not typically display a basaltic texture. 
Furthermore both 'basal tic' and'lamprophyric' are 
vague terms for which no compositional limits are 
set. Kimberlite classification based on these terms 

is therefore subjective and may lead to confusion. 

mineralogical variations and including epiclastic, 
pyroclastic and igneous types. 

The presence or relative abundance of olivine 
has been utilized as a basis for the subdivisions 

of kimberlites by Milashev (op. cit.) Mitchell 
(op. cit.) and others. We have found, however, 
that the abundance of o livine is largely indepen- 

130 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



Fi•. 2_. ^ phl•op•te kim•erl•te, •rom t•e •ai• dyke of t•e $•artru•en$ •:•up. $teati•ed oliv•e 
plus l• a•d small phl•op•_te p•e•ocryst$ are set i• an extremely f•_•e-•rained p•lo•opitic •ro•d- 
•a$s. •ote the s•b-parallel or•e•tat•o• o• elanõate crystals. 

dent of the variation in abundance and type of 
other major constituents. Hence olivine is of 
limited use for classification purposes. Evi- 
dence exists to indicate that many anhedral 
crystals of olivine are xenocrysts (e.g. Boyd and 
Clement, 1977) while others may represent corroded 
phenocrysts. Adequate distinction between these 
olivines is not as yet possible. The proportion 
of olivine derived directly from the kimberlite 
magma cannot therefore be accurately assessed. 
This problem further limits the use of olivine in 
classification. 

The Proposed Mineralogical Classification of 
Kimbe rl ite 

This classification is based on the examination 
of approximately 2000 thin sections representing 
more than 200 kimberlites located within South 

Africa, Lesotho, Botswana and Rhodesia. This 

study has indicated that, in addition to olivine, 
any one of five other minerals may be present as a 
major primary constituent of kimberlite. These 
minerals are diopside, monticellite, phlogopite, 
calcite and serpentine. Accordingly we propose 
the recognition of five basic subdivisions of kim- 
betlite depending upon (and named after) whichever 
one of these five minerals is volumetrically most 
abundant. Olivine is omitted in view of the pre- 
viously discussed limitations. 

Further subdivision can be made if one or more 

of these or any other mineral is present in suffi- 
cient abundance for it to qualify as a character- 
izing accessory or modifier. We have found it 
useful to accept, as characterizing accessories, 
those minerals which are present to the extent of, 
or exceed two-thirds of the volumetric abundance 
of the dominant mineral. We accept the possi- 
bility that, in addition to the five minerals 
listed above, some other mineral may occur as a 
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Fig. 3. A serpentine-phlogopite kimberlite, from the Finsch pipe. Globular segregations (autoliths) 
contain mainly phenocrysts of olivine (serpentinized) and phlogop•te plus very fine-grained phlogopite 
and diopside. The interautolithic material is essentially serpentine. 

major constituent of kimberlite. In this event 
our primary subdivision could be extended. 

In the kimberlites which we have examined only 
one other mineral has been found to occasionally 
occur in sufficient abundance for it to qualify as 
a characterizing accessory. This mineral is apa- 
tite. It is, however, also true that the total 
opaque-mineral content accounts for a major pro- 
portion of some kimberlites. Opaque minerals 
often cannot be identified during point-counting 
in transmitted light. Ideally a combination of 
reflected and transmitted light studies are re- 
quired to remedy this inadequacy. As a temporary 
measure we have qualified all kimberlites contain- 
ing abundant opaque-minerals as 'opaque-mineral- 
rich'. 

All other primary minerals present in the kim- 
berlites that we have examined invariably occur 
as minor accessories. They do not therefore 
affect classification of the rocks. 
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Kimberlites sometimes contain more than one 

generation of phlogopite. Some of this phlo- 
gopite may have a cryptogenic (unknown) origin. 
Such phlogopite has, however, not been found in 
sufficient abundance for it to l•inder accurate 
classification of the rock. 

Alteration Effects 

Adequate mineralogical classification of any 
rock is partly dependent on the degree to which 
the rock has been altered. Extensive alteration 

introduces a subjective element into classifica- 
tion as interpretive assessment of the nature of 
the original minerals becomes necessary. 

Kimberlites may be altered by deuteric, meta- 
somatic and weathering processes. Deuteric 
alteration, generally reflected by partial or 
complete pseudomorphous replacement of original 
minerals, is evident to some degree in all the 
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Fig. 4. A calcite-serpentine kimberlite, from a dyke in the country-rock of the Dutoitspan pipe. Al- 
tered (mainly serpentinized and chloritized) olivine phenocrysts (rimmed by small opaque-minerals) and 
rafts of calcite (ego bottom-right of large olivine) are set in a groundmass of serpentine which is 
speckled with small flakes of secondary clay minerals. 

kimberlites that we have examined. As deuteric 

processes are the direct consequence of the con- 
solidation of the magma, the resulting alteration 
products, for purposes of this classification are 
regarded as primary constituents. Alteration of 
this type does not therefore pose a serious prob- 
lem with respect to classification. 

Alteration due to metasomatic and/or weathering 
processes in kimberlites is generally reflected by 
the development of clay, and/or chlorite and/or 
abundant carbonate minerals. Replacement result- 
ing from metasomatic and weathering processes 
seldom takes place in pseudomorphous fashion. 
Thus, according to the nature of the alteration 
products and the form of replacement, it is com- 
monly possible to distinguish between deuteric and 
other alteration effects with sufficient accuracy 
to ensure adequate classification. 

In those cases where many of the original min- 
erals are masked by the products of extensive 

alteration, and where the nature of the alteration 
processes cannot be determined, reliable mineral- 
ogical classification may be rendered impossible. 

In practice, during point-counting to establish 
modal proportions, the following situations may 
arise: 

1. Unaltered minerals may be encountered. 
2. Partly or completely altered minerals may be 

eucountered but the nature of the original 
minerals can be recognised by mineral relicts 
and/or preservation of original mineral mor- 
phologies and/or relict textural features. 

3. Completely altered minerals may be encountered 
and the nature of the original minerals cannot 
be determined but the processes responsible 
for the alteration can be identified as having 
been deuteric. 

4. Completely altered minerals may be encountered 
and the nature of the original minerals cannot 
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phenocrysts of fresh olivine, opaque minerals, perovskite and apatite are set in a groundmass of calcite. 

be determined but the alteration can be ident- 

ified as having been due to metasomatic and/or 
weathering processes. 
5. Completely altered minerals may be encountered 

but neither the nature of the original miner- 
als nor the processes responsible for the 
alteration can be identified. 

In determining modal proportions no problems 
are experienced with respect to points 1, 2 and 3. 
In the case of points 4 and 5 classification is 
hindered or may not be possible because original 
modal proportions cannot be determined. We sug- 
gest that highly weathered kimberlites that cannot 
be classified be named according to the dominant 
alteration process as indicated by the alteration 
products present (e.g. carbonatized kimberlite). 

Application of the Proposed Classification 

We have found that, for most of the kimberlites 
that we have examined, limited point-counting (eg. 
500 points over a single thin section measuring 

600 mm 2) is adequate to establish modal_ propor- 
tions with sufficient accuracy for meaningfu! 
classification. In other cases, where the petro- 
graphy of the kimberlites varies significantly 
over short distances, we have found it necessary 
to point-count several thin sections from differ- 
ent specimens. For example, additional point- 
counting was needed to account for petrographic 
variations created by the effects of flowage 
differentiation in the case of the Swartruggens 
kimberlite dyke (analysis 3, Table I and Fig. 2). 

Eighteen modal analyses of kimberlite from 
twelve southern African occurrences are presented 
in Table I. Included in this table are modal 

proportions recalculated on an olivine-free basis. 
These highlight the relative abundances of the 
other primary minerals. The modal analyses 
have been selected to demonstrate the practical 
application of the classification and to illus- 
trate the large variation in content of major 
primary minerals. 

Analyses 4 and 5, from coarse and fine-grained 
zones within the same kimberlite, are included as 
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Fig. 6. A serpentine-phlogopite-calcite kimberlite, from the Wesselton pipe. Groundmass serpentine 
(centre) encloses rafts of calcite (some with corroded margins) and is bordered by phlogopite laths, al- 
tered olivine grains ,lnd microphenocrysts of opaque minerals and perovskite. 

an example illustrating that the abundance of 
olivine has little effect on the relative propor- 
tions of the minerals used for classification. 

Analysis 9 is included to illustrate the problem 
resulting from the presence of abundant opaque 
minerals (Figure 5). Comparison of analyses 2 
and 18 (Figures 9 and 10) which represent neigh- 
bouring kimberlite intrusions in the same pipe 
and which differ markedly in mineral content, 
stresses the need for a detailed mineralogical 
classification of kimberlite. 

Twelve photomicrographs of some of the kimber- 
lites represented in Table I are presented to 
graphically illustrate variations in petrographic 
features including variations in mineral content. 

Conclusion 

The proposed classification is based on quanti- 
tative modal analysis. It therefore provides a 

practical basis for subdividing kimberlite in 
terms of mineral content. Although this classi- 
fication is based on the examination of southern 

African kimberlites, published mineralogical des- 
criptions of kimberlites from elsewhere, indicate 
that it may have wider application. 

The use of this scheme for classifying many 
different kimberlites of variable mode of occur- 

rence and texture has met with few problems. The 
most serious of these are those resulting from ex- 
tensive alteration. In this respect we feel that 
progress has been made in interpreting the nature 
of the alteration processes affecting kimberlite. 
We admit, however, that this interpretation may, 
in some cases, be subjective. 

We hope that this classification will provide a 
broader base for comparing kimberlites of diver- 
gent and like mineralogy and for comparing kim- 
berlites with other rock types. 
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Fig. 7. A diopside k•mberllte from the Letlhakane DK1 pipe. Fine crystals of diopside are set in a 
base of serpentine (bottom). They surround altered olivine phenocrysts (eg. top middle) and also en- 
close calcite in orbicular, geode-like structures (top, left). 

Fig. 8. A phlogopite-diopside kimberlite, from an Intermediate dyke of the Bellsbank groupß Pheno- 
crysts of altered olivine (top left) and diopside (small aggregate, centre) are set in a groundmass of 
finer-grained diopside, phlogopite and serpentine. 
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Fig. 9. A phlogopite kimberlite, from the 'Core kimberlite' in the south-eastern part o the De Beers 
pipe. Partially altered and marginally corroded phenocrysts of olivine are set in a groundmass of 
phlogopite, lesser serpentine (centre) and apatite (acicular crystals, top-left of centre). 

Fig. 1¸. A monticellite kimberlite from the 'Peripheral kimberlite' in the south-eastern part of the De 
Beers pipe. Comparatively fresh olivine crystals and microphenocrysts of opaque minerals and perovskite 
are set in a granular groundmass of monticellite. Individual monticellite grains generally measure less 
than 4OH. 
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Fig. 11. A phlogopite-monticellite kimberlite, from the Wesselton pipe. Altered (mainly serpentinized 
and phlogopitized) o]ivine phenocrysts are surrounded by small crystals of monticellite, opaque-minerals, 
perovskite and mica all of which are set within either larger sized mica plates (eg. centre) or irregular 
patches of serpentine. 
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PETROGENESIS OF KIMBERLITIC ROCKS AND ASSOCIATED XENOLITHS 
OF SOUTHEASTERN AUSTRALIA 

John Ferguson and J. W. Sheraton 

Bureau of Mineral Resources, P.O. Box 378, Canberra City, A.C.T. 2601 Australia 

Abstract. Fourteen widely-separated occur- 
rences of kimberlitic rocks have recently been 
discovered in southeastern Australia. Those that 

have been dated have given ages ranging from 
Permian to Cainozoic. One occurrence exhibits 

an intimate spatial association with carbonatite. 
Lherzolite nodules, with garnet and/or spinel, 
have been found in two areas; eclogite nodules 
are more widespread. Most of the clinopyroxenes 
and garnets in the kimberlites are chemically 
similar to those from the lherzolite or eclogite 
nodules. Garnet and clinopyroxene from one 
eclogite (grinquaite) nodule are of identical 
composition to those from garnet lherzolite 
from the same area, suggesting derivation from 
a common mantle source region. Other eclogites 
are considerably more iron-rich, and apparently 
originated at higher levels in the upper mantle 
or lower crust. Ilmenites from three occurrences 

plot within the field of those found in olivine 
melilitite with low Mg and high Fe contents. 
A fourth occurrence contains ilmenite that is 

enriched in Mg and Ti, suggesting derivation 
from garnet peridotire. 

Kimberlitic rocks from southeastern Australia 

which have been analyzed may be divided into 
two chemically distinct groups which define 
divergent trends within the CMAS tetrahedron. 
Those from Walloway, South Australia, fall on 
the more evolved part of the "normal" kimberlite 
trend shown by kimberlites and related alkaline 
ultramafic rocks of southern Africa. Rocks of 

this type are considered to have been formed 
by less than one percent of melting of garnet 
lherzolite at depths in excess of 125 km, 
followed by olivine and orthopyroxene dominated 
fractionation; garnet and clinopyroxene do not 
appear to have been significant fractionating 
phases. The Cainozoic kimberlitic rocks from 
Jugiong, New South Wales, are relatively enriched 
in A1203 and Na20 , and depleted in Mg0, and 
have close chemical affinities with olivine 

nephelinites. Consideration of phase relations 
in the CMAS tetrahedron indicates equilibration 
pressures of about 20 kb, and the chemical 
variations may be explained in terms of only 
minor olivine and possibly orthopyroxene 

fractionation. Temperature estimates based 
on compositions of coexisting minerals in ]her- 
zolite and eclogite nodules, and the occurrence 
of a unique garnet-spinel lherzolite inclusion 
falling on the quasi-univariant boundary between 
the garnet and spine]. lherzolite fields, show 
that the nodules equilibrated at about 1240øC 
and 22 kb. This is in good agreement with the 
data obtained for the host rocks, and suggests 
that the olivine nephelinite magmas were derived 
by partial melting of garnet lherzolite at 
depths of about 70 km. The abnormally high 
geothermal gradient implied by these data is 
higher than the calculated mean oceanic geotherm, 
and intersects the graphite-diamond stability 
curve at considerably higher temperatures and 
pressures than those indicated by the nodules, 
so that it is most unlikely that diamondiferous 
kimberlites of Cainozoic age occur in this part 
of New South Wales. 

Introduction 

Fourteen widely-separated areas of kimberlitic 
rocks, which include olivine nephelinite and 
carbonatite, have recently been discovered in 
southeastern Australia in the states of South 

Australia, Tasmania, Victoria, and New South 
Wales. Localities are shown in Figure 1, and 
details of the occurrences and structural 

relations are given by Strake• et al. (this 
vol.). Reference has previously been made to 
these occurrences (Lovering and White, 1969; 
Colchester, 1972; Tucker and Collerson, 1972; 
Ferguson, et. al.,1977). 

Analyses were carried out on concentrates 
comprising one or more of the minerals, clino- 
pyroxene, garnet, and ilmenite, separated from 
kimberlitic rocks from seven of the areas. 

Lherzolite nodules were obtained from three 

kimberlitic intrusions in two areas, and eclo- 
gite nodules from four areas. Temperature- 
pressure estimates were calculated for these 
inclusions and a palaeogeotherm constructed, 
and petrogenetic models tested using chemical 
mineralogical data. 

In this paper we have used the term "kimber- 
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Fig. ]. Localities of kimberlitic occurrences 
in southeastern Australia. Areas: 1 = Port 

Augusta, 2 = Wal]oway, 3 = Terowie, 4 = White 
Cliffs, 5 = Bu]]enmer•i, 6 = Oat]ands, 7 = 
Delegate, 8 = Bombala, 9 = Juglong, l0 = Aber- 
crombie, 1] = Nullo Mountain, 12 = Gloucester, 
13 = B•ngara, ]4 = Mount Brown. 

litic" to describe these rocks as there are 

significant petrographic and chemical differences 
compared with kimberlites from other areas. 
Mineral compositions are typical of those 
found in kimberlites from other localities, 

although bulk compositions of rocks from two 
areas (White Clœffs and Jugiong) are more compar- 
able with olivine nephelinites and related 
alkaline ultramafic rocks. Intrusives from 

Walloway have bulk compositions similar to 
kimberlites. 

Petrography of Kimberlitic Rocks 

Owing to the weathered nature of much of the 
material, petrographic investigations were 
restricted to moderately fresh samples from 
four areas (2, 3, 4, and 9, Fig. 1). 

Walloway• Terowie and White Cliffs (Areas 2• 3 
and 4) 

Narrow kimberlitic dykes which occur in these 
areas are of the micaceous variety. Phenocrysts 
comprise phlogopite, up to 2 mm long, and 
euhedral pseudomorphed olivine, up to 1 mm 
long. The olivine is replaced by carbonate, 
serpentine and chlorite. The groundmass (<0.1 mm) 
consists of phlogopite, magnesite, opaque min- 
erals, and in some cases, brown spinel and 
perovskite. 

At Walloway (area 2) carbonated kimberlitic 

intrusives are associated with carbonatite. 

Phlogopite phenocrysts are common, and olivine 
is replaced by serpentine and carbonate. 613C 
values of carbonates from kimberlitic rocks 

from both the Walloway and Jugiong areas are 
compatible with the primary carbonates being 
magmatic (T. H. Donnelly, pers. comm., 1977). 

Juglong (Are.a 9) 

Two types of kimberlitic intrusives are found 
in this area. The dominant type is a massive, 
dark, fine-grained, porphyritic rock, but two 
of the seven intrusions are brecciated (equiva- 
lent to the diatreme-facies kimberlite of 

Dawson, 1971). Both types are extensively 
altered, but most of the freshest material came 
from this area. 

Massive kimberlitic rocks. These rocks 

occur as neck fillings (up to 40 m wide), and 
as narrow dykes up to 30 cm thick. Euhedral 
olivine, or its pseudomorphs, forms phenocrysts 
up to 1 mm across; angular xenocrysts, up to 
5 mm in diameter, comprise olivine, orthopyroxene, 
clinopyroxene, garnet and spinel (i.e. lherzolite 
assemblage). The very fine-grained groundmass 
contains aegirine, aegirine-augite, augite, 
richterite, orthoclase, magnesite and minor 
amounts of albite, analcite, chlorite, per- 
ovskite and magnetite. Some of these phases 
are probably secondary, and serpentine, brown 
mica and magnesite are abundant replacement 
minerals. A feature of the rocks is the pres- 
ence of spherical or irregular ocelli, up to 
5 mm across. They are slightly coarser grained 
than the groundmass, and more felsic, olivine 
being absent. There is a correlation between 
the compositions of the olivine phenocrysts, 
which range from Fo91 to Fo86 in different 
intrusions, and mineralogical variations in 
the groundmass and ocelli. In rocks with more 
magnesian olivine phenocrysts, the ocelli con- 
sist of magnesite, analcite and only minor augite. 
With decreasing Fo values, clinopyroxene becomes 
more abundant and more sodic (aegirine), rich- 
terite appears, and orthoclase becomes the 
predominant felsic mineral. In the most evolved 
rocks a brown mica is present, and richterite 
forms mantles to xenocrystic pyroxene and 
olivine. 

Xenocrystic olivine is usually Fo91, but 
a few grains are Fo84, and there is also a 
group between Fo86 and Fo88. Orthopyroxene 
is consistently En91, and spinel xenocrysts 
have molecular A1/Cr ratios of about 3. Rare 
composite fragments are also present - e.g., 
an orthopyroxene host with olivine inclusions. 
Many of these xenocrysts have compositions 
identical to those of minerals in the lherzo- 
lite nodules. 

Although having many features characteristic 
of kimberlites, these rocks appear to have petro- 
graphic affinities with olivine analcitites 
and monchiquites. However, the degree of 
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Table 1. Compositions of co-existing minerals in typical lherzolite and eclogite nodules from 
Jugiong (area 9; lherzolites from intrusion 3, eclogite from intrusion 4) and White Cliffs 
(area 4, intrusion 2). Averages of type I and type II eciogite clinopyroxenes and garnet are 
from Edwards, et al. (in prep.). 

Sample No 

Si02 
Ti02 
A1203 
Fe0* 

Mn0 

Mg0 
Ca0 

Na20 
Cr203 

__ 

Si 

AliV 
A1 vi 
Ti 

Cr 

Fe 3+ 
Fe2+ 
Mn 

Mg 
Ca 

Na 

Mg/(Mg+ 

Fe 3+) 

Spinel lherzolite Garnet-spinel lherzolite 
75210418 75210052/39 

01 Opx Cpx Sp 

40.32 54.62 52.15 n.d. 

n.d. 0.17 0.56 0.45 

n.d. 4.14 5.90 48.98 
9.60 6.11 3.15 12.15 

0.19 0.23 0.21 n.d. 

49.88 33.38 15.84 20.28 
n.d. 0.78 18.91 0.07 

n.d. n.d. 1.74 n.d. 

n.d. 0.59 1.53 18.06 

4 6 6 4 

0.985 1.884 1.883 - 

- 0.116 0.117 1.535 

- 0. 052 0o 134 - 
- 0.004 0.015 0.009 

- 0.016 0.044 0.380 

0.031 0.039 0.031 0.067 

0.165 0.137 0.064 0.203 
0.004 0. 007 0.006 - 

1.815 1. 716 0.852 0.804 

- 0.029 0.732 0.002 

- - 0.122 - 

0. 903 0.907 0. 900 0. 748 

01 Opx Cpx Gt Sp 

40.93 55.41 52.64 42.36 n.d. 

n.d. n.d. n.d. n.d. n.d. 

n.d. 4.53 5.55 22.50 47.30 

8.81 5.17 2.61 6.30 11.24 

n.d. n.d. n.d. 0.27 0.33 

50.25 33.47 16.72 2].09 19.47 

n.d. 0.88 19.94 5.39 n.d. 
n.d. n.d. 1.26 n.d. n.d. 

n.d. 0.53 1.28 2.1.0 21.66 

4 6 6 ]2 4 

0.997 1.904 1.895 2.992 - 

- 0.096 0. 'I. 05 0. 008 1. 500 

- 0.088 0.131 1.866 - 

- 0.014 0.036 0.117 0.460 

0.006 - 0.026 0.024 0.040 

0.1.73 0.149 0.053 0.348 0.212 

- - - 0.016 0.007 

1.824 1.714 0.897 2.220 0.780 

- 0. 032 0. 769 0. 408 - 
- - 0.088 - - 

0. 911 0. 920 0. 919 0.856 0. 756 

* Total Fe as Fe0 O1 = Olivine Cpx = Clinopyroxene 
n.d. Not detected Opx = Orthopyroxene Gt = Garnet 

Sp = Sp•inel 

alteration makes more precise classification 
difficult. 

Brecciated kimberlitic rocks. Brecciated 

(diatreme-facies) kimberlitic rocks are found 
in two intrusions which have a minimum depth 
of 200 m. These rocks contain nucleated auto- 

liths (Ferguson, et al., 1973), and angular 
to rounded fragments similar to the lapilli 
found in kimberlites from the Kao pipe, Lesotho 
(Clement, 1973). Lapilli and nucleated auto- 
liths can make up as much as 40 percent, by 
volume, of the rock, lapilli being the more 
abundant. The lapilli are characterised by a 
range of grainsize produced by a mixture of 
phenocrysts and xenocrysts, whereas the auto- 
liths, typically 1-12 cm across, are more even- 
grained. The nuclei of the autoliths comprise 
mantle or crustal rock or mineral fragments, 
and rarely, kimberlitic lapilli. 

Both crustal and mantle xenoliths are common. 

The former are mostly granite, with minor basalt 
and granulite fragments and kaersutite crystals. 
Mantle rock inclusions include griquaites (Nixon, 
1973), as well as garnet, spinel, and garnet- 
spinel lherzolites. 

Petrography of Nodule• 

Nodules in the kimberlitic rocks are of 

three main types - lherzolites, eclogites and 
crustal rocks (granite, basalt and mafic granu- 
lite). 

All the lherzolite nodules studied, apart 
from a single example from Gloucester (area 12), 
come from the Jugiong (area 9). Garnet, spinel 
and garnet-spinel lherzolites are all found in 
the Jugiong area, and mainly form small nodules 
1 or 2 cm across with an average grainsize of 
about 1 mm. The main constituents are olivine 

Fo90_92 (40-60%), enstatite En90_92 (20-40%), 
and pale green chrome diopside (10-25%), with 
small amounts of pyrope-rich garnet (0-10%) 
and greenish brown or reddish brown aluminous, 
or rarely chrome-rich spinel (0-5%) (Table 1). 
Many of the xenocrysts in the kimberlitic rocks 
are of identical composition, and are probably 
fragments of lherzolite. Scapolite and phlogo- 
pite were found in a few nodules. Olivine is 
commonly slightly serpentinised, pyroxenes have 
finely granulated margins, and in most rocks 
garnet shows extensive replacement by orange- 
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Table 1. Cont. 

01 

Garnet lherzolite 

75210424 

Opx Cpx Gt 

40.04 54.47 51.56 41.39 
n.d. 0.16 0.67 0.22 
n.d. 4.43 6.59 22.93 

10.26 6.55 3.42 7.89 
0.24 0.22 0.18 0.47 

49.41 32.82 15.66 20.62 
n.d. 0.77 18.86 4.87 
n.d. n.d. 1.75 n.d. 
0.05 0.58 1.33 1.62 

4 

0.981 
-- 

0.001 

0.038 
0.172 

0. 005 

1.803 

6 6 12 
1.885 1.861 2.935 

0.115 0.139 0.065 
0.066 0.141 1.852 

0.004 0.018 0.012 
0.016 0.038 0.091 

0.028 0.046 0.099 

0.161 0.057 0.369 
0.006 0.006 0.028 
1.692 0.842 2.179 
0.029 0.729 0.370 

- 0.122 - 

75210414 

C. px Gt 

52.44 

0.31 

6.41 
2.88 

0.15 

16.05 

19.46 

1.80 

0.53 

41.83 

0.10 

24.38 

6.61 

0.41 

21.45 

4.55 

0.33 

0.35 

0.896 0.900 0.891 0.822 

6 

1.882 

0.118 

0.153 

0.008 

0.015 

0.058 

0.029 

0.005 

0.859 
0.748 

0.125 

0.908 

12 

2.928 

0.072 

1.940 

0.005 

0.019 

0.146 

0.240 

0.024 

2.238 

0.341 

0.045 

0.853 

Eclogites 

Type I 
Cpx G t 

52.38 39.73 

0.62 0.11 

9.04 21.62 
7.52 20.31 

0.06 0.49 

9.65 8.44 
17.04 9.21 

3.62 0.05 

0.06 0.04 

6 12 

1.913 3.019 

0. 087 - 

0.302 1.937 
0.017 O. 006 

0.002 0.002 

0. 006 0. 017 
0.223 1.273 

0.002 0.032 

0.525 0.956 
0.667 0.750 

0.256 0.007 

0.696 0.426 

Type II 
Cpx Gt 

52.60 40.85 

0.54 0.07 

11.49 22.60 
2.99 13.20 

0.03 0.32 

10.75 14.36 

18.02 8.50 

3.53 0.05 

0.05 0.05 

6 12 

1.882 2.984 

0.118 0.016 
0.367 1.931 

0.015 0.004 
0.001 0.0O3 

- 0.081 

0.089 0.725 
0.001 0.020 
0.573 1.564 
0.691 0.665 
0.245 0.007 

0.886 0.660 

Sa_.mp le No. 

Si0_ 

Ti0• 
Al•03 Fe•* 
Mn0 

Mg0 
Ca0 

Na20 
Cr203 

._ 

si 

AliV 
AlVi 
Ti 

Cr 

Fe3+ 
Fe 2+ 
Mn 

Mg 
Ca 

Na 

Mg/(Mg+ 
Fe2++ 
Fe 3+) 

* Total Fe as Fe0 01 = Olivine Cpx = Clinopyroxene 
n.d. Not detected Opx = Orthopyroxene Gt = Garnet 

Sp = Spinel 

brown keiyphitic material and pale greenish- 
brown spinel. Clinopyroxene in the Gloucester 
lherzolite is partly replaced by pale brownish 
amphibole. In only one garnet-spinel lherzolite 
(75210052/39) is there an equilibrium assemblage 
(Ferguson,.• et al., 1977). 

Eclogite nodules are more widespread than 
lherzolites, and were found in kimberlitic rocks 
from Port Augusta, White Cliffs, Jugiong and 
Gloucester (areas 1, 4, 9 and 12, respectively). 
They have also been described from Delegate 
(area 7, Lovering and White, 1969). Those from 
White Cliffs have been described by Edwards, 
et el. (in prep.). Pale green clinopyroxene 
(40-70%) and pale pink garnet (30-50%) are the 
main constituents, although there are appreci.- 
able amounts of p lagioclase, quartz and 
scapolite (sulphur-rich mizzonite in an eclogite 
from Gloucester: 75210096) in some nodules. 
Orthopyroxene is present in one of the eclogites 
from Jugiong, kyanite occurs in some of the White 
Cliffs eclogites, and several nodules from Port 
Augusta contain up to 10 percent of brownish 
amphibole. Minor constituents are apatite, 
rutile, sphene and opaque minerals. Garnet 
commonly shows extensive alteration to kelyphite, 
predominantly magnesian gedrite. Other secondary 

minerals include pale green aluminous spinel, 
analcite, brownish mica, carbonate and chlorite. 

Clinopyroxene and garnet from one of the 
Jugiong eclogite nodules are almost identical 
in composition to those from lherzolite nodules 
from the same pipe, and minerals from a second 
eclogite are only slightly more Fe-rich (see 
below). This suggests a source at similar 
depths in the mantle for both bypes of nodule. 
There is a slight layering in some nodules which 
suggests that cumulates of eclogite composition 
may form part of the garnet lherzolite assemblage. 
These mantle-derived eclogites (or griquaites: 
Nixon, 1973) are distinct from more Fe-rich, 
probably crustal eclogites from the other 
localities. Fragments of undoubted crustal 
material (or thopyroxene-c linopyroxene-p lagioclase 
and garnet-orthopyroxene-clinopyroxene-plagioclase 
granulites, granite and basalt) occur in kimber- 
lites from the Port Augusta and Jugiong areas. 

Mineral Chemistry 

Heavy mineral concentrates of unaltered 
minerals from residual weathered kimberlitic 
rocks were obtained from eight areas. Analyses 
of these concentrates, which comprised one or 
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Cr * Concentrates Ca-rich and Cr-poor compared with garnet inclu- 

•o•9 • I_herzohte nodules sions in diamond (G_ur.ney and Switzer, 1973), Fclogite nodules although two of those from Terowie have relatively 
Boyd (1970):- high Cr contents (Figure 2). 0 (•.•) Lherzol•te field ' 

•O • Klmberlite f,eld Garnets of cluster group 5, which includes Fe • $obo•ev ½m771.- examples from both kimberlites and eclogites 
0o I F,eld of garnets from (Dawson and Stephens, 1975), are confined to 

k?O C'" '• d,amonds -- 
• • F•eld of 

0 per•dohte 
50 

40 

• 2• .. 

::]:Z F•eld of garnets from 
per•dohte xenol•ths 

Fig. 2. Compositions of garnets from lherzolite 
and eclogite nodules and mineral concentrates 
from kimberlitic intrusives of southeastern 

Australia plotted on variation diagrams for the 
6 and 8-coordinated sites. 

more of the minerals garnet, clinopyroxene and 
i!menite, and of the various phases in the 
ultramafic nodules, were carried out on a 
T.P.D. energy-dispersive electron microprobe 
using the methods described by Reed and Ware 
(1975). The results were normalized to 100 
weight percent to aid comparisons, and Fe3+/Fe2+ 
ratios were calculated assuming ideal stoichio- 
metric compositions (Tables 1-4). 

concentrates from two areas (3 and 9) and are 
absent from nodules. These are the most Fe- 

rich garnets found in kimberlites (Table 2). 
Cluster group 3 garnets are characterized by 

relatively high Fe0 and CaO, and correspondingly 
low Mg0 contents, and are found in concentrates 
from three areas (3, 5, and 9), and in eclogite 
nodules from White Cliffs and Gloucester (areas 
4 and 12). Those from the Bullenmerri concen- 
trates (area 5) and from one of the intrusives 
in the Terowie area (area 3) are restricted 
to this cl. uster. Garnet in ecjogites from 
Delegate (area 7) is also of this type (Lovering 
and White, 1969). Most of the garnets from 
concentrates show a relatively large scatter 
on the Ca-Mg-(Fe 2+ + Mn) plot; enrichment in 
Fe2+ + Mn ensures that they plot well outside 
the fields of kimberJite and lherzolite xenolith 

garnets (Figure 2). Dawson and Stephens (1975) 
point out that this is a moderately large cluster 
containing most of the common eclogite garnets. 

In terms of the garnet end-members (AI + 
Sp)-(Gr + An)-Py, three of the •Cmite Cliffs 
(area 5) garnets belong to group B ec]ogites 
(C•pleman, et al., 1965), which is the group 
dominated by eclogites derived from high-grade 
crustal metamorphic facies, whereas one of the 
garnets from this area falls into group A, as 
do the two Juglong (area 9) eclogite garnets. 
These group A eclogite garnets also fall into 
the field of garnets from ec]ogites and gros- 

Garnet 

Garnets were analyzed from concentrates ob- 
tained from six of the kimberlitic areas (3, 
4, 5, 8, 9 and 12), eclogite nodules from three 
areas (4, 9 and 12), and garnet and garnet- 
spinel lherzolite inclusions from two occurrences 
in the Juglong area (9) (Table 2). 

These garnets were classified in terms of the 
cluster groups established by Dawson and Stephens 
(1975) for garnets from kimberlites and associated 
xenoliths. All of the garnets fall into cluster 
groups 9, 5 and 3. Cluster 9 is the largest 
group, and includes all those from lherzolite 
xenoliths, from a spinel pyroxenite inclusion 
from Delegate (area 7; Layering and White, 1969) 
and from two eclogite nodules from Juglong 
(area 9). Concentrates from all areas except 5 
include cluster 9 garnets. All such garnets 
from south-eastern Australia, except for some 
of those from the Terowie kimberlites (area 3), 
fall in, or very close to, the lherzolite 
xenolith and kimberlite fields defined by B• 
(1970) and Sobolev (1977) (Figure 2). Most of 
the cluster 9 garnets found in Australia are 

5 I0 15 :)o 

e Concentrates 

&, Sp•nel Iherzohte nodules 

o Garnet and garnet-spmel therzohte nodules 

x EclogHe nodules 

Fmld of •3ranular Iherzohte nodules •n Lesotho 
O klmberhtes 
,,"'• F•eld of Iherzohte nodules m southern 
["'"' African k•mberhtes 

Fig. 3. Compositions of clinopyroxenes from 
lherzolite and eclogite nodules and mineral 
concentrates from kimberlitic intrusives of 

southeastern Australia. Fields of clinopyroxenes 
from granular lherzolite nodules in Lesotho 
kimberlites (Nixon and Boyd, 1973) and lherzo- 
lite nodules in southern African kimberlites 

(MacGregor, 1975) are shown. Temperatures are 
for the enstatite-diopside solvus at 30 kb 
(Marl and Green, 1975). 
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I [• Concentrates •-• Spinel Iherzohte nodules 
:.:[•] Garnet and garnet-spmel Iherzohte nodules 

I0- r--7j Eclog•te nodules 

5- 

A. 

0 I i 3 4 5 6 
wt % AI205 

Fig. 4. Hœstograms showing A1203 contents of 
clinopyroxcn s from (A) lherzolite and eclogite 
nodules and mineral concentrates from kimber]itic 

intrusives of solltheastern Australia; and (B) 
u]tramaf[c assocœations from kimberlites 

(Sobol•v, ]977). 

pydites i• kimbu'rl•tes from Russi,• and southern 
Africa (lovering and Wh-ite, 1969). One of th• 
Jugiong co]agate garnets (75210414) be•rs a 
c Jose resumblance to those from the garnet and 
garnet-sp•n•.l lherzo[Jtes found in kimberll•ic 
intrus[ves fromm the s,•mu area, and the other 
(752i04i3) is •mly sligh• ]y richer in Fe0. 

Clinopyroxene 

Clin•pyroxene in roncentrates from eœght 
areas (3, 4, 5, 6, 8, 9, 10 and 12), and in 
twelve lherzoñite nodules from two of the 

Juglong occurrences and three eclogite nodules 
from Juglong and Gloucester, were analyzed. 
Over half the concentrate clinopyroxenes (from 
Terowie, Oatlands, Juglong and Abercrombie: 
areas 3, 6, 9 and 10, respectively) are chrome 
diopsides with Mg/(Mg + Fe) ratios between 0.89 
and 0.93, and Ca/(Ca + Mg) ratios of 0.45 to 
0.50 (Table 3, Figure 3). Diopside from garnet, 
spinel, and garnet spinel lherzolite inclusions, 
and an eclogite nodule (75210414) from two of 
the Juglong occurrences are virtually identical 
in composition to those in concentrates from 
the same intrusions, and diopside from a second 
eclogite nodule (75210413) from this locality 
is only slightly richer in Fe and poorer in Mg 
(Table 3). This suggests that many of the 
clinopyroxenes from concentrates represent xeno- 
crystic diopsides derived by fragmentation of 
similar nodular material. These diopsides are 
typical of clinopyroxene found in lherzolite 

inclusions and as xenocrysts in kimberlites 
from other localities (e.g., Nixon and Boyd, 
1973; MacGregor, 1975; Sobolev, 1977). However, 
none compares with subcalcic diopsides from 
sheared lherzolite nodules, which are thought 
to have originated relatively deep in the mantle, 
in Lesotho kimberlites (Nixon and Boyd, 1973). 
TiO 2, Na20 and Cr203 contents are generally 
similar to those of kimberlitic clinopyroxenes, 
although the diopsides are slightly poorer in 
Si02, and A1203 contents are higher by a factor 
of two or three (Figure 4). The high A1203 
contents reflect those of the host rocks, and 
may indicate relatively high A1203 in the source 
regions. Jadeite contents are fairly low (less 
than about 8%), but Tschermak's component is 
slightly higher than in most kimberlitic clino- 
pyroxenes. 

The remaining group of clinopyroxenes (mainly 
augires and salites) is relatively rich in Fe, 
(Figure 3) and includes concentrates from the 
Terowie, White Cliffs, Bullenmerri, Bombala, 
Juglong and Gloucester areas (3, 4, 5, 8, 9 and 
12, respectively, not included in Table 3); 
this group probably originated at shallower 
depths than did the diopsides, possibly within 

1-O 

0.5 

I I 'Ill I' I I 

--'\ x 

x I //+•,,x'• 

O! o x 
. 

. 

0-05 , , , ,, . I , , • • • • 
0-05 0-1 0-5 I-0 

Fe :•*/ Mg Clinopyroxene 

x Eclog•te nodules 

o Garnet ond gornet-spinel Iherzol•te nodules 

(• F•eld of alkaline basalt and Alpme-type 
peridotire xenoliths 

•".._•-• Field of k,mberl,te xenoliths 

Fig. 5. Distribution of Fe2+/Mg between co- 
existing garnet and clinopyroxene (after Banno 
and Matsui, 1965) for lherzolite and eclogite 
nodules of southeastern Australia. Fields of 

alkali basalt and Alpine-type peridotite xeno- 
liths (Irving, 1974) and eclogite xenoliths in 
kimberlites (Loverin• and White, 1969; .I•ving , 
1974) are shown. 
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Table 4. Compositions of ilmenites from mineral concentrates. 

Area No. 

Intrusio• 

Ti02 
A1203 
Fe0* 

Mn0 

Mg0 
Ca0 

Cr203 

50.88 46.54 46.53 44.26 47.90 50.65 48.73 47.09 46.85 46.69 45.50 45.29 47.83 
0.23 0.11 0.99 0.58 0.66 0.54 0.37 0.43 0.51 0.38 0.58 0.54 0.74 

40.49 43.87 47.73 52.66 45.11 40.74 44.36 46.79 47.13 47.84 48.50 49.10 44.53 
0.30 0.34 0.23 0.34 0.44 0.27 0.53 0.22 0.36 0.44 0.25 0.30 0.35 
7.84 7.16 4.38 2.16 5.89 7.64 5.85 5.23 5.05 4.51 4.90 4.77 6.33 
0.08 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.11 n.d. 0.09 n.d. n.d. 
0.19 1.98 0.14 n.d. n.d. 0.16 0.16 0.24 n.d. 0.1.5 0.17 n.d. 0.21 

Ti 

A1 

Cr 

Fe 3+ 
Fe 2+ 
Mn 

Mg 
Ca 

0 = 6 

1.810 1.660 1.689 1.634 1.722 1.802 1.756 1.702 1.694 1.697 ].645 ].639 1.713 
0.013 0.006 0.056 0.033 0.037 0.030 0.021 0.024 0.029 0.021 0.033 0.0'3] 0.041. 
0.007 0.074 0.005 - - 0.006 0.006 0.009 - 0.006 0.007 - 0.008 
0.361 0.600 0.562 0.700 0.519 0.359 0.461. 0.562 0.583 0.579 0.671 0.69! 0.524 
1.241 1.140 1.364 1.462 1.284 1.253 1.317 1.319 ].3]2 ].354 1.278 1.285 1.249 
0.012 0. 014 0.009 0. 014 0. 018 0. 011 0. 022 0.009 0.0] 5 0.()] 8 0.0• 0 O. 0] 2 0. O] 4 
0.553 0.506 0.315 0.158 0.420 0.539 0.418 0.375 0.362 0.'325 0.'35! 0.342 0.450 
0.004 ....... 0. 006 - 0. 005 - - 

* Total Fe as Fe0 n.d. Not detected 

the crust. They are generally similar in com- 
position to clinopyroxenes from pyroxenite 
inclusions in basalts (Ellis, 1976) and to some 
eclogite clinopyroxenes, including those in 
eclogites associated with amphibolites and 
granulites (Layering and White, 1969) and in 

lower than those of eclog[tes from bas.ic pipes 
at Delegate (area 7, Loverin• and Wl'•ite, 1969). 
Clinopyroxene (solitc) c'onc'enrrates from the 
•ite Cliffs occurrence are s•mi]ar to tt•ose of 

type I eclogite nodules from the same pipes 
(E•ards• et .... •lt. , in prep.), and some of the 

the group B eclogites of Coleman, et al., 1965. Terowie concentrates compare with a sal:ite from 
Cr203 and Mg/(Mg + Fe) are relatively low, whereas an eclogite nodule from Glo•lt:ester' (area 12) 
Ti02, No20 and jadeite contents tend to be (Table 3), strongly suggesting that many of the 
higher than in the main group of diopsides. more Fe-rich xenocryst'ic cl:inopyroxenes are 
A1203 contents are comparable with those of fragments of eclogitic material. 
clinopyroxenes from eclogite inclusions in 
kimberlites (Sobolev, 1977), but appreciably Iron-Magnesium Distribution Coeffi•i•ents 

I=e• O• 
Hemahte 

/ 
•o 

Ro 

lO 

Fe 20• 
Hematite 

Figure 5 (after Banno and Matsul, 1965) shows 
partition of Fe2+ and Mg between c.t•existing 
garnet and clinopyroxene in the garnet and 
garnet-spinel lherzolite and eclogite nodules. 
As the Fe 2+ contents were calculated assuming 
ideal stoichiometric compositions, this diagram 
is subject to errors, although the general 
distribution of points is reasonably__a. ccurate. 

V_alues of KD/__•Fe2+/Mg)Gt / (Fe2+/Mg) range tram 1.6 to 3.9, the lherzolite an•P•/wo eclogite 
nodules from Jugiong having lower Fe2+/Mg 
ratios and slightly lower K D values than eclo- 

Mg T• O• 
Ge•klehte Ilmenlte 

+ Terow•e (Area 3) ,, du•ong (Area cs) 

o BuHenmerr, (Area ,5) x GI!aucester (Area I•) 

Q Bombala {Area 8) 

Fields of klmberhtlC limerilles- 

-- Fr•ck (197•) ---- M•tChell (1977) 
A llmen,tes from olnmtes (Fr•ck 1973) 

Fig. 6. Compositions of ilmenite from mineral 
concentrates from kimberlitic intrusives of 

southeastern Australia. Fields of kimberlitic 

ilmenites from diverse localities in Russia and 

Africa (Frick, 1973), and discrete ilmenites 
from southern African kimberlites (Mitchell, 
1977) are shown. 

50 40 

FeT, O$ gites from White Cliffs and Gloucester. This 
supports the conclusion that the lherzolites 
and eclogites from Juglong have a common mantle 
source. The K D values are similar to those 
of eclogites in kimberlites, garnet pyroxenite 
xenoliths in alkali basalts, and layers in 
Alpine-type peridotires (Irvinj•, 1974), as 
well as eclogite inclusions from the Delegate 
pipes (Layering and White, 1969). The lower 
K D values of the nodules from Jugiong indicate 
higher equilibration temperatures than those 
of the eclogites from White Cliffs and Gloucester 
(Banno and Matsui, 1965; R•heim and Green, 1974). 

150 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



1500 

•:10 O0 

500 

DE PT H , km 
50 10 O 150 2 O0 

.•_ i ...... l ....... i .................. i I i i l 

s "• % o c• ):' N • c 

_ - ........- .. / s• •'3" -' 

1 .. / 

s s ,• /O•? 
s s 

s s 

i II t 

10 2iO 30 40 50 60 7'0 
PRESSURE, 

Fig. 7. Pressure-temperature fields of mineral 
assemblages in pyrolite Iti composition (Green 
and Ringwood, 1967) 1 = plagioclase lherzolite, 
2 = spinel lherzolite, 3 TM a]uminous pyroxene 
lherzolite, 4 = garnet lherzolite. Oceanic 
and Precambrian shield geotherms are from 
Ri_j_•wood (1966); the New South Wales (NSW) 
geotherm is taken from one of the theoretical 
steady-state temperature profiles b• the eastern 
province of Australia (Sass., et ., 1976). 
Solid c•ircle represents the temperature-pressure 
plot of a spinel-garnet lherzol•ite nodule 
(75210052/39) from Jugiong. 

Ilmen• tes 

Ilmenite concentrates were obtained from the 
kimberlitic occurrences of Terowie, Bullenmerri, 
Bombala, Jugiong and Gloucester (areas 3, 5, 
8, 9 and 12, respectively). The analyses 
(Table 4) are compared with the fields of 
kimberlitic ilmenites, as established by Frick 
(1973) and Mitchell (1977), in terms of the 
ternary plot of the molecular proportions of 
ilmenite-geikielite-hematite (Figure 6). The 
ilmenites from Terowie and Gloucester fall 
into the kimberlitic fields, whereas the 
remainder lie on the ilmenite-rich side, and 
have chemical similarities to i!menites occurring 

in aln•ites (Figure 6; and Frick, 1973). Most 
of the southeast Australian ilmenites have low 

Mg0 and Cr203, and moderate Ti02 contents rela- 
tive to typical kimberlitic ilmenites (Ferguson, 
et al., 1973; Haggerty, 1975; Sobolev, 1977). 

As pointed out by Mitchell (1977), kimber- 
litic ilmenites have a wide range of compositions 
which may be a reflection of minor changes in 
temperature and liquid composition. Frick 
(1973) also ascribes the chemical variations to 

reactions between ilmenite and carbonate frac- 

tions in the kimberlite. 

P-T Estimates of Lherzolite and Eclogite Nodules 

P-T conditions of crystallization of lherzo- 
lite assemblages have been estimated from the 
compositions of coexisting minerals (Davis an d 
Boy?, 1966; MacGregor , 1974; Wood and Banno, 
1973). Early estimates of this type were based 
on the diopside-enstatite solvus (Davis and 
Boyd., 1966) and the pressure-dependent solu- 
bility of A1203 in enstatite coexisting with 
garnet or spinel (Ma•cGre•o•r, 1974). 

Additional constraints can be obtained from 

thermodynamic modelling of the pyroxenes (Wood 
and Banno, 1973). Mori (1977) has summarized 
the present status of temperature calculations 
on spinel lherzolites, and has presented addi- 
tional data on subsolidus equilibria in the system 
CaO-Mg0-A1203-Si02 and in a range of minerals 
from a natural spinel lherzolite. Refinement 
of the earlier work results particularly from 
the demonstration of a pressure effect on the 
pyroxene solvus (Howells and O'Hara, 1975; 
Mori and Green, 1975, 1976) and recognition 
that the pyroxene solvus is dependent on the 
A1203 content in pyroxene (Boyd, 1970), as well 
as on other elements in complex natural systems. 

Three methods of Mori (1977) that are the 
basis of our geothermometry depend on the 
chemical equilibria' 

Mg2Si206 • Mg2Si206 

orthopyroxene clinopyroxene 

(T 1 ) 

CaMgSi206 + MgA] 204 _- CaA] 2 S iO 6 + Mg2Si04 

clinopyroxene spinel clinopyroxene olivine (T 2) 

Mg2Si206 + MgAI204 _- MgA12SiO 6 + Mg2Si04 

orthopyroxene spinel orthopyroxene olivine (T 3) 

Method 3 is critically dependent upon experi- 
mental data for alumina solubility in ortho- 
pyroxene coexisting with spinel at various 
pressures, and at present these data are 
inconsistant (MacGregor , 1974; Wood, 1975; 
Fu•ii and Takahushi, 1976; Obat a, 1976; S_troh, 
1976). Therefore, we have placed more reliance 
on the first two methods in presenting our data. 
The presence of garnet coexisting with aluminous 
spinel in some lherzolites allows independent 
T estimates using the data pertaining to the 
partitioning of Mg and Fe between coexisting 
garnet and clinopyroxene, as experimentally 
determined by Raøheim and Green (1974). 

All our P-T determinations were made on 

nodules from the Jugiong area. One lherzolite 
(75210052) contains both garnet and spinel, 
apparently in equilibrium, with no evidence 
of reaction or zonation, suggesting crystal- 
lization on the quasi-univariant boundary 
separating the spinel and garnet lherzolite 
fields. Experimental studies using complex 
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Table 5. Chemical analyses of kimberlitic rocks, carbonatite, and garnet-spinel lherzolite nodule 
from southeastern Australia. 

A B C D E F G H 
Area No. 2 2 2 2 2 4 9 9 
Intrusion No. 1 1 2 3 4 1 1 2 

SiO 2 21.99 6.33 32.65 26.92 24.60 23.51 42.86 36.13 
TiO 2 1.83 1.63 3.40 4.71 4.48 1.76 1.96 3.18 
A1203 3.40 2.80 7.66 4.47 3.83 5.56 7.42 9.86 
Fe203 10.39* 4.50 6.04 5.69 3.92 8.89* 10.6!* !1.38* 
FeO 1.34 5.05 3.47 2.81 
MnO 0.22 0.16 0.17 O. 18 0.16 0.16 O. 15 0.15 

MgO 22.23 4.67 20.25 17.96 18.12 11.27 17.06 9.64 
CaO 17.03 40.91 6.01 11.32 13.93 20.73 9.40 14.51 

Na20 0.03 0.13 0.17 0.11 0.07 0.44 2.19 3.11 
K20 0.10 0.85 2.70 2.92 2.18 ]. 49 O. 97 0.91 

P20• 1.72 1.36 2.88 O. 93 0.69 0.98 O. 76 1.33 
H20 1.56 6.39 3.29 2.81 1.43 2.70 4.15 
H20- O. 82 3.96 1.77 1.33 6.52 1.18 0.76 
CO 2 11.2 31.79 1.89 14.64 20.17 15.8 2.2 5.05 
S 0.05 0.08 1.52 0.67 
Total 98.92 99.30 99.90 99.77 
-.0 for S 0.02 0.04 0.76 0.33 

Total 98.90 99.26 99.14 99.44 98.54 99.46 100.16 

Trace elements in parts per million 

Sc 23 35 27 30 25 34 22 27 
V 198 231 270 340 335 291 136 160 
Cr 970 212 940 970 
Co 100 121 76 102 
Ni 523 268 170 447 510 389 895 115 
Cu 65 70 62 79 54 79 49 87 
Zn 100 66 102 96 75 97 94 ] 00 
Ga 3.5 14.5 10.5 !0.0 
Rb 5 32.5 140 119 95 63 29 66 
Sr 17 O0 1250 615 570 343 1300 82 4 1400 
Y 25 17 17 18 15 19 19 30 
Zr 430 274 170 301 214 197 204 310 
Nb 418 323 190 220 215 175 86 ] 74 
Ba 3000 3080 2360 1890 1530 1410 949 ] 910 
La 392 225 47 141 117 179 60 100 
Ce 472 431 88 297 284 289 105 163 
Pb 29 16 15 12 
Th 54 43.0 7.2 26.0 28.5 23 11 18 
U 13.5 3.6 4.0 4.0 
Si/Mg 0.77 1.05 1.25 1.16 1.05 1.62 1.95 2.90 
K/Rb 166 217 160 204 190 196 278 114 
Zr/Nb 1.03 0.85 0.89 1.37 1.00 1.13 2.37 1.78 
Nb/Y 17 19 11 12 14 9.2 4.5 5.8 
mg + 0.81 0.60 0.77 0.79 0.84 0.71 0.76 0.62 
k + 0.68 0.81 0.91 0.94 0.95 0.69 O. 23 0.16 

* Total Fe as Fe203. + Niggli values (atomic proportions Mg/(Mg+Fe+Mn) and K/(K+Na), 
respectively). 

A. Carbonated micaceous kimberlitic rock (75210081); B. Carbonatite (75210101); C. Micaceous 
kimberlitic dyke (75210434); D. Carbonated micaceous kimberlitic dyke (75210468); E. Carbon- 
ated micaceous kimberlitic dyke (75210469); F. Carbonated olivine nephelinite dyke (75210021); 
G. Olivine nephelinite (75210041); H. Olivine nephelinite lapilus (75210047). 

Analyses by X-ray fluorescence in Bureau of Mineral Resources and Department of Geology, Australian 
National University laboratories, except Na (determined by atomic absorption) and H20+, H20- and 
C02 (determined gravimetrically). 
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Table 5. Cont. 

I J K L M N P Q R 
9 9 9 9 9 9 9 7 - 
2 3 4 4 4 4 3 - - 

35c, 83 41.93 40.30 38.27 38.30 37.41 42.99 41.24 40.36 SiO 2 
2.93 1.96 2.22 2.25 2.10 2.07 0.17 2.42 4.12 TiO 2 
8.14 8.69 6.94 7.23 6.33 6.25 2.64 10.20 10.54 A1203 
7.74 11.21' 10.21' 10.10' 9.76* 4.66 2.10 4.93 4.03 Fe203 
6.11 5.42 6.34 6.69 8.38 Fe0 

0.16 0.16 0.14 0.13 0.12 0.17 0.15 0.20 0.18 Mn0 
16.83 15.26 12.38 12.26 12.73 18.51 37.50 15.87 12.66 MgO 

5.00 10.29 11.32 11.78 11.70 9.68 3.00 11.92 10.28 CaO 

2.14 2.16 1.36 1.39 1.21 2.56 0.37 2.88 3.63 Na20 
1.32 1.99 1.11 1.13 1.09 O. 91 0.22 0.48 1.12 K20 

1.04 0•,92 0.93 0.88 0.82 0.81 0.03 1.04 0.79 P2• 4.62 2.70 2•05 2.40 2.65 2.44 1.25 1.89 2.27 H 2 
5.27 0.66 3.75 3.46 3.71 0.66 0.18 0.19 0.66 H20- 
2.24 3.65 6.0 7.55 8.65 7.65 2.46 0.04 0.64 CO 2 
0.16 0.04 $ 

99.53 99.24 Total 
0.08 0.02 ..0 for S 

99.45 101.58 98.71 98.83 99.17 99.22 99.40 100.02 99.66 Total 

Trace elements in parts per million 
20 23 20 23 17 19 19 Sc 

141 95 152 217 143 159 61 V 
670 910 2530 Cr 

98 82 129 Co 
1090 737 692 742 803 820 2080 Ni 

44 49 45 50 51 47 18 Cu 
112 ]04 87 99 95 94 67 Zn 

16.0 9.5 3.0 Ga 
61 46 49 59 48 43.0 6.8 Rb 

447 955 835 1095 1050 840 42 Sr 
23 24 23 25 28 20 3 Y 

248 222 223 244 230 196 13 Zr 
164 96 95 105 102 84 2 Nb 
645 1210 729 1010 902 845 35 Ba 

61 68 68 67 58 59 1 La 
127 117 113 113 115 106 4 Ce 

15 7 3 Pb 
24.0 18 16 22 20 15.0 0.4 Th 

2.4 2.2 0.2 U 
1.65 2.13 2.52 2.42 2.33 1.57 0.89 2.01 2.47 Si/Mg 

180 35 9 188 159 188 176 269 K/Rb 
1.51 2.31 2.35 2.32 2.25 2.33 6.5 Zr/Nb 
7.1 4.0 4.1 4.2 3.6 4.2 O. 7 Nb/Y 
0.68 0.73 0.70 0.70 O. 72 0.77 0.89 0.72 0.65 mg + 
0.29 0.38 0.35 0.35 0.37 0.19 0.28 0.10 0.17 k + 

Total Fe as Fe203. + Niggli values (atomic proportions Mg/(Mg+Fe+Mn) and K/(K+Na), 
respectively). 

I. Olivine nephelinite lapillus (75210419); J. Olivine nephelinite (75210055); K. Olivine 
nephelinite autolith (75210067A); L. Olivine nephelinite autolith (75210067B); M. Olivine 
nephelinite lappilus (75210067C); N. Olivine nephelinite dyke (75210102); P. Garnet-spinel 
lherzolite nodule (75210433); Q. Olivine nephelinite from Delegate N.S.W. (R58 of Lovering and 
White, 1969). R. Olivine analcitite from Murrumburrah, N.S.W. (M3 of Irving and Green, 1976). 

Analyses by X-ray fluorescence in Bureau of Mineral Resources and Department of Geology, Australian 
National University laboratories, except Na (determined by atomic absorption) and H20+, H20- and 
CO 2 (determined gravimetrically). 
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natural rocks or model mantle compositions 
have established the position of the quasi- 
univariant boundary (Green and Ringwood , 1967, 
1970; O'.Hara , et al., 1971). Mori's (1977) 
T 1 and T 2 temperature parameters have respective 
values for this nodule of 1243øC and 1237øC 

(Fergusqn, et al., 1977). Other garnet-spinal 
lherzolite nodules from Jugiong have minor 
kelyphitic rims, which in most cases contain 
aluminous spinal, developed around the garnet. 
Temperature estimates for these nodules (average 
of T 1 and T 2) range from 1204 ø to 1221øC. As 
shown by Fe•uson, et al., 1977, application 
of the 1240oc temperature estimate to the boundary 
curve separating the spinal and garnet lherzo- 
lite fields yields a pressure of 21 kb (O'Hara, 
et al., 1971)or 22 kb (Green and - Ringwood, 1970). 
In view of the fact that increasing P raises 
the T 1 and T 2 estimates, and that the experi- 
mental work was carried out at 16 kb (Mori, 
1977), the 1240øC estimate for this nodule 
at 22 kb represents a minimum. However, accord- 
ing to Mori (1977) the estimated temperature 
at 22 kb would be less than 50øC higher than 
that at 16 kb. The spinal lherzolite nodules 
found in the Jugiong occurrences indicate 
temperatures of equilibration very similar to 
those of the garnet-spinal lherzolites, the 

range being 1214 ø to 1258øC (average of T 1 
and T2 ) ' 

The Jugiong eclogite (griquaite) showing 
mineralogicat similarities to the clinopyroxene 
and garnet in the lherzolites gives a T estimate 

Wallaway (Area 2) ( C = Corbonollte) o White Cliffs (Area 4] 

Juglong (Area 9) A Murrumburroh 
Delegate (Area 7] 

Garnet-spinal Iherzohte mclulmn (Jugsone, Area 9) 
Cluster Groups 

Fig. 8. A1203-Mg0-total FeO diagram for kimber- 
litic rocks of southeastern Australia, showing 
kimberlite and melilite basalt fields of Cornel- 
issen and Verwoerd (1975). Compositions of a 
garnet-spinal lherzolite nodule (75210433) 
from Jugiong, the kimberlitic cluster groups 
(1-7) of McIver and Ferguson (this vol.), 
olivine nephelinite from Delegate, N.S.W. 
(Lovering and White, 1969), and olivine analcit- 
ite from Murrumburrah, N.S.W. (Irving and Green, 
1976) are also indicated. 

/ 

MzS •Vo AS 
X Wallaway (Area 2) • Murrumburrah 
ß dug•ong (Area 9) • Cluster Groups 
• Delegate (Are• 7) 
• Garnet-spinal Iherzolite Inclualon (duglon•, Area 9) 
ß Garnet Iherzollte in klmberll• 

Fig. 9. Projections from, or towards, S onto 
the M2S-CS-AS plane in the CMAS tetrahadron 
for kimberlitic rocks of southeastern Australia. 
The kimberlitic cluster groups (1-7) and fields 
of kimberlites (B) and associated kimberlitic 
rocks (A) of Mclver and Ferguson (this vol.), 
and the average garnet lherzolite in kimberlite 
(Ito and Kennedx, 1967) are shown. 

of 1228øC at 22 kb (R•heim and Green., 1974). 
In comparison, eclogite nodules from White 
Cliffs have given values of 850-900øC and 19-25 
kb (Edwards• eta_!. .... in prep.). Alternative 
estimates of T1, T 2 and T 3 may be compared with 
those based on Mori's methods (1977). For T], 
the Herzberg and Chapman (1976) method gives 
excellent agreement, whereas the T 2 their values 
are about 100øC higher than those of Mori (1977); 
MacGregor's (1974) and Obata's (]976) data 

6O 

70 

8O 

9O 

•0 •0 100 to 150oc below the average of T l and T• •,0 obtained using the Mori (1977) method. A •urther 
independent empirical estimate of P and T can 
be derived from the intersection of the alumina- 

in-orthopyroxene contours of the garnet lherzolite 
field with the spinal lherzolite-garnet lherzolite 
boundary. Using this method, only the data of 
Green and Ringwood (1970) give results approx- 
imating to those already estimated - 1220øC at 
22 kb. We therefore consider that a T-P estimate 

of 1240øC and 22 kb is well founded using the 
above methods of P-T estimation. 

The close temperature grouping of the lherzo- 
lite nodules does not allow as estimate of 

the variation of T with P. However, the equili- 
brium garnet-spinal lherzolite assemblage falling, 
as it does, on the quasi-univariant curve at 

give values for T 3 50-100oc lower. In the case 
of the garnet-spinal lherzolites it was found 

O . 
that the Rahezm and Green (1974) method of 
temperature estimation at 22 kb gave results 

fairly consistent with those of MoCi's T] and 
T 2. The method of Wood and Banno (2973) gave 
results 40-80øC higher than Mori's (]977). 
Equilibration temperatures calculated from 
the Ca/(Ca+Mg) of the diopsides, using the 
diopside solvus of Davis and Boyd (1966), and 
Mori and Green (1975), at 30 kb, produce values 
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x Walloway (Area 2] A Murrurnburrah 

ß Juglong (Area 9) ß Cluster Groups 
© Delegate (Area 7) 

• Garnet-sp•nel Iherzolite inclusion (dugiong, Area 9) 
© Garnet Iherzolite in kimberlite 

Fig. 10. Projections from, or towards, diopside 
onto the C3-A-M-S plane in the CMAS tetrahedron 
for kimberlitic rocks of southeastern Australia. 
Positions of the pseudo-invariant points are 
from O'Hara (1968). En = enstatite, Fo = 
forsterite; fields as Figure 9. 

1240øC and 22 kb, indicates an abnormally high 
geothermal gradient (Figure 7), actually exceed- 
ing the estimated oceanic geotherm (Ringwood, 
1966). I_•ving (1975) considers that xenoliths 
are genetically related to processes of magma 
generation, and so by their very nature would 
exemplify a perturbed regional mantle geotherm. 
The age of the geothermal gradient indicated 
by the garnet-spinel lherzolite assemblage is 
probably that of the intrusion, namely late- 
Tertiary or Quaternary. In eastern Australia, 
emplacement of kimber]itic magma was preceded 
by widespread Cainozoic basaltic activity. 
Theoretical steady-state temperature profiles 
of the eastern province of Australia indicate 
the presence of abnormally high gradients in 
some areas (Sass., et al., 1976). These results 

_ 

are consistent with that predicted by the 
equilibrium garnet-spinel lherzolite assemblage 
found in the Jugiong kimberlitic occurrences 
(Figure 7) . 

It would then seem likely that the nodules 
from Jugiong represent samples from a region 
marking a perturbed steady-state geotherm gen- 
erated during Tertiary times, and continuing 
to the present day. The abnormally high geo- 
thermal gradient indicated here intersects the 
diamond/graphite inversion curve at depths 
and temperatures greatly in excess of those 
shown for the inclusions (Figure 7), thereby 
making the prospect of finding diamondiferous 
kimberlites of Cainozoic age in this part of 
New South Wales highly improbable. 

Geochemistry 

Thirteen kimberlitic rocks from Walloway, 
White Cliffs, and Jugiong (areas 2, 4 and 9, 
respectively), as well as a carbonatite from 
Walloway and a garnet-spinel lherzolite nodule 
from Jugiong, were analyzed (Table 5). Analyses 
of an olivine nephelinite from Delegate (area 

7) (Lovering and White, 1969) and an olivine 
analcite from Murrumburrah, N.S.W. (Irvin• 
and Green, 1976) are also given (Table 5, Anals. 
Q and R, respectively). 

The samples from Walloway, with the exception 
of the carbonatite, are chemically similar to 
evolved kimberlitic rocks and alkaline ultramafic 
rocks associated with kimberlites (Ferguson, 
et al., 1973). They plot within the kimberlite 
field of Cornelissen and Verwoerd, 1975, on 
an A1203-MgO-Fe0 diagram (Figure 8), and have 
relatively high Niggli mg (0.77-0.84) and 
k (0.68 - 0.95). Si/Mg ratios are slightly 
higher than those suggested by Fesq, e t al., 
1975, as being typical of uncontaminated kim- 
berlites (<0.9), but this is considered to 
reflect their more evolved nature, involving 
fractionation of a phase with low Si/Mg (e.g., 
olivine). Trace-element contents mostly fall 
within the range of kimberlites and associated 
rocks- high Cr, Ni, Rb, Sr, Nb, Ba, La, Ce, 
Pb, and Th. Nb/Y ratios are particularly high, 
similar to those of kimberlites from South 

Africa (..K. able•. et al., 1975), and comparable 
with those of highly alkaline mafic rocks in 
general (Pearce and Cann, 1973). The low 
Zr/Nb and K/Rb ratios are also similar to those 
of kimberlites from other localities (Dawson, 
1971; Kable, et al., 1975). 

Rocks, including nucleated autoliths, from 
the Jugiong area have a range of compositions, 
but differ from normal kimberlites in the rel- 

atively high $i02, A1203, Na20 , and lower Mg0 
contents. Niggli Mg values are consequently 
slightly lower (all except one are in the range 
0.62 to 0.77), and k values are considerably 
lower (0.19- 0.38), than in the kimberlitic 
rocks from Walloway. Some of these chemical 
features may be due to the effects of a C02-rich 
vapour phase during partial melting of postulated 
parent lherzolite, which would favour the pro- 
duction of liquids enriched in A1203, Ca0, and 
alkalis (Boettcher• et al., 1975). Most samples 
plot in the region of overlap of the melilite 
basalt and kimberlite fields (Cornelissen and 

x Walloway (Area 2) A Murrumburrah 

e Jugiong (Area 9) • Cluster Groups 

© Delegate (Area 7) 

-• Garnet-spine! Iherzol•te inclusmn (Juglong, Area 9) 
© Garnet Iherzolite in kimberlite 

Fig. ll. ?rojectñons from A onto the C-$-• 
face of the CMAS tetrahedron for kimberlitic 

rocks of southeastern Australia. En = enstatite, 
Fo = forsterite, Di = diopside; fields as Figure 9. 
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Verwoerd, 1975) on the A1203-Mg0-Fe0 diagram, 
although 75210041 and 75210102 plot further 
into the kimberlite field, and the most evolved 
sample (75210047) plots well inside the melilite 
basalt field (Figure 8). Trace-element contents 
are similar to those of the alkaline ultramafic 

rocks, including kimberlites, although Si/Mg 
and Zr/Nb ratios are higher, and Nb/Y lower, 
than in the Walloway kimberlites. The single 
rock from White Cliffs plots with the main 
group of Jugiong samples on the A1203-Mg0-Fe0 
diagram, although in some respects - high Niggli 
k and Nb/Y, and low Zr/Nb - it resembles kimber- 
lites from Walloway. 

Chemically, the Jugiong rocks quite closely 
resemble olivine analcitite from Murrumburrah, 
N.S.W. (Irving and Green, 1976) and the olivine 
nephelinite from Delegate (Lovering and White, 
1969), although most are slightly poorer in 
A1203, and contain considerable amounts of CO 2 
(Table 5). There is also some similarity with 
ankaramite from the Lashaine volcano, Tanzania 
(Rhodes and Dawson, 1975), and with average 
South African olivine melilite (McIver and 
Ferguso_n•, this vol.) (Figure 8). The Jugiong 
rocks are considered to have close chemical. 

affinities with the olivine nephelinite suite, 
a precise petrographic classification being 
difficult owing to the degree of alteration, 
although it is probable that analcite was a 
primary phase in some of the analyzed samples. 
They plot in or near the nephelinite field 
on a normative colour index vs. normatire 

plagioclase diagram (Irvine and Bara_•ar, 1971), 
whether or not the norm is calculated volatile- 

free. On a volatile-free basis, all are 
diopside- and olivine-normative, and all except 
sample 75210067A are nepheline-normative, 
although the presence of large amounts of 
carbonate, some of which may be primary, makes 
the norms unreliable. Several of the carbonate- 

rich kimberlites from Walloway, and the White 
Cliffs sample, are larnite-normative if CO 2 
is excluded from the norm calculation, but 
hypersth%ne-normative if it is included. 

The garnet-spinel lherzolite nodule from 
Jugiong (Table 5, P) is similar in composition 
to garnet lherzolite inclusions in kimberlite 

from other localities, although it has slightly 
lower Mg0, and higher A1203, Ca0, Na20 , and K20 
than most such nodules (Rhodes and Dawson, 1975; 
O'Har.a_•_•t al., 1975). It is also relatively 
undepleted in trace elements including Rb, Sr, 
Y, and Zr (Rhodes and Dawson, 1975). 

CMAS Projections 

Chemical analyses of the kimberlites and 
kimberlitic rocks of southeastern Australia have 
been recalculated in terms of the four CMAS 

components (O'Hara, 1968). The results are 
presented graphically in figures 9 to 11 which 
represent planes within, or forming a side of, 
the tetrahedron. Studies of the planar pro- 

1S6 

j ections of these analyzed rocks are compared 
with the experimentally determined phase bound- 
aries, as well as with seven groups of rocks 
representing 126 analyses of kimberlites and 
associated alkaline ultramafic rocks from south- 

ern Africa established from statistical cluster 

analysis (Danchin, et al., 1975; Ferguson, et al., 
1975). As pointed out by Mclver and Ferguson 
(this vol.), the trend displayed by these seven 
cluster groups indicates that olivine and 
orthopyroxene were the dominant fractionating 
phases during the early stages of kimberlite 
evolution, whereas the more evolved rocks are 
accounted for by olivine-dominated fractionation. 

Figure 9 shows the projection of the south- 
eastern Australian analyses from or towards S 
onto the plane M2S-CS-AS; it can be seen that 
the analyses plot on a linear trend extending 
from the olivine corner, which is coincident 
with that of the established c]uste'r groups 
(Mclver and Ferguson, this vol.). Most of the 
samples plot in the field of alkaline ultramafic 
rocks associated with kimberlites, although one 
of the Walloway rocks (75210434) plots in the 
kimberlite field (Danchin, et al_._, 1975). The 
linear trend away from the olivine corner de- 
fined by the southeastern Australian rocks 
indicates that olivine, orthopyroxene, or both, 
were significant fractionating phases, whereas 
garnet and ciinopyroxene were not. In Figure 10, 
the analyses are projected from or towards 
diopside onto the C3A-M-S plane; here two 
distinct groups are apparent. The Walloway 
rocks 75210468 and 75210469 group near the 
evolved end of the established trend defined 

by the seven cluster groups of kimberlites and 
associated rocks. As can be seen, this control 
line appears to be unrelated to the pseudo- 
invariant points applicable to 30 kb or less 
(from O'Hara, 1968). The remaœn•ng samples, 
representing the Delegate and Jugiong rocks 
(areas 7 and 9, respectively), group around 
the 20 kb pseudo-invariant point - an indication 
that this was the last pressure of equilibration. 
This pressure is also consistent with the estim- 
ate of •22 kb calculated from the lherzolite 

nodules found in the Jugiong intrusives. The 
presence of amphibole megacrysts in the Jugiong 
rocks suggests eruption from depths applicable 
to basaltic magma generation (B•, 1971; 
McGetchen, 1970). If this is the case, the 
amphiboles probably equilibrated at pressures 
of 20-25 kb, thus offering further confirmation 
of the depth of origin of these rocks. Plotting 
of stereographic pairs of the CMAS tetrahedron 
indicates that most samples plot near the CMS 
side, and fall closest to a plan roughly parallel 
to it. Consequently, following Mclver and 

ß 

Ferguson (this vol.), the southeastern Australian 
rocks are projected from the A apex onto the 
CMS face of the tetrahedron, which gives minimal 
distortion. From this plot the two divergent 
trends seen in Figure !0 are better defined. 
The Walloway compositions tend to fall near 
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the established kimberlite and associated alka- 
line ultramafic rock trend, which initially 
lies at a high angle to the Di-Fo join. The 
remaining southeastern Australian rocks define 
a trend more enriched in the S component, and 
sub-parallel to the Di-Fo join (Figure 11). 
The two trends shown in this projection are 
consistent with the model of derivation by 
partial melting of an upper mantle source rock 
of composition similar to the garnet lherzolite 
inclusions found in kimberlitic rocks, including 
those from Jugiong. The melting event giving 
rise to the "normal" kimberlite trend, as shown 
by the southern African and Walloway rocks, 
very likely took place at depths exceeding 
125 km, whereas the upper mantle event giving 
rise to the Jugiong-Delegate trend probably 
took place at depths of about 70 km. Alter- 
natively, the latter trend could have originated 
by melting at greater depths followed by 
equilibrat•on at •'•70 km before rapid eraplace- 
ment near the surface. It is worth emphasizing 
that the calculated geothermal gradient in the 
Jugiong area is in excess of the mean oceanic 
geotherm (see above), with predicted tempera- 
tures of about 1300 ø a•t a depth of 70 kin. 
Bultitude and Green (1968) and Green (1970), 
have demonstrated that under hydrous conditions 
a small degree of melting of rocks of upper 
mantle composition takes place at around 27 kb 
and 1250øC. Therefore at a postulated tempera- 
ture of about ]300oc at 70 km depth it seems 
likely that partial melting of garnet lherzolite 
could have taken place, and, coupled with rela- 
tively minor fractionation involving olivine 
and possible orthopyroxene, produced the observed 
trend. 

Thus, from a consideration of the planar 
projections within the CMAS tetrahedron, both 
trend lines can be attributed to a small degree 
of melting within the upper mantle, but at 
different temperatures and pressures, followed 
by olivine and orthopyroxene fractionation. 
The composition of the garnet-spinel lherzolite 
nodule found in the Jugiong intrusive (Table 5, P) 
compares very well with that of the upper mantle, 
as suggested by the world-wide occurrence of 
garnet lherzolite inclusions in kimberlite (Ito 
and Kennedy, 1967), as well as with the theoreti- 
cal pyrolite composition (Ringwood, 1966). 

Discussion and Conclusions 

The investigated kimber!itic rocks of south- 
eastern Australia may be divided into two chem- 
ically distinct groups, which define divergent 
trends within the CMAS tetrahedron. The South 

Australian kimberlites, notably those from the 
Walloway area, form part of the typical trend 
shown by kimberlites and related alkaline ultra- 
mafic rocks of southern Africa (Danchin, et al., 
1975; Mclver and Ferguson, this vol.), and fall 
towards the more evolved end of this trend. 

Kimberlitic rocks of this type are considered 

to have been formed by small degrees of melting 
of phlogopite-bearing garnet lherzolite at depths 
in excess of 125 km (equivalent to about 40 kb) 
(O'Hara, 1970). Olivine and orthopyroxene were 
the main fractionating phases during the early 
stages of kimberlite evolution, whereas the more 
evolved rocks may be explained on the basis of 
olivine-dominated fractionation; garnet and 
clinopyroxene do not appear to have been sig- 
nificant fractionating phases. 

The kimberlitic rocks of the Jugiong and 
Delegate areas have close chemical affinities 
with olivine nephelinites and related rocks, 
and appear to be unrelated to the "normal" kim- 
berlite trend. Consideration of phase relation- 
ships in the CMAS tetrahedron (O'Hara, 1968) 
indicate equilibration pressures of about 20 kb, 
and the observed chemical variations in these 

rocks may be explained on the basis of relatively 
minor olivine and possibly orthopyroxene fraction- 
ation. The presence of amphibole megacrysts 
is also consistent with equilibration at pres- 
sures of 20-25 kb (B.oettcher, et al., 1975). 
T-P conditions of 1240ñ20øC and 22ñ 1 kb are 
indicated by compositions of coexisting minerals 
in lherzolite and eclogite nodules, together 
with the occurrence of a unique garnet-spinel 
lherzolite inclusion containing an equilibrium 
assemblage falling on the quasi-invariant bound- 
ary between the spinel and garnet lherzolite 
fields. This is well-supported by the data 
obtained for the host rocks. The very high 
geothermal gradient implied by these estimates 
suggests that kimberlitic magma could have been 
generated by small degrees of partial melting 
of garnet lherzolite at depths of about 70 km 
and at temperatures of about 1300oc. Bultitude 
and Green (1968, 1971) have suggested that 3 to 
6 percent melting of mantle pyrolite (lherzolite) 
containing 0.1 to 0.2 percent H20 at depths 
of 80-120 km may lead to the production of 
olivine nephelinite and olivine-melilite nephel- 
inite magmas (see also !•ving and Green, 1976). 

The justification for regarding olivine 
nephelinites and related rocks, such as those 
of the Jugiong area, as belonging to the kimber- 
litic association rests on their mode of occur- 

rence and, more particularly, on their char- 
acteristic suite of mantle inclusions. We 

consider that both olivine nephelinite and 
kimberlite (s.s.) magmas may be derived directly 
by small degrees of melting of four-phase lherzo- 
lite, possibly phlogopite-bearing, in the mantle, 
although rocks of chemistry generally similar 
to olivine nephelinite (including olivine 
melilitites and related rocks) may also be 
derived by fractionation of kimberlite magma 
(Ferguson, et al., 1975). The observed fraction- 
ation trend would be dependent on the depth 
at which melting began, which would, in turn, 
depend on the geothermal gradient. Under geo- 
thermal gradients appropriate to Precambrian 
shield areas, the "normal" kimberlite evolu- 
tionary trend, as typified by the southern African 
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and South Australian kimberlites, would apply, 
whereas with high geothermal gradients, such 
as apparently existed in New South Wales during 
the Cainozoic (Ferguson, et al., 1977), initial 
melts would be of olivine nephelinite type. 
O'Hara (1968) has shown that initial melts of 
four-phase lherzolite in the 10-20 kb range 
are nepheline-normative, whereas above 20 kb 
they are hypersthene-normative, becoming richer 
in normative olivine with increasing pressure. 
The actual degree of melting is undoubtedly 
also of importance, as rare-earth contents 
suggest that kimberlite magmas are produced 
by less than 1 percent melting of garnet lherzo- 
lite (Mitchell and Brunfelt, 1975). The 
situation is further complicated by the amount 
and composition of a fluid phase. The con- 
siderable amounts of carbonate in the Australian 

kimberlitic rocks indicate that a C02-rich vapour 
phase may have been involved in magma generation. 
In the presence of such a vapour phase, the 
liquid would be Si02-undersaturated and relative- 
ly enriched in A1203, CaO, and alkalis, and 
the solidus temperature would be raised 
(Boet. tcher, et al., 1975; E__•ler, 1975). Never- 
theless, we suggest that the two distinct chemical 
trends shown by the kimberlitic rocks of south- 
eastern Australia can, to a large extent, be 
explained by the different pressures under which 
the magmas were formed. In principle, there 
is no reason why transitional types between 
these two extremes should not be found, depending 
on the local geothermal gradient. 

The abnormally high geothermal gradient 
present when the kimberlitic (olivine nephelin- 
ite) magmas of the Juglong area were generated 
intersects the diamond/graphite inversion curve 
at much greater pressures and temperatures 
than those indicated by the nodules, so that 
it is highly unlikely that diamondiferous 
kimberlites of Cainozoic age occur in this part 
of New South Wales. 

An eclogite nodule from one of the Juglong 
intrusives contains garnet and clinopyroxene 
of identical compositions to those of garnet 
lherzolite nodules from the same area, strongly 
suggesting a common mantle source. Such eclog- 
ites, or griquaites according to the usage of 
Nixon (1973), are considered to be of cumulate 
origin. Eclogites from other localities (White 
Cliffs, Delegate, and Gloucester) are consider- 
ably more iron-rich, and apparently originated 
at higher levels in the upper mantle or lower 
crust. 

Kimberlitic activity has occurred over a 
period of several hundred million years in 
southeastern Australia. The White Cliffs occur- 

rences are of Permian age, the South Australian 
kimberlites are Jurassic, and a late Cainozoic 
age is suggested for the Jugiong intrusives 
(Stracke, et al., this vol.). Despite their 
chemical similarity, the Juglong and Delegate 
olivine nephelinites are not manifestations of 
the same phase of magmatic activity, as the 
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latter have given Jurassic agea (Loverin•_•n__d 
Richards, ]964). However, the Jug2ong occur- 
rences may be related to the extensive ]ate 
Cainozoic Newer Basalts of Vi. ctoria and South 
Australia, which include oilvine ana]citites 
and olivine nephelinites (Irvin• and Green, 
t976), or to the ]eucite-bearing volcanics of 
New South Wales (Cundari, 1973). 
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MINERALOGY OF THE TUNRAQ KIMBERLITE SOMERSET ISLAND, N.W.T., CANADA 

Roger H. Mitchell 

Department of Geology, Lakehead University, Thunder Bay, Ont., Canada 

Abstract. The Tunraq diatreme is a multiple 
intrusion of massive kimberlite cut by a com- 
posite dike of massive and fissile micaceous kim- 
berlite. Megacrysts common to all facies are 
niobian rutile, ilmenite and garnet. Ilmenites 
are magnesian (8.4-17.5%Mg0), the most magnesian 
types occurring as mantles on rutile. Garnets 
are pyrope, Ti-pyrope, low Cr (<2.5%Cr20 3) pyrope 
and high chrome pyrope. The latter are con- 
sidered to be derived by framentation of ultra- 
mafic xenoliths and the others to be true pheno- 
crysts. Phlogopite (2-6%Ti0 2) is present as 
laths which are rounded, distorted and kink 
banded, and appear to have formed prior to fluid- 
ization. Phenocrystal and groundmass olivines 
range in composition from Fo92 to Fo87, the 
euhedral groundmass olivines being in general 
richer in Fe0 and CaO than the rounded pre- 
fluidization phenocrysts. Other groundmass 
minerals include iron rich serpentine, calcite, 
perovskite and spinel. The spineñ assemblage is 
different to that observed in other Somerset 

Island kimberlites in being poorer in A120 3. 
Spinels are all suhedral post-fluidization spinels 
of wide compositional range. In the massive kim- 
berlite and fissile micaceous kimberlite the 

spinels range from titaniferous-magnesian-chromite 
to magnesian ulvospinel-ulvospinel-magnetite and 
in the massive micaceous kimberlite from titani- 

ferous-magnesian-chromite to Ti-free magnetite. 
All three facies are considered to have been 
derived from the same batch of mantle derived 

magma by differing degrees of fractional crystall- 
ization at low pressure. The generation of mica- 
ceous kimberlites is considered not to be a 

function of low pressure differentiation of kim- 
berlite as the trend towards micaceous kimberlit• 

as exemplified by the presence of A120 3 poor 
spinels, is induced in the mantle; low pressure 
differentiation merely emphasizes that trend. 
Thus the occurrence of kimberlite and micaceous 
kimberlite within the same kimberlitic magma 

province probably reflects different degrees of 
partial melting of the mantle and/or different- 
iation under high pressure. 

Introduction 

The Tunraq (Inuit; a protective spirit) kim- 
berlite is the only occurrence of micaceous kim- 
berlite within the Somerset Island kimberlite 

province (figure 1). The kimberlite is one of a 
group of kimberlites lying on the eastern bank of 
the Elwin River, eastern Somerset Island and is 
an ovoid diatreme c.350 m., in its maximum 
dimension. The intrusion is cut by an east-west 
tributary of the Elwin River which exposes a 
130 m., true outcrop on its southern bank. The 
remainder of the diatreme area is composed of a 
frost heaved regolith of kimberlite and country 
rock limestone fragments. The bulk of the kim- 
berlite is a black coarse grained massive kim- 
berlite containing widely variable amounts of 
angular to rounded country rock xenoliths. Gar- 
net and ilmenite are visible in hand specimen. 
Petrographically the kimberlite consists of gar- 
net, ilmenite, olivine and phlogopite phenocrysts 
set in a groundmass of spinel, perovskite, 
serpentine and calcite. The eastern portion of 
the outcrop in the stream bank is cut by a com- 
posite dike (c.20 m.) of micaceous kimberlite. 
The bulk of this dike is a massive grey-green 
micaceous kimberlite containing large (1 cm.) 
phenocrysts of phlogopite and olivine together 
with rare garnet and ilmenite set in a groundmass 
of spinel, perovskite, serpentine and calcite. 
Phlogopite is randomly oriented, and this differs 
from the black kimberlite petrographically only 
in the modal amount of phlogopite. Within the 
massive micaceous kimberlite is a thin (2 m.) 
dike of fissile fine grained green micaceous 
kimberlite. The fissility is imparted by a 
relatively small amount of small crystals of 
oriented phenocrystal mica. Large phenocrysts 
of mica are absent and olivine phenocrysts are 
rare. The groundmass is identical to that of the 
other facies but is richer in calcite. The 

western edge of the diatreme can be seen to be in 
sharp contact with the country rocks. The con- 
tact kimberlite is a very fine grained grey rock 
consisting of olivine phenocrysts pseudomorphed 
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Fig. 1. The Batty Bay group of kimberlites and 
the location of the Tunraq kimberlite, Somerset 
Island, N.W.T., Canada. 

by calcite set in a groundmass of perovskite, 
spinel, serpentine and calcite laths. This rock 
is gradational into massive black kimberlite con- 
taining abundant country rock xenoliths with 
phlogopite and fresh olivine phenocrysts set in 
a groundmass of perovskite, spinel, serpentine, 
calcite laths and irregular lobate patches of 
calcite and serpentine. This is the only 
occurrence of carbonate segregations at Tunraq 
similar to the segregations attributed to liquid 
immiscibility in other Somerset Island kimberlitms 
(Clarke and Mitchell, 1975). Typically at Tunraq 
the carbonate does not segregate but remains 
intimately intermixed with the serpentine ground- 
mass. 

Minerals in the kimberlite were analysed at 
Purdue University using an automated MAC 500 
microprobe (Finger and Hadidiacos, 1972). 

Rutile 

Ruti!e has been found only as discrete grains 
(0.04 - 0.2 min.) rimmed by magnesian ilmenite in 
heavy mineral concentrates. Rutile has been 
described in kimberlites as rutile-ilmenite 

intergrowths derived by the breakdown of armal- 
colite (Haggerty, 1975), as a primary phase (?) 
being replaced by ilmenite (Mitchell, 1973), as 
rutile serpentine rims about magnesian ilmenite 
(Clarke and Mitchell, 1975) and as epitaxial 
overgrowths of rutile on perovskite (Mitchell and 
Clarke, 1976). This latter paragenesis of futile, 
typical of the Peuyuk kimber!ite, is absent in the 
Tunraq kimberlite. 

Rutil• compositions are given in Table 1, the 
principal variation being in the Cr203 and 
Nb205 contents. Rutile of a similar composition, 
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although with slightly higher Fe203 contents has 
been described by Dawson and Smith (1977) from 
lherzolite and mica-amphibole-ruti!e-ilmenite- 
diopside (MARID) xenoliths in kimberlite. Such 

rutiles differ notably from the low ½r203(0.5%) 
and low Nb205(0.5%) rutiles associated with 
diamonds and eclogites (Smith and Dawson, 1975; 
White and Ta•.lor, 1973). Dawson and Smith (1977) 
consider that the MARID xenoliths crystallized 
from a kimberlite magma at 500-100 km., depth. 
This together with the occurrence of meta- 
somatically introduced rutile in lherzolite 
xenoliths in kimberlite (Harte and Gurney, ].975) 
indicates that niobian rutile is probably a 
primary early crystallizing phase in kimberlite 
magmas. 

Ilmeni te 

Tunraq is unusual amongst the Somerset Island 
kimberlites in that both facies of the intrusion 

contain abundant discrete grains of magnesian 
ilmenite. The grains range up to 1 mm., in size, 
are typically rounded and rimmed by perovskite. 
Representative analysis are given in Table 2 and 
the compositional variation illustrated in 
figure 2. Zoning within individual grains, com- 
posed of three to four single crystals ranges 
from moderate e.g. 13.6 to 15.3% MgO over 1 mm., 
to insignificant over 0.4 min. Zonation when 
present is irregular relative to the margins of 
the crystals. The i!menites are similar to 
ilmenites in other kimberlites in exhibiting a 
wide range in composition (Mg0, 8.4-17.5%), and 
especially to the high Mg0 group of ilmenites 
found in the Frank Smith, Wesselton and Premier 
kimberlites (Mitchell,1977a; Gurne z et al. 1973). 
The most magnesian ilmenites occur as mantles 
upon rutile, a feature observed at Wesselton by 
Mitchell (1973). Compositional trends are inter- 
preted to be from high to low MgO contents with 
increasing Fe20 3 contents. No correlation of 

Cry0 i with Xg0 is evident (r=0.3) and no "para- bo c 3 relationship" between these two elements 
of the kind described by Haggetty (1975) is 
present. Mn0 exhibits a good positive 
correlation with Mg0(r=0.76), the opposite to 
that observed by Mitchell (1977a) in several 
South African examples (r=0.46). Niobium 

Table 1. Representative analyses of rutile in the 
Tunraq kimberli te. 

1 2 3 4 5 6 

Ti02 93.3 92.8 94.9 93.5 98.1 98.3 
A1203 0.1 0.0 0.1 0.0 0.2 0.2 
Cr203 3.9 3.2 3.4 3.9 0.0 0.1 
Fe203* 0.9 1.2 0.2 0.3 0.5 0.7 
Mn0 0.0 0.0 0.0 0.0 0.0 0.0 
Mg0 0.2 0.9 0.0 0.1 0.3 0.1 
•b205 1.8 1.5 1.8 1.3 1.2 0.3 

100.3 99.6 100.5 99.3 99.5 99.7 

*Total Fe expressed as Fe203 
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contents are 0.0-2.1% Nb205 and similar to other 
kimberlite ilmenites in being enriched in niobium 
relative to ilmenite from other basic and ultra- 
basic rocks (Mitchell 1977a). 

Garnet 

Garnet occurs as rounded megacrysts up to 1 
min., in diameter in both facies of the kimberlite. 
Colors range from orange to deep red to purple 
with increasing Mg0, Cr20 3 and Ca0 and decreasing 
Fe0. Megacryst garnets (76 analyses) fall into 
3 groups using the statistical classification 
of Dawson and Stephens (1975) i.e. groups 1 (34%), 
group 2 (3%) and group 9 (63%). The major ele- 
ment variation is illustrated in figure 3 which 
shows that group 9 garnets are divisable into 2 
groups, a relatively iron rich low Cr (<2.5% 
Cr203) group and a relatively iron poor high 
Cr(>2.5% Cr203) group of variable Ca content. The 
high Cr group 9 garnets are identical to garnets 
found in garnet lherzolite xenoliths in Somerset 
Island kimberlites and elsewhere (figure 3). 
Dawson and ..•S..te. he•_•_• (1975) group 9 is apparentely 
bimodal as it stands and probably incorporates 
garnets of two different origins. Further sub- 
division on the basis of CaO and Cr20 3 should be 
attempted. The ]•igh Cr group 9 garnets found in 
this and many other kimberlites, are best con- 
sidered to be derived by fragmentation of ultra- 
basic xenoliths, even though such xenoliths are 
apparently lacking at Tunraq. 

The groups 1 and 2 garnets vary in their 
Mg/Mg+Fe ratios from 0.82-0.76, increasing Fe 
being accompanied by a slight increase in Ca 
(figure 3). Groups 1 and 2 have high TiO 2 and 
low Cr20 3 relative to group 9 garnets. Dawson and 
Stevens (1975) and Mitchell (1978) consider that 
1 and 2 garnets probably form a continuum of com- 
positions rather than 2 discrete groups. Figure 
3 indicates that low Cr, group 9 garnets might 
also be included in this continuum. 

The groups 1 and 2 and low Cr group 9 garnets 
are compositionally very similar to garnet 

Table 2. Representative analyses of ilmenite. 

1 2 3 4 5 6 7 8 

Ti02 48.0 49.0 49.3 52.5 53.2 52.2 54.0 55.9 
Cr203 1.2 0.7 1.7 0.2 0.2 0.4 0.8 1.9 
Fe203* 14.4 15.5 13.6 10.2 9.7 11.1 9.1 6.0 
Fe0* 27.9 24.4 23.1 23.8 22.0 19.8 19.7 18.5 
Mg0 8.4 10.9 11.7 12.8 14.3 15.0 16.0 17.6 
Mn0 0.2 0.3 0.3 0.2 0.2 0.4 0.3 0.4 

100.1 100.8 99.7 99.4 99.5 98.9 99.8 100.4 

Mol.% end member molecules 

MnTi0 3 0.4 0.6 0.6 0.4 0.5 0.8 0.6 0.8 
MgTi0 3 30.1 37.9 41.1 44.4 48.9 51.3 54.1 58.6 
FeTi0 3 56.0 47.6 45.6 46.2 42.2 38.1 37.3 34.6 
Cr203 0.5 0.3 0.8 0.1 0.1 0.2 0.3 0.8 
Fe20 3 13.0 13.6 12.0 8.9 8.3 9.6 7.8 5.1 
*Fe20 and Fe0 calculated by Carmichael's (1967) method. 

MgTiO3 
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2O 2O 

3O 

e' . 40 
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Fig. 2. Composition of Tunraq ilmenites. 
Compositional field of Southern African ilmenites 
from Mitchell (1977a). 

megacrysts from the Frank Smith and Monastery 
kimberlites (Boyd and Dawson, 1972), the Artur de 
Paiva kimberlite (Boyd and Danchin, 1974), the 
Sloan diatreme (Eggler and McCallum, 1974) and 
the Elwin Bay monticellite-kimberlite (Mitchell, 
1978), which are now being recognized as 
characteristic megacrysts of kimberlite which 
are not of xenocrystal origin and which appear 
to be true phenocrysts. 

The Tunraq garnets are in general slightly 
richer in iron than garnets from Elwin Bay where 
the Mg/Mg+Fe is 0.83 to 0.79, and are distinctly 
poorer in Ti02 e.g. Tunraq group 1 garnets com- 
prise 93% of the total group 1 and 2 population, 
whilst at Elwin Bay they make up 41% of that 
population. In addition garnets at Elwin Bay 
are very much larger (1-2 cm.). The relative 
enrichment in Ti of the Elwin Bay garnets may be 
a reflection of the apparent failure of this 
kimberlite to crystallize abundant ilmenite 
during the pre-fluidization crystallization 
history. 

The Tunraq and Elwin Bay garnet data indicate 
that subtle differences are present in the nature 
of the garnet suites between individual diatremes 
with the same kimberlite province. 
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Fig. 3. Composition of garnets in Elwin Bay kimberlite compared with that of other mantle derived 
garnets. MB, diamonds (Meyer and Boyd, 1972); BNG, BNS, granular and sheared lherzolites, Lesotho 
(Boyd and Nixon, 1975); SIX, Somerset Island lherzolites (Mitchell, 1977b, unpub. data); BD, Frank 
Smith and Monastery megacrysts (Boyd and Dawson, i972); RH, Kimberley megacrysts (Reid and lienor, 
1970); ELWIN, Elwin Bay megacrysts (Mitchell, 1978a). 

Phlogopite 

Mica, in the Tunraq kimbertite, massive and 
fissile micaceous kimberlite, is present only as 
phenocrysts. Groundmass (post-fluidization) 
mica appears to be absent• All of the pheno- 
crysts are either broken, rounded, twisted or 
kink banded and exhibit undulatory extinction. 
Chloritization is rare but replacement by 
penetration of calcite along cleavage planes is 
common. All the micas are single crystals and 
there are no aggregates of mica which might 
suggest that a cumulate body of mica or 
glimmerite xenoliths has been fragmented. De- 
formation of the mica probably occurred during 
fluidization. A prefluidization origin for the 
mica implies crystallization at depth, either in 
the mantle or lower crust. Representative 
compositions are given in Table 3. No com- 
positional differences exist between micas in the 
different facies of the kimbertite and very 
little range (0.87-0.92) is found in Mg/Mg+Fe 
ratios. TiO 2 and Cr•0• show considerable z 3 
variation (but no correlation with Fe0). Figure 

164 

4 illustrates that high T..i. 02 (..2.0%) contents are 
characteristic of the Tunraq micas. Mica com- 
positions lie well out'side of the field of mica 
megacrysts in kimberllte as defined by Dawson 
and Smith (1975) an.d this field should therefore 

Table 3- Representative analyses of mica 
megacrysts. 

1 2 3 4 5 

Si02 41.7 40.4 39.6 39.0 37.8 
T•02 1.6 3.8 5.4 5.3 5.5 
A120 3 12.0 12.7 13.8 13.2 13.0 
Cr203 0.2 0.0 0.4 0.9 1.1 
Fe0* 5.3 6.2 4.8 4.4 4.7 
Mn0 0.0 0.0 0.0 0.0 0.0 

Mg0 24.1 22.5 21.6 21.3 21.0 
Ca0 0.7 0.0 0.0 0.0 0.0 

Na20 0.3 0.3 0.3 0.2 0.2 
K20 9.5 10.1 10.1 9.7 t0.0 
Ni0 0.1 0.1 0.1 0.1 0.1 

94.8 96.1 96.2 94.1 93.4 
Mg/Mg+Fe 0.89 0.87 0.89 0.90 0.89 
*Total Fe expressed as Fe0 
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be extended up to at least 6% TiO 2. None of the 
micas lie within the fields of primary and 
secondary phiogopite in xenoiiths. Micas of 
comparable composition to the low Cr20 3 (<0.5%) 
moderate Ti02(1-4%) phenocrysts are known from 
MARID xenoliths but the Tunraq micas have 
generally higher Mg/Mg+Fe ratios and lower Ni0 

contents (figure V5), as well as having no de•.c•ency in A11 . No compositional data exist 
comparable with the high TiO 2 high Cr203 
phlogopites. Figure 4 also gives data for Elwin 

o 20 

0 15 

0 

z o io 

005- 

Mg/Mg Jr Fe 

Fig. 5. Plot of NiO vs. Mg/Mg+Fe for Tunraq 
micas. Compositional fields for other micas 
from Dawson and Smith (1977). 
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Fig. 6. Compositions of phenocrystal and ground- 
mass olivines in Tunraq kimberlite and micaceous 
kimberlite. 

Bay mica. This kimberlite contains both 
phenocrystal and groundmass mica. The evolution- 
ary trend of mica compositions being towards 

lower Ti02 and Cr20 3 contents. Micas are in 
general less titaniferou.• than those found at 
Tunraq. By analogy, the Tunraq micas may evolve 
from high to low Ti02 and Cr203 contents. 

Olivine 

I• both the kimberlite and micaceous kim- 

berlite olivine occurs in two generations, an 
earlier one of rounded to subhedral phenocrysts 
and a second generation of euhedral to subhedral 
groundmass olivines. Because the rounding of 
phenocrystal olivine by the fluidized intrusive 
process is not as pronounced as in many kim- 
berlites and because of the pervasive secondary 
alteration it is difficult to distinguish pheno- 
crystal and groundmass olivines on the basis of 
habitø An arbitrary size limit of 1 ram. is taken 
as being the boundary between the two types. 
All of the olivines are extensively pseudo- 
morphed by a yellow-brown serpentine. This 
serpentine is an iron rich variety (9.7% Fe0) 
apparently peculiar to kimberlites (Emeleus 
and Andrews, 1975; Mitchell, 1978) and which can 
form either as a primary or secondary phase. 
Iron rich serpentine of this type only appears 

165 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



Table 4. Representative analyses of spinels. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Ti02 
A1203 
Cr203 
Fe0* 

Mn0 

Mg0 

0.4 0.5 2.9 3.2 0.9 1.5 3.0 4.8 7.6 11.5 14.7 16.7 18.2 15.7 7.0 6.2 0.0 
11.4 13.2 10.7 10.3 2.7 2.3 1.8 2.3 3.9 7.5 8.0 8.7 8.4 6.2 0.2 0.3 0.0 
54.2 55.1 50.3 51.6 58.7 61.0 55.4 47.8 43.9 27.1 19.3 2.4 1.5 3.8 11.0 26.5 0.0 
19.2 15.8 21.4 19.4 25.1 21.9 26.6 33.2 28.3 36.9 41.2 52.2 52.4 51.0 70.4 58.1 92.0 

0.3 0.3 0.3 0.4 0.5 0.4 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.3 0.3 0.2 
13.9 14.7 14.3 15.3 11.4 12.1 11.1 9.6 13.8 14.5 15.3 15.7 15.0 16.0 5.2 5.2 0.9 
99.4 99.6 99.9 100.2 99.2 99.3 98.3 98.1 97.8 98.8 96.1 97.2 97.3 94.1 96.1 94.1 93.1 

Recalculated analyses + 
Fe203 7.3 4.5 7.8 7.1 11.0 8.0 10.4 13.2 12.1 18.1 20.6 32.2 30.5 28.6 46.0 32.5 69.4 
Fe0 12.6 11.7 14.3 13.0 15.2 14.7 17.2 21.3 17.4 20.6 22.6 23.2 25.9 25.3 29.0 28.9 29.5 

100.1 100.0 100.7 100.8 100.3 100.0 99.3 99.5 99.1 99.7 100.8 99.3 99.9 100.2 98.7 99.8 100.1 

MgA1204 20.5 23.8 18.6 17.8 4.5 4.3 3.2 4.1 6.6 11.5 11.6 12.0 11.5 8.5 0.3 0.4 - 
Mg2Ti04 1.3 1.7 9.8 10.7 3.0 5.3 10.4 16.4 24.3 33.7 33.5 31.9 30.0 34.9 15.0 15.8 - 
Mn2Ti04 ......... 0.2 0.8 0.7 0.7 0.8 0.5 0.6 - 
Fe2Ti04 .......... 6.6 11.7 16.6 15.3 5.1 3.0 - 
MnCr204 0.8 0.9 0.8 0.9 1.4 1.2 1.0 1.2 1.1 0.7 ....... 
MgCr204 40.9 41.0 31.2 34.7 44.2 45.6 34.4 17.0 19.9 ........ 
FeCr204 23.8 24.8 26.5 24.2 27.0 29.4 32.6 38.8 28.5 27.2 18.8 2.2 1.4 3.5 11.3 29.1 - 
Fe304 12.7 7.8 13.0 11.7 19.4 14.2 18.2 22.4 19.6 26.7 28.7 42.2 39.8 37.1 67.7 5i.1 - 

*Total Fe expressed as Fe0.+ Fe203 and Fe0 calculated by Carmichael's (1967) method; 1-2, aluminous- 
magnesian-chromite; 3-4, titaniferous-magnesian aluminous chromite (TIMAC); 5-11, titaniferous- 
magnesian-chromite (TMC); 12-14, magnesian ulvospinet-ulvospinel-magnetite (MUM); 15-16, titaniferous 
chromite (TC); 17, magnetite. 

to form under conditions of low oxygen fugacity 
and when iron in serpentinized olivines is not 
expelled as magnetite during the alteration 
process. Calcite pseudomorphs occur, but are 
not characteristic of the Tunraq kimberlites. 
Olivines rarely show stress induced undulatory 
extinction. The variation in composition of 
olivine in the different facies is shown in 

figure 6. Early phenocrysts are essentially 
homogeneous (Fo92-Fo90) with thin iron enriched 
margins (Fo90-Fo88) . Groundmass olivines are 
weakly zoned from cores of Fo92-Fo90 to margins 
of Fo87. Reverse zoning occurs rarely from 
Fo86-Fo88. Figure 6 illustrates that there is 
no significant difference in composition 
between kimberlite and micaceous kimberlite 

olivines. Phenocrystal olivines can be dis- 
tinguished from groundmass olivine by the 
latter invariably containing greater than 0.1% 
Ca0. The low Ca0 content of the olivines, even 
when crystallizing from a fluid which event- 
ually crystallizes calcite, is in agreement 
with Warner and Luth's (1973) data for the 
Mg2Si04-CaMgSi04 solvus which indicates that 
olivines contain less than 1 mol.% CaMgSi04 
in solid solution at low temperatures. Ni0 is 
strongly depleted in the margins of some of the 
olivines but remains constant from core to rim 

in others. The Ni0 depleted rims are similar to 
those found by Mitchell and Fritz (1973) in the 
Peuyuk kimberlite, in which the Ni depletion is 
contemporaneous with the crystallization of 
nickeliferous pyrite. Ni-bearing sulphides have 
not yet been noted at Tunraq. 

No xenocrystal olivines derived by the frag- 
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mentation of ultramafic xenoliths are evident at 

Tunraq, except perhaps the rare strained olivines. 
The presence of xenocrystal garnet and pyroxene 
indicates that such olivines might be present, 
but no chemical and few textural criteria are 

available to distinguish them from phenocrystal 
olivines. 

The range in olivine composition seen at 
Tunraq is similar to that of olivine in other 
Somerset Island kimberlites and demonstrates 

that olivine compositions do not reflect the 
different degrees or directions of 'evolution of 
kimberlite magma within individual diatremes. 
Olivines in kimberlites seem on a world wide 

basis to commence crystallization at about Fo92, 
in both phenocrysts and groundmass and evolve to 
iron rich compositions of about Fo87 (Mitchell, 
1973, Emeleus and Andrews, 1975, Boy. d and 
Clement, 1978). 

Spinel 

Representative analyses of spinels are given 
in Table 4. Spinel compositions are plotted in 
figure 7 as end member spinel molecules in a 
reduced iron spinel prism as outlined by Mitchell 
and Clarke (1976). This type of projection in 
which total iron is calculated as Fe0 is useful 

for kimberlite spinels, which have probably 
formed under relatively reducing conditions, in 
that it includes all the major elements deter- 
mined. The prism does not however indicate 
possible variations in Fe304 and MgFe3+O 4. Mag- 
netite variations are shown in figure 8. 

In each phase of the diatreme, spinels occur 
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initially as large (up to 0.5 mm.) euhedral to 
subhedral crystals. The latest spinels are all 
small (0.05 mm.) euhedral crystals. No atoll 
spinels (Mitchell and Clarke, 1976) are present. 
All the spinels appear to be post-fluidization 
spinels as no large rounded transparent red 
aluminous-magnesian-chromite (AMC), typical of 
the Peuyuk and Elwin Bay kimberlites is found. 
Ti02 poor spinels at Tunraq which plot near the 
base of the spinel prism are A1203 deficient and 
opaque and lie at the Cr20 3 rich end of the 
Peuyuk AMC compositional trend. Each facies of 
the diatreme has a distinct spinel assemblage. 

Spinel crystallization in the kimberlite com- 
menced with the relatively uncommon A120 3 poor 
aluminous-magnesian-chromites (Table 4, anals. 
1-2) and evolved via rare titaniferous-magnesian- 
aluminaus-chromite (TIMAC, Table 4, anals. 3-4) 
to large crystals of titaniferous-magnesian- 
chromite (TMC, Table 4, anals. 5-11). Within the 
TMC spinels A1 increases as Ti increases. in- 
creasing Fe3+ and Ti at approximately constant 
Fe/Fe+Mg ratios leads to the development of 
members of the magnesian ulvospinel-ulvospinel- 
magnetite series (MUM, figures 7 and 8; Table 4, 
anals. 12-14) of hexahedral habit. Ti-free 
magnetite does not terminate the spinel com- 
positional trend. 

The massive micaceous kimberlite initially 
crystallized TMC identical to that of the early 
spinels in the kimberlite but the trend towards 
Ti enrichment at constant Fe/Fe+Mg ratio does not 

exceed 3% Ti02, therefore members of the MUM 
series are not developed. Spinels richest in 
Ti02 (6-7%) are unusual in being A1 and Mg poor 
titaniferous chromites (TC, Table 4, anals. 
15-16) and are shown in figure 7 as the 5 
analyses with Fe/Fe+Mg ratios greater than 0.8. 
The most abundant spinel is a Ti-free magnetite 
(Table 4, anal. 17) of octahedral habit. The TC 
spinels and the lack of bfUM spinels indicate that 
in this facies spinels were rapidly depleted in 
A1 and Mg and although insufficient data are as 
yet available to accurately delineate this trend 
it is possible that the trend is initially along 
the axis of the spinel prism with increasing 
Fe/Fe+Mg ratios, culminating in the formation if 
Ti-free magnetite. 

The fissile micaceous kimberlite initially 
crystallized TMC with Ti02 greater than 7%, which 
evolved into members of the MUM series. The 

trend is identical to that of the kimberlite 

spinels excepting that the early spinels of low 
Ti02 content are absent. No Ti-free magnetite 
is formed. 

Spinel compositional trends are in general 
similar to those determined for other kimberlites 

(Haggerty, 1975, Mitchell and Clarke, 1976) in 
showing Ti and Fe3+ enrichment as crystallization 
proceeds. Figures 8 and 9 illustrate that the 
Tunraq spinels are deficient in A1203 relative to 
the Peuyuk spinels, and that they have a similar 
evolutionary trend towards MIIM spinels at 
approximately constant Fe/Fe+Mg. The lack of 

FeTiO 4 
TUNRAQ 

Tunraq Kimberlite 

Tunraq Micoceous Kimberlite 
o massive 

/ ' • fissile 

Mg2TiO 4 ' ,' ', ,' / ';' 

', ........ , ,; :'-v . 

o • 

o 'B 0' 9 • o / 
Mg Crz 0 4 

Fig. 7. Composition of spinels plotted in a reduced iron spinel prism. 

FeCr• 0 4 
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Mg•TiO,• 

/ 

MgAI•04 

FeCr20,• 

Fe 2Ti04 . 

MgCr•04 

TUNRAQ KIMBERLITE ß 

TUNRAQ MICACEOUS KIMBERLITE 

M(]ss•ve 0 
F•sslle ß 

Peuyuk SpineIs • -- 

Fe •TiO,• 

Fe•O,• 

0.-MgCr,•0,-Mg,.TiO 4 and FeCr04-Fe30•F½.•Ti04 of spineis. Fig. 8. Ternary molecular percentages of MgA12 • . •_ • Molecular components calculated as in Mitchell and Clarke (1•76). 

A1203 rich AMC spinels at Tunraq is well illus- 
trated in figure 8. Compositional data for 
spinels in other micaceous kimberlites is un- 
available except for a study of the Kirkland 
Lake (Ontario) micaceous kimberlite (Mitchell., 
1978b), the compositional trend of which is shown 
in figure 9. Those spinels are even more de- 
pleted in A1 and have higher Fe/Fe+Mg ratios than 
the Tunraq spinels. The evolutionary trend is 
however very similar. The Kirkland Lake spinels 
do not show the magnesian depletion trend of the 
Tunraq massive micaceous kimberlite. Comparable 
spinels to those of this latter trend are seen 
in the titaniferous chromites exsolved from 

ilmenite in the Premier kimberlite (Danchin and 
D'Orey, 1972), the Ti-poor chromites in diamond 
(Meyer and Boyd, 1972) and the overall trend of 
lunar spinels (.Ha.ggerty, 1972). 

Perovskite 

Perovskite occurs in abundance as a ground- 
mass phase as discrete euhedral to rounded brown 
crystals and as reaction rims upon magnesian 
ilmenite megacrysts. The reation rims demon- 
strate that magnesian ilmenite was not in 
equilibrium with the magma which eventually 
formed the groundmass. The perovskites lack the 
epitaxial rutiles characteristic of the Peuyuk 
kimberlite (M.i..tchell .and Cl_arke, 1976), and 
common in the Elwin Bay kimberlite (Mitchell, 
1978a). 

Representative partJ..al analyses are given in 
Table 5. Low totals are due to the presence of 
rare earths not determœned. No differences in 

the composition of perovsk[te in the different 
facies exists. The perovsk[.tes are s•mœl. ar 'in 
composition to perovskite œn other k[mberlites, 
in having low and constant FeO contents and 
significant Nb205 contents. Where perovskJte and 
ilmenite coexist it is found that the perovskite 

always had the greater Nb205 content, confirming 
tl•at perovskite is the marjot carr"[er of Nb in 
kimberlites (Mitchell, 1972). 

Cl. inopyroxene 

Clinopyroxene is found as single crystals 
only in heavy mineral concentrates, it does not 
at any time crystallize as a post-fluidization 
liquidus phase. The clinopyroxene is a green 
chrome diopside (1.6-2.3% Cr203) with Mg/Mg+Fe 
ratios of 0.92-0.94 and Ca/Ca+Mg ratios of 
0.446-0.484. The diopsides are identical to 
pyroxenes found in lherzolite xenoliths in other 
Somerset Island kimberlites and give solvus 
equilibration temperatures of 905-t060•C 
(Davis and Boyd, 1966), similar to those of 
coarse granular garnet lherzolite (Mitchell, 
1977b). The clinopyroxenes are undoubtedly 
derived by fragmentation of such nodules. No 
orthopyroxene has yet•een found, possibly because 
of the ease with which this mineral is serpen- 
tinized. 
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Fig. 9. Compositional fields of spinels from the Tunraq, Peuyuk (Mitchell and Clarke, 1976) and 
Kirkland Lake kimberlites (Mitchell, 1978). 

Discussion 

The mineralogy and petrography of the Tunraq 
kimberlite indicates that the phases which are 
common to all three facies and which crystallized 
in the mantle are niobian rutile (minor), 
magnesian ilmenite, pyrope, (groups 1, 2, low Cr 
9) and probably olivine. With decreasing 
pressure as the magma ascends towards the crust 
pyrope and ilmenite cease to crystallize and 
phlogopite replaces garnet as the aluminous 
liquidus phase in the lower crust and uppermost 
parts of the mantle. This crystallization 
sequence is very different to that deduced for 
the Elwin Bay and Peuyuk kimberlites in which 
aluminous-magnesian-chromite is abundant, il- 
menite is absent or insignificant and in which 
only minor amounts of phlogopite formed. The 
Tunraq kimberlites demonstrate that the evol- 
utionary trend towards micaceous kimberlite is 
established in the •nantle and that this trend is 

merely emphasized in the lower crust and post- 
fluidization crystallization history. The "least 
evolved" magma at crustal levels at Tunraq is 
represented by the massive black kimberlite. 

(Although this kimberlite lacks abundant modal 
mica it might be thought of as being a micaceous 
kimberlite because of the inherent alumina 

deficiency in the post-fluidization spinel 
compositions). This kimberlite crystallized only 
a small amount of mica prior to emplacement and 
spinels evolved towards MUM spinels at approxi- 
mately constant Fe/Fe+Mg ratios. The fissile 
micaceous kimberlite can be thought of as being 
a late fraction of this magma because of the 
similar spinel composition trend. In contrast 
abundant crystallization of phlogopite prior to 
emplacement resulted in the very different spinel 
evolutionary trend of the massive micaceous kim- 
berlite. This may have been the result of 
pooling of the magma or a slower ascent rate of 
that magma batch. At Tunraq the post-fluidization 
crystallization did not result in the seperation 
of immiscible carbonate rich fluids except on a 
minor scale at the margins of the intrusion. 

Detailed mineralogical studies of three 
different kimberlite diatremes within the Somer- 

set Island kimberlite province e.g. the Peuyuk 
kimberlite and calcareous kimberlite (Mitchell 
and Clarke, 1976), the Elwin Bay monticellite 
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Table 5. Representative composition of perovskSte. Boyd, F.R., and R.V. Danchin, Discrete nodules 

Ca0 

TiO 2 
A1203 
Cr203 
FeO* 

Mn0 

MgO 
Nb205 

0.2 0.2 0.2 0.3 0.2 0.2 0.2- 0.4 

from the Artur de Paiva kimberlite, Angola. 
1 2 3 4 5 6 7 Carnegie Institution of Washin•ton Yearbooli, 

38.8 38•5 38.1 37.8 37.5 38.8 36.0-40.2 7__3, 278-282, 1974, 
56.2 55.3 55.7 54.8 54.8 56.9 52.4-55.9 Boyd, F.R., and J.B. Dawson, Kimberlite garnets 

and pyroxene-ilmenite intergrowths. _C_a_r_/•e• 
0.1 0.1 0.1 0.1 0.! 0.2 - - 

1.1 1.2 0.9 1.1 1.2 0.9 1.0- 2.1 

0.0 0.1 0.1 0.0 0.0 0.0 - - 
0.5 0.4 0.5 0.5 0.4 0.4 0.1- 0.2 
0.6 0.8 0.4 0.6 0.5 0.5 0.6- 1.5 

97.6 96.4 96.0 95.3 94.9 97.8 

*Total Fe expressed as Fe0. 
1-2, kimberlite; 3-4, massive micaceous kimber- 
like; 5-6, fissile micaceous kimberlite; 7, Range 
in composition of kimberlite perovskite (Mitchell 
•9•2). 

kimberlite (Mitchell 1978) and the Tunraq mica- 
ceous kimberlite, have shown that each diatreme 
exhibits both subtle and gross differences in 
their post and pre-fluidization crystallization 
histories, and that the observed differentiation 
trends are imposed upon the individual magma 
batches in the mantle. All three diatremes are 

a part of same cycle of kimberlite magmatism and 
the differences probably reflect different 
degrees of partial melting and/or amounts of high 
pressure differentiation. In particular the 
replacement of aluminous-magnesian-chromite by 
phlogopite and the development of the Tunraq 
micaceous kimberlite might be due to smaller 
amounts of partial melting (or compositional 
differences) of the source material than required 
to generate the Peuyuk kimberlite e.g. en- 

richment of the melt is K20 and H20. 
It will be of interest to determine whether 

or not each of Somerset Island diatremes has 

distinct mineralogical characteristics. If so, 
such studies should provide much evidence 
concerning the petrogenesis of kimberlite. 
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Abstract. Diamond-bearing kimberlites occur 
in Andhra Pradesh at Wajrakharur and Lattavaram. 
In general, the kimberlites at the surface are 
elliptical with their longer axes trending ap- 
proximately N70øE. The pipes have intruded P• 
Dharwarschists, granites, and gneisses but have 
very limited surface exposure. 

The kimberlite near Lattavaram is hard and 

compact, but slight differences in mineralogy 
are obvious between the two pipes at this local- 
ity. One kimberlite pipe consists predominantly 
of phenocrysts of olivine (Fo92) partjy serpen- 
t'ini zed in a meditlm- to fine-grai ned gr•undmass 
oœ magnetite-rich spinel, chromite, phi ogop.i to, 
and montice]lite. Pectolite is also present. 
However, a remarkable feature of tl•i.s kimberlite 
is tine ubiquitous occurrence of needle-like 
crystals of nickel sulfide in the serpentine. 

The second kimberlite at Lattavaram also is 

predominantly of serpentinized olivine, picroil- 
menite, and minor garnet in a matrix of calcite, 
phlogopite, and opaque phases including Cr-rich 
ilmenite. Minor phases such as sphene and perov- 
skite are also present. Olivine ranges between 
Fo88 to Fo92; and garnet is about 75% pyrope, 
11% grossular with between 2.5 to 3 wt % Cr20 B. 
Up to the present time, a few mantle xenoliths 
have been recovered from drill cores, but crus- 
tal xenoliths (e.g., amphibolites) are not un- 
c ommo n. 

Introduction 

Although diamond has been known in India from 
historical times, the presence of kimberlite has 
been the subject of much speculation and contro- 
versy. However, in the late nineteenth century, 
igneous rocks, supposedly the host rocks for 
diamonds at Pannah and Wajrakharur, were des- 
cribed but were discounted as being kimberlite 
(Foote, 1889; Lake, 1890). The source rock for 
the diamonds was subsequently investigated by 
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others (Pitchamuthu and Rao, 1932; Mathur and 
Singa, 1963; Mehr, 1953) but generally considered 
that kimberlite was not present. In 1963, Rao 
and Phadtre, after a preliminary study of the 
geology and petrography for four 2gneous bodies 
near Wajrakharur, Andhra Pradesh, concluded they 
were kimberlitic. The present study concentrates 
on the mineralogy and mineral chemistry of phases 
from two of the d[a•remes near Lattew•rems, 
which is six miles SSW of Wajrakharur. Unfor- 
tunately, paucity of ultramafic xenoliths from 
these diatremes makes it impossible to draw any 
major conclusion regarding the upper mantle 
petrology beneath the South-Indian shield. 

Geology 

Four pipe-like bodies are located in the 
region of Wajrakharur. Two are near this village 
and the other two are near Lattavaram six miles 
SSW of Wajrakharur. These bodies are somewhat 
oval in shape, trending roughly N70øE and have 
intruded pre-cambrian Dharwar Schists, granite, 
and gneiss. 

The Archaean early Proterozoic rocks of the 
Indian shield are divided into six provinces on 
the basis of structural trends and litho-strati- 
graphic developments (Naqvi et al., 1974). The 
rocks in the present area of study are classed 
into the Dharwar province of Mysore and Andhra 
Pradesh. Sarkar (1968) assigned 2.5-3.0 b.y. for 
the Dharwars, and the post-Dharwarian granites 
and gneiss are assigned 1.2 b.y. Murty of the 
Geological Survey of India (private communica- 
tion) from field observations believes that the 
kimberlites and associated rocks could be around 
1025 m.y. 

The material in the pipes is highly weathered 
near the surface and consists of serpentine, 
calcite, clay minerals, and fragments of crustal 
and local host country rock. At Lattavaram the 
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Fig. 1. (a) Nickel-sulfide phase. The grains are •,2•m in size. (b) Needle-like nickel-sulfide 
phase in serpentine. The cross section of needles is triangular (A). Note some unaltered olivine 
also in the serpentine. (c) Ilmenite in L-2 kimberlite rock. Note rutñle inside and along the 
grain boundary. (d) Thick kelyphitic rim around the garnet. An intermediate zone of alteration 
is present between the unaltered garnet and the kelyphitic rim. 

kimberlite is somewhat more durable and compact 
than at Wajrakharur, and it is thus possible to 
distinguish slight mineralogical and petrographic 
differences between the two pipes; Rao and 
Phadtre (1963) report the occurrence of eclogite 
and peridotite xenoliths from this locality, 
recovered from the drill cores. For the most 

part, xenoliths consist of amphibotite or other 
crustal fragments only. 

Petrography and Mineral Chemistry 

Petrographically the two kimberlites near 
Lattavaram are distinct. One kimberlite (L 1) is 
dark blue in color, hard and compact, and it is 

fine- to medium-grained and porphyritic. This 
kimberlite consists of relatively small (average 
about 1 mm) phenocrysts of olivine in a very 
dark, fine-grained matrix of serpentine, calcite, 
phlogopite and magnetite-rich spinel. Minor 
monticellite and pectolite were also noted. 
Sometimes monticellite is seen as a thin rim 

around the Mg-olivine. 
Olivine is colorless in polarized light with 

high birefringence and 2V nearly 90 ø. Serpen- 
tinized olivine phenocrysts are interesting in 
that the veins of serpentine contain numerous 
minute needles approximately 2 •m in length and 
with triangular cross sections. We analyzed 
this phase using electron microprobe; and after 
making appropriate corrections for the serpentine 
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surrounding the needle, a maximum content of 72 
wt % Ni was obtained for this mineral. This 

strongly suggests it is hazelwoodite (Ni3S2). 
The occurrence of this phase is believed to be 
due to late stage sulfurization of the olivine, 
accompanying serpentinization, with the Ni being 
derived from the original olivine, which contains 
0.2 to 0.3 wt % NiO (Figs. la and lb). 

Chemical analyses of various phases in L-1 are 
presented in Table 1. Olivine from the L-1 pipe 

rock is generally close to Fo92 in composition. 
Unaltered olivine contains 0.2-0.3 wt % NiO and 

is very low in chromium. Monticellite in this 
rock has 48 wt % FeO in it. The Ca:Mg:Fe ratio 
of monticellite is 47:44:9. 

Spinels in this rock appear to be of two 
types; a minor number are rich in chromium (7-11 

wt % Cr203, Table 1) whereas the second group 
have generally about 2-4 wt % ½r203. These two 
types could not be distinguished from the other 
optically under microscope. The Mg/(Mg + Fe) 
ratio for these spinels ranges from 0.12 to 0.15, 
and the Cr/(Cr + A1) ratio ranges between 0.65 to 
0.86. Akella et al. (1976) have shown experi- 

TABLE 1. Representative analyses of minerals 
from Lattavaram-1 kimberlite. 

Oliv- Spinel Spinel Monti- Pecto- Serpen- 
ine (1) (2) cellite lite tine 

SiO 2 41.50 ...... 37.25 52.40 42.57 
TiO 2 0.02 9.80 7.32 0.27 0.04 0.02 
A1203 --- 0.95 1.17 0.06 0.50 0.97 
Cr203 0.09 2.63 10.69 --- 0.04 0.13 
FeO 7.84 ñ 27.73 24.18 8.05 t 0.52 ñ 1.07ñ 
Fe203 
MgO 50.86 
CaO 0.10 

MnO 0.12 

Na20 --- 
K20 --- 
NiO 0.34 
Co --- 

51.52 47.76 

6.69 7.16 21.63 0.23 39.46 
...... 32.46 33.73 0.77 
0.54 0.58 0.29 0.13 0.23 
...... 0.06 9.34 0.09 
...... 0.05 0.04 0.05 
...... 0.02 0.01 --- 

0.12 0.14 ......... 

0.07 0.03 ......... 

Total 100.87 100.05 99.03 100.14 96.99 85.36 
(+OH) (+OH) 

Number of cations for 0 = n x 1000 

Si 1000 
Ti --- 

A1 --- 

Cr 1 

Fe 157 

Mg 1827 
Ca 2 

Mn 

Na 

K 

Ni 

(Mg+Fe) 

2 

6 

0.921 

999 

5 

1 
--__ 

187 

864 

933 

6 

3 

1 
--_-- 

0.822 

ñTotal Fe as ferrous iron. 
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Fig. 2. A typical field outcrop of the L-2 
kimb erlit e. 

mentally that the Cr/(Cr + A1) ratio of the 
spinel is sensitive to the Mg/(Mg + Fe) ratio of 
the spinel. Even though both types of spinels 
in these kimberlites have similar Mg/(Mg + Fe) 
ratio, their chrome contents are different by a 
factor of three. It is conceivable that the 

Cr203-rich spinels have minute inclusions of 
chromite, which we were not able to identify. 

The secon• kimberlite (Fig. 2) at Lattavaram 
(L-2) is much more coarsely grained than L-1. 
The rock is porphyritic, the phenocrysts being 
mostly olivine, and occasionally garnet. Olivine 
phenocrysts are for the most part serpentinized. 
Other major phases are ilmenite and garnet. 
Minor phases such as sphene and perovskite have 
also been observed. These two phases are seen as 
discrete grains in thin section. The groundmass 
consists predominantly of serpentine, calcite, 
minor phlogopite, and opaque phases, including 
spinel and ilmenite. One noteworthy feature in 
this rock is the absence of the nickel-sulphide 
phase in the serpentine. 

Chemical analyses of various phases from L-2 
kimberlite are presented in Table 2. Composition 
of L-2 olivines is similar to those from L-1 kim- 
berlites, except for the lower Mg/(Mg + Fe) ratio 
for the former. Ilmenite (Fig. lc) ranges from 
30-50 Dm in size and is evenly distributed in 
the thin section. Chemically there are two 
species of ilmenites, one of which is six times 
richer in chromium (ilmenite 1, Table 2) com- 
pared to the other. The chrome-rich ilmenite 

has 450% geikilite component in it, whereas the 
chrome-poor variety has 432%. Geikilite compo- 
nent of these ilmenites is compatible with that 
reported for kimberlite ilmenites in the litera- 
ture. It is presumed that the earlier formed 
ilmenites are more iron-rich and also relatively 
poorer in chromium, and as the crystallization 
progressed, the later formed ilmenites have become 
magnesian with higher concentrations of chrome. 
It is not presently understood whether the as- 
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TABLE 2. Representative analyses o• minerals in 
Lattavaram- 2 kimberlite. 

the composition field for garnets from pipes in 
the Kimberley area (Reid and Hanor, 1970). 

Oliv- Gar- Ilmen- Ilmen-Phlo- Serpen- Xenoliths 
ine net ite(1) ite(2) gopite tine Sphene 

SiO 2 41.28 42.77 0.24 0.16 39.92 42.42 29.71 Numerous fragments of amphibolite and/or other 
TiO 2 0.05 0.11 53.37 53.18 0.58 0.05 37.08 crustal materials are common in the kimberlite 
A1203 0.02 21.53 0.30 0.38 13.64 0.74 1.34 pipes. However, in the kimberlite pipe rocks 
Cr203 0.06 2.82 4.03 0.79 0.03 0.02 --- near Lattavaram, we found two eclogite xenoliths 
FeOñ 11.23 7.58 23.73 35.48 2.80 4.32 1.66 that are approximately 6 cm in cross section and 

a fragment of a diopside phologopite chip. An MgO 48.23 21.28 16.43 10.08 25.67 37.76 0.13 ilmenite megacryst was also recovered from the CaO 0.21 4.48 0.34 0.02 O. 01 0.12 27.53 
MnO 0.15 0.36 0.54 0.25 0.02 0.20 0.05 highly weathered pipe rock near Wajrakharur. 
Na20 0.03 --- 0.01 0.06 ......... The dominant phases in the eclogite FRB 549 
K20 ............ 10.10 --- 0.01 are Fe-rich garnet and diopside (Table 3) with a 
NiO 0.23 --- 0.05 --- 0.01 0.19 0.01 grain size of 1-3 min. Irregular patches of white 

alteration material (clay?) can be seen between 
Tot. 101.49 100.93 99.04100.3"9 92.78 85.82 97.52 the grains. The diopside is inhomogeneous in 

(+OH) (+OH) (+OH) Ti, A1, Fe, Mg, and Na. The second eclogite 
(+F) chip FRB 551 contains garnet that is considerably 

Number of cations for 0 = n x 1000 

Si 1002 3012 11 8 
Ti --- 3 1835 1891 
A1 --- 1785 16 21 
Cr ] 153 145 29 
Fe 228 444 907 1403 

Mg 1746 2235 1120 710 
Ca 5 336 17 1 
Mn 2 21 21 10 
Na 1 ...... 3 
K 0 ......... 

Ni 4 ......... 

Mg__ 0.884 0.835 0.553 0.336 
(Mg+Fe) 

ñTotal Fe as ferrous iron. 

sumed progressive crystallization took place 
during the process of kimberlite formation or 
during its ascent before emp!acement. 

Garnets in L-2 kimberlite are light pink in 
color and have very thick kelyphitic rims around 
them (Fig. ld). Chemical analyses for the garnets 
are presented in Table 2. These garnets contain 
2.5-3 wt % Cr203 and are very poor in TiO 2 (0.11 
wt %). Reid and Hanor (1970) have shown for the 
garnets from the Kimberley area that the Cr203 
content of the kimberlite garnets is low, <0.6 
wt %, except in the more magnesian variety, Mg/ 
(•Mg + Fe) > 0.81, where Cr203 varies from 1.6 to 
2.7 wt %. The garnets they examined were also 
low in MnO _<0.4 wt %. Garnets from L-2 pipe have 
an Mg/(Mg + Fe) ratio 0.84, and the amounts of 
Cr203 and MnO in them is in agreement with Reid 
and Hanor's observation. The Ca:Mg:Fe ratio of 
these garnets is 11:74:15. Boyd and Nixon (1973) 
and Akella (1974) have shown that natural kimber- 
litic garnets and garnets synthesized at 445- 
kilobars pressure, contain 10-14 mole % of the 
grossular molecule. The grossular content of 
L-2 garnets is in the range of their observation. 
Analysis for the L-2 kimberlite garnets, plotted 
in the Ca:Mg:Fe ternary diagram, is well within 

more magnesian than the garnet from FRB 549 
(Table 3). 

Ilmenite megacryst FRB 548 from the Wajrakhar- 
ur kimberlite pipe contains inclusions of diop- 
side and rather Fe-rich garnet (Table 4). The 
Mg(Mg+Fe) ratio for the garnet is 0.374, and it 
contains 419% grosular. The giekilite content of 

TABLE 3. Chemical analyses for diopside and gar- 
net from eclogites, FRB-S49 and FRB-SS1. 

FRB-549 FRB-551 

Oxide Diopside Garnet Diopside Garnet 

Si02 52.16 39.51 55.61 42.54 
A1203 4.23 21.57 2.77 22.11 
Ti02 O. 70 0.07 0.30 0.21 
Cr203 0.07 0.11 1.02 2.05 
FeO 6.49 23.04 1.18 6.54 
MgO 12.91 8.43 16.49 21.11 
CaO 22.02 6.45 21.68 4.64 
MnO 0.06 0.60 0.06 0.35 
Na20 1.37 0.00 1.62 0.02 
K20 0.00 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 0.00 

Total 100.01 99.78 100.73 99.57 

Number of cations for 0 = n x 1000 

Si 1925 3027 1984 3018 
A1 184 1947 116 1849 
Ti 19 4 8 11 
Cr 2 7 29 115 
Fe 200 1476 35 388 
Mg 710 963 877 2233 
Ca 871 529 829 353 
bin 2 39 2 21 
Na 98 --- 112 3 
K ............ 

Ni ............ 

4012 7992 3992 7990 

Mg/{Mg+Fe) 0.780 0.395 0.961 0.852 
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the ilmenite is •39% and is within the range 
found for other kimberlitic ilmenites. 

Discussion 

The geologic occurrence, plus the petrographic 
character of these rocks, and the similarity of 
mineral compositions with other well-studied 
South African kimberlites are sufficient evidence 

to support Rao and Phadtre (1963) in their con- 
clusion that these are true kimberlites. 

It is possible to estimate the temperature of 
equilibration for the xenoliths found in these 
kimberlites using the Mg-Fe partitioning data 
between the coexisting garnet and clinopyroxene 
(Akella and Boyd, 1974; Raheim and Green, 1974). 
Eclogite sample FRB 551 gives an equilibration 
temperature of 945øC using Akella and Boyd's data, 
and FRB 549 eclogite gives 880øC. However, the 
estimated temperature for FRB 549 eclogite is not 
too meaningful in view of the compositional inho- 
mogeneities in the diopside. Temperatures esti- 
mated using Raheim and Green's equation at 30 kbar 
are approximately 20øC lower than those obtained 
with Akella and Boyd's data. 

TABLE 4. Chemical analyses of minerals from il- 
menite megacryst, FRB-548. 

Oxide Diops id e Garnet Ilmenit e 

Si02 50.86 39.14 0.00 
A1203 5.10 21.26 0.55 
TiO 2 0.53 0.10 52.96 
Cr203 0.07 0.13 0.77 
FeO 7.21 23.45 27.36 

Fe203 0.00 0.00 7.36 
MgO 12.36 7.87 11.17 
CaO 21.23 6.86 0.02 
MnO 0.05 0.61 0.32 

Na20 1.47 0.00 0.00 
K20 0.00 0.00 0.00 
NiO 0.00 0.00 0.00 

Total 98.88 99.42 100.51 

Number of cations for 0 = n x 1000 

Si 1904 3023 --- 
A1 225 1935 15 
Ti 15 6 921 
Cr 2 8 14 
Fe 2+ 226 1514 529 
Fe 3+ ...... 128 
Mg 690 906 385 
Ca 851 568 --- 
Mn 2 40 6 
Na 107 ...... 
K ......... 

Ni ......... 

4021 8000 2000 

Mg/(Mg+Fe) 0.753 0.374 
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Mg-Fe partitioning between the coexisting 
diopside and garnet inclusions in the ilmenite 
megacryst FRB 548 shows its temperature of equili- 
bration to be 900øC using Akella and Boyd's data. 
The equilibration temperature for a variety of 
diopside-ilmenite nodules from South Africa ranged 
between 980ø-1250øC, according to Boyd and Nixon 
(1973). Thus, it is interesting to note that 
this ilmenite megacryst has a substantially lower 
equilibration temperature than most African inter- 
growths. 

Boyd and Nixon (1975) postulated that the dis- 
crete nodules and lamellar ilmenites are xeno- 

crysts derived by crystallization of melts in the 
low velocity zone of the mantle. Their hypothesis 
is based on the premise that the discrete nodule 
assemblage in k:imber]ite was formed 'in equilib- 
rium with silicates sire.ilar to those found in 

intergrowths and that they are a part of the 
assemblage ilmenit e-chinopyroxene-or thopyroxene- 
garnet. On the other hand, if the i!menite mega- 
cryst from Lattavaram is a high-pressure pheno- 
cryst in a proto-kimberlitic magma, as suggested 
by Mitchell (1977), then the magma must be rather 
surprisingly cool. 
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PETROCHEMISTRY AND STRUCTURE OF KIMBERLITES IN THE FRONT 
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Abstract. Four transitional varieties of 
kimberlite from northern Colorado and southern 

Wyoming can be distinguished on the bases of 
textures and modal compositions: 1) massive to 
porphyritic, 2) carbonate-rich massive to 
porphyritic, 3) intrusive breccia, and 
4) carbonate-rich intrusive breccia. Massive to 
porphyritic kimberlite occurs in dikes, sills, 
and small plugs, whereas intrusive breccia is 
restricted to diatremes. Carbonate-rich 
kimberlite contains increased amounts of 
carbonate (greater than 45 percent), some of 
which is interpreted to be primary and some of 
which probably formed by autometasomatic 
replacement. Kimberlite in the Iron Mountain, 
Wyoming, district consists of abundant massive 
to porphyritic kimberlite in an extensive dike 
or fissure system along which occur sporadic 
pipe structures, whereas kimberlite in the 
Colorado-Wyoming State Line district to the 
south consists primarily of intrusive breccia in 
pipe structures. The Iron Mountain fissure 
system is interpreted to represent a diatreme 
root zone that is exposed at a lower erosional 
level than the pipes in the State Line district. 

Introduction 

Ninety-one kimberlite bodies have been 
discovered in the Front Range of northern 
Colorado and southern Wyoming since 1960 

*Present address: Bernard Price Institute of 
Geophysical Research, University of 
Witwatersrand, Johannesburg 2001, South Africa 
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(McCallurn et al., 1975). Thirty-two of the 
known kimber!ites occur as pipes and smaller 
pluglike bodies in the State Line district, 
which encompasses an area of about 300 km 2 
astride the Colorado-Wyoming State boundary 
(Fig. 1). Fifty-seven pipes and dikes occur in 
the Iron Mountain district, an area of about 
50 km 2 on the east flank of the Laramie Range, 
approximately 70 km north of the State boundary 
(Fig. 1). One small kimberlite pipe (Green 
Mountain diatreme--30 m in diameter) is situated 
immediately west of Boulder, Colorado, 120 km 
south of the State line (Kridelbaugh et al., 
1972; Kridelbaugh and Meyer, 1973; •eyer and 
Kridelbaugh, 1977; Boctor and Meyer, 1977). A 
single kimberlite dike was recently discovered 
near Estes Park, Colorado, about 60 km south of 
the State boundary (J. C. Cole, oral 
communication, 1976). 

Published accounts of these kimberlite 

occurrences have been restricted primarily to 
evaluation of xenoliths and megacrysts of upper 
mantle and lower crustal derivation (e.g., 
Eggler and McCallum, 1974, 1976; Eggler et al., 
1977; McCallurn et al., 1975; McCallurn, Egglet 
and Smith, 1977) and to diamonds in kimberlite 
of the State Line district (McCallurn and Eggler, 
1976; McCallurn and Mabarak, 1976a, b; McCa!lum, 
Mabarak and Coopersmith, 1977). Additional 
discussions have pertained to emplacement 
mechanisms as related to intrusive fo•nn and 

alteration processes (Woolsey et al., 1975; 
McCallurn, 1976) and lower Pa!eozoic sedimentary 
xenoliths (e.g., Chronic et al., 1969; McCallurn 
et al., 1975). Owing to poor exposure of pipes 
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Geologic Setting 

Kimberlites intrude Precambrian granitic and 
metamorphic rocks of the Front Range along a 
200-km north-south trend and are presumed to 
represent a single episode of emplacement, 
possibly related to the structural evolution of 
the eastern front of the southern Rocky 
Mountains (McCallurn et al., 1975). A probable 
Devonian age for kimberlite emplacement is 
suggested by fission-track dating of zircons 
(Naeser and bicCallum, 1977), and this age agrees 
favorably with the post-Silurian and pre- 
Mississippian age previously established by 
geologic evidence (Chronic et al., 1969; 
McCallum et al., 1975; Smith, 1977). 

Structural control of kimberlite 

emplacement in the State Line district consists 
primarily of southwest- to northeast-trending 
joints of variable dip in granitic rocks. 
Diatremes of the Nix and Sloan groups (Fig. 1) 
are spatially associated with major faults, 
although only the Sloan 1 and 2 pipes are 
unquestionably fault-controlled. The Sloan 1, 
the largest known diatreme, occurs at the 
intersection of two faults that have controlled 

the size and shape of the pipe (McCallurn and 
Eggler, 1971). 

The most prominent near-surface control of 
kimberlite emplacement in the Iron Mountain 
district is pervasive jointing in the 
Precambrian Sherman Granite. Fault control is 

not evident from the surface geology; however, 
the strong southwest-northeast linear trend of 
the dike system may reflect deep-seated 
structural control along a major fracture 
related to, or part of, the Precambrian Nash 
Fork-Mullen Creek shear zone as projected 
through this part of the Laramie Range by Hills 
and Armstrong (1974). Possible structural 
controls of comparable magnitude are not 
apparent for kimberlites in the State Line, 
Estes Park, or Green Mountain localities. 

Field Relations and Intrusive Form of Kimberlite 

Kimberlite from both the State Line and 

" Iron Mountain districts J s truncated by late 
Figure 1.--Location map. 1--Iron Mountain district; Tertiary to Pleistocene erosion surfaces, and 

2--Ferris and Aultman pipes; 3--Schaffer pipes; most exposures consequently have negligible 
4--Nix and Moen pipes; 5--Sloan pipes; 6--Estes relief a•ld little or no outcrop. Kimberlite is 
Park dike; 7--Boulder pipe (Green biountain); 2, generally deeply weathered and often covered by 
3, 4 and 5 are collectively designated the State a thin veneer of colluvial granitic material 
Line district. (grus) and/or alluvium. Some pipes are 

and dikes, relatively little emphasis has been 
placed on the petrography and petrology of the 
kimberlite itself, although kimberlite in the 
Sloan 1 diatreme, the largest and best exposed 
of any in the area, has been described in detail 
by McCallurn and Eggler (1971), and Iron biountain 
district kimberlite has been discussed by Smith 
(1977) and Smith et al. (1977). 

prominently expressed in positive relief due, in 
part, to silicification of kimberlite and 
adjacent wall. rocks. 

Kimberlite occurs in a variety of intrusive 
forms including dikes, sills, plugs, blind 
("roofed") diatremes, and di•tremes. Plugs and 
diatremes predominate in t•e State Line 
district, in contrast to the Iron Mountain 
district where kimberlite is characterized by a 
higher density of exposures in a dike or fissure 

179 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



system along which occur sporadic small 
diatremes and blind diatremes. Dikes or dike- 

like features, in the State Line district are 
uncommon relative to pipe structures. They are 
generally traceable for less than a few meters 
and are closely associated with pipes. In 
contrast, Iron Mountain dikes can be traced for 

as much as 1.5 km, are irregularly shaped and 
have nonparallel walls, vary from less than 1 to 
nearly 50 m in width, and have numerous sinuous 
apophyses of variable sizes subsidiary to the 
main dikes. The dikes commonly open into small 
diatremes. One sill has been recognized at Iron 
Mountain. 

IOO 

90- 

80. 

.50- 

-- o= --- o • • • • • • • • • • o • x x x o x x x x • • • • • • • • 

IGNEOUS CARBONATE MINERALS F--ISERPENTINOUS MATRIX MATERIAL m• OLIVINE PHENOCRYSTS 8• MICROPHENOCRYSTS 

r-• OPAQUE MINERALS [---] PHLOGOPITE 'j{..• XENOLITHS • SlLICIFIED MATRIX 
Figure 2.--,•iodal analyses of kimberlite. Trace amounts of primary and 

secondary minerals (e.g. apatœte, chlorite) are not included. Carbonate 
minerals include primary and secondary calcite and dolomite. Olivine 
phenocrysts and microphenocrysts include unaltered and serpentinized 
olivine. Opaque minerals are predominantly magnetite, perovskite, 
and/or hematite. CARB.=carbonatized samples in which groundmass and 
phenocryst-xenocryst minerals are replaced by carbonate. Decreased 
amounts of minerals other than carbonate in carbonatized samples are due 
to replacement by carbonate. Modal analyses do not reflect xenolith 
components in all samples, because the megascopic nature of most 
xenoliths precludes accurate volume determinations from thin sections. 
Most samples are massive to porphyritic kimberlite. Samples classified 
as breccia are BD, SD27-A, SD-5, SD1-87, IM14-3, IM4-4, I}il3-4, and 
IM42-2. Samples transitional between breccia and massive to porphyritic 
kimberlite are FD2-2, NX1-9, NX3S-1, NX-1, NX3-1 and Dtl-8. Prefixes 
indicate origin of samples, as follows. State Line district: FD-- 
Ferris 2 pipe; NX--Nix 1, 2, 3, or 4 pipes; SD--Sloan 1 pipe; IM--Iron 
Mountain district; BD--Boulder pipe (Green Mountain); ED--Estes Park 
dike. 
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The kimberlite at Estes Park is a narrow 
linear dike averaging 0.5 to i m in width that 
can be traced for about 0.5 km on the basis of 
vegetative and soil contrasts with the country 
rock. 

Petrography of Kimberlite 
General Compositions 

Four varieties of kimberlite are 

recognizable: massive .to porphyritic, 
carbonate-rich massive to porphyritic, breccia, 
and carbonate-rich breccia. Massive to 

porphyritic kimberlite (equivalent to the 
massive variety of Dawson (1967) or the pictire 
po•phyrites of Frantsesson (1970)) typically 
contains only minor amounts of xenolithic 
constituents and is most commonly restricted to 
dikes and small plugs, although it may be found 
locally in larger pipe structures. Brecciated 
kimberlite is distinguished by higher xenolith 
contents and is, with rare exceptions, 
restricted to diatremes or blind diatremes. 

Because of the poor exposures and highly 
weathered nature of surface kimberlite, the 
existence of composite intrusions is uncertain. 
Crosscutting relationships between massive a•d 
brecciated varieties have not been observed, 
even on the relatively well exposed Sloan 1 pipe. 

The compositional variability of Colorado- 
Wyoming kimberlite can be attributed to a wide 
range of carbonate content (Fig. 2). Carbonate 
(calcite and subordinate dolomite) occurs as 
primary groundmass minerals, secondary 
replacement products, and minor amo•nts of post- 
solidification ve œ•lets. Carbonatized 

kimberlite is most abundant at Iron Mountain; 
known carbonatized kimberlite in the State Line 

district occurs only in the SH13 and NX3 pipes. 
Olivine phenocrysts and microphenocrysts 

constitute 10 to 50 percement of most kimberlite 
and are generally serpentinized. The apparent 
decrease of olivine (and other minerals) in 
carbo,•atized kimberlite (Fig. 2) is a result of 
inclusion of carbonatized minerals in the 

carbonate fraction, because carbonatized 
silicates are difficult to distinguish from 
groundmass carbonate in thin section. Most 
kimberlite contained 30 to 40 volume percent 
olivine prior to alteration. 

Opaque minerals range from 5 to 36 percent 
in kimberlite and consist dominantly of 
magnetite and perovskite in carbonate-poor 
rocks, and of secondary (?) hematite, leucoxene, 
and unidentified fine-grained phases in 
carbonate-rich kimberlite. Only trace amounts 
of groundmass ilmenite (less than 1 mm) have 
been recognized in Colorado-Wyoming kimberlite. 

Phlogopite occurs in significant amounts 
only in carbonate-poor dike-facies kimberlite at 
Iron Mountain, Estes Park, and one State Line 
district locality (dike related to Schaffer 13 
pipe). 

Diamond has been recovered from deeply 

weathered kimberlite fro,n several pipes in the 
State Line district, but has not yet been found 
in kimberlite from Iron Mountain, Estes Park, or 
Boulder. Table 1 summarizes the textural, 
structural, and compositional relationships and 
intrusive forms of the various types of 
Colorado-Wyoming kimberlite. 

Massive to Porphyritic Kimberlite 

Massive to porphyritic kimberlite is best 
exposed in the Iron Mountain district, where it 
occurs in dikes and in small plugs that are 
expressed as enlarged portions of dikes. In the 
State Line district, this variety of kimberlite 
is much less common. There it forms what appear 
to be small plugs (e.g., Nix 2 and 4 
occurreduces), minor dikes or dikelike exposures, 
and localized bodies in pipes (e.g., in the 
Sloan 1 pipe). The Estes Park dike is also 
composed of massive to porphyritic kimberlite. 

In hand specimen this variety of kimberlite 
is generally green to dark green and massive to 
porphyritic, depending on size and abundance of 
olivine phenocrysts (Fig. 3). This variety of 
kimberlite is not brecciated and, at Iron 
Mountain, is relatively free of mantle- or 
crustal-derived xenoliths. inclusions are 

relatively more abundant at the State Line and 
Estes Park localities. irregular flow 
structures def•ed by alinement, stratification, 
and size sorting of olivine and altered olivine 
phenocrysts are locally present. These 
structures are most likely the result of flow 
differentiation during emplacement (Simkin, 
1967; Bhattacharji, 1967). However, in no 
instance are outcrops sufficiently extensive to 
allow detailed study of flow structures relative 
to dike geometry. 

In thin section this type of kimberlite is 
characterized by as much as 50 percent rounded 
to subrounded olivine and subordinate (less than 
1 percent) enstatite phenocrysts (! mm to 3 cm 
in length) and olivine microphenocrysts (0.1 to 
1 mm in length) set in a fine-grained chaotic 
matrix of serpentine, calcite, dolomite, 
phlogopite, magnetite, perovskite, apatite, 
rutile, hematite, pyrite, chalcopyrite, and, 
locally, chlorite and talc. Secondary minerals 
are ubiquitous, but because of their typically 
fine grain size, most have not been studied in 
detail. Serpe•tine, dolomite, hematite, 
magnetite, and minor iddingsite replace olivine 
phenocrysts. Secondary matrix minerals include 
hematite, magnetite, chlorite, talc, phlogopite, 
leucoxene, pyrite, and chalcopyrite. 

Olivine. The large volume of olivine and 
virtual absence of other xenocrysts or xenoliths 
in the massive to porphyritic Colorado-Wyoming 
kimberlite is considered strong support for a 
phenocrystic origin for virtually all of this 
olivine. •litchell (1973) has pointed out that 
groundmass mic•rophenocrysts in kimberlites are 
commonly slightly less magnesian than 
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phenocrystso A limited number of microprobe 
analyses of oilvine in a dike from Iron Mountain 
are consistent with those observations. The 

largest analyzed phenocryst is Fo 91.9; three 
other phenocrysts average Fo 90.6, whereas the 
one analyzed microphenocryst is Fo 87.4. No 
zoning was detected in the olivine crystals, but 
because phenocryst margins are serpentinized, 
accurate analyses of the margins are impossible 
to obtain. No monticellite has been recognized. 

Perovskite. Brown anhedral perovskite as 
much as 0.2 mm in diameter is distributed 

throughout the matrix in amounts of as m,•ch as 5 
volume percent. Perovskite analyzed by 
microprobe (from Iron Mountain) proved to be 
homogeneous and similar in composition to 
kimberlitic perovskite from Wesselton and 
Bulfontein, South Africa, and Ison Creek, 
Kentucky (•iitchell, 1972) and from Greenland 
(Emeleus and Andrews, !975). 

•iagnetite. Anhedral to euhedral magnetite 
ranges from less than 0.01 to 0.05 mm in 
diameter and is present as three discrete types 
that represent at least two generations of 
crystal growth. Magnetite of probable primary 
origin occurs in two forms: (1) anhedral, wormy 
blebs with prominently embayed grain margins; 
and (2) larger euhedral crystals (as much as 
0.05 mm in diameter). These two varieties 
display epitaxial and composite grain 
relationships with perovskite; either mineral 
may occur as thin rinds on the other or as 
composite or discrete grains. Type 
(3) magnetite occurs within or at the margins of 
serpentinized olivine phenocrysts and is of 
obvious secondary origin. •iuch of this type of 
magnetite is likely dispersed throughout the 
matrix o 

Phlogopite. At least two generations of 
phlogopite are present in massive to porphyritic 
kimberlite. The first occurs as 1 mm to 1 cm 

pleochroic anhedral grains that are commonly 
chloritized along cleavage planes, and the 
crystals are typically mechanically deformed. 
The Estes Park dike is distinct in containing 
the highest amounts of phlogopite (as much as 5 
volume percent) and rare polycrystalline 
aggregates. 

The second type of phlogopite occurs as 
fine-grained (0.1-0.5 mm in length) ragged laths 
and plates within the matrix, is non-pleochroic 
to faintly green or reddish brown, and 
poikilitica!ly encloses opaque minerals of the 
groundmass, the most common of which are 
perovskite and magnetite. 

Phlogopite does not exhibit flowage around 
phenocrysts, and in some samples it occurs as 
crisscrossing laths that form a reticulate 
network throughout the groundmass. Such a 
texture could not develop in a moving liquid or 
crystal-liquid mushø Phlogopite of the 
groundmass is probably of secondary post- 
emplacement origin (Brookins, 1969; Dawson, 
1962). 
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Apatiteo Primary apatite occurs in trace 
amounts (as much as 1 perceat) as radial 
aggregates of acicular crystals and, more 
commonly, as prismatic crystals froin 0.1 to 
0.5 mm in lengthø 

Serpentine. Serpentine occurs as secondary 
fibrous pseudomorphs after olivine and enstatite 
and as an important phase in the groundmass. In 
most samples, serpentinous material in the 
matrix is a turbid, hydrated mixture of 
optically unidentifiabte microcrystalline 
serpentine, clay minerals, altered perovskite, 
minor sphene (?), and Mg-Fe-Ti oxides or 
hydroxides. In a few carbonate-rich samples, 
matrix serpentine (serpophite) occurs as 
homogeneous, nearly isotropic patches that 
display emulsion-like texture with carbonate. 

Ground•nass serpentine may be secondary 
after micr•crysta.iLine olivi•e and/or pyroxene, 
or is possibly a primary phase that crystallized 

from a Mg- and }{2(•-rich silicate florid at 
temperatures below 500øC (Robinson, 1975; 
Emeleus and Andrews, 1975). 

Carbonate. Massive to porp•yritic 
kimberlite contains as muc}• as 45 modal percent 
matrix carbonate. Staining tests (l)ickso•l, 
1965) indicate t}tat t!•e carbonate is dominantly 
calcite arid ferrous calcite with mirror amounts 

of dolomite. Groundmass carboy's. ate most commonly 
occurs as interstitial ant•edral biebs (0.2- 
0.5 mm in diameter) or reticu[ate patches 
distributed tt•rougl•out tl•e rock. Tt•e igneous 
•,ature of gr•undmass carbonate in 
diatreme of the State Line district has been 

demonstrated by carbo• and oxygen 
determinations (McCa[turn and Egglet, 1971; 
Deines and Gold, 1973). T•e emulsion-like 
texture in some samples s,•g•ests t•at, at least 
locally, silicate and carbook. ate liquids were 
immiscible (e.g., Clement, 1975; G•iffin and 
Taylor, 1975) dur[•g tl•e final stages 
eraplacement and that solidification of tt•e two 
was nearly simultaneous. Late-stage veining 
and/or replacement textures are rare. 

Carbonate-rich •iassive to Porphyritic Kimberlite 

Carbonate-rich massive to porphyritic 
kimberlite is dark gray to black, gray, or 
greenish-gray in color and occurs in dike 
segments proximal to pipe structures and within 
pipes. The rock is texturally similar to the 
massive variety described above, but is 
compositionally dissimilar in that it contains 
greater amounts of carbonate, much of which 
occurs as replacement products of phenocryst- 
xenocryst minerals and serpentinous groundmass 
material. In the most intensely altered 
samples, carbonatized phenocryst-xenocryst 
"ghosts" occur in a matrix of essentially 
massive carbonate where carbonatization is most 

intense. Consequently, porphyritic textures are 
less conspicuous in hand specimen and thin 
section. 
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Figure 3.--Porphyritic kimberlite from Nix 4 
locality, State Line district. Predominantly 
subrounded to elongate olivine and minor 
enstatite set in dense black matrix composed of 
serpentine and carbonate. White angular laths 
are composed of secondary carbonate and are of 
uncertain origin. 

The variable intensity of carbonatization 
and superimposed weathering have resulted in 
greater textural and mineralogical variation 
than in carbonate-poor massive to porphyritic 
kimberlite. M•gnetite is generally altered to 
hematite, and altered olivine phenocrysts are 
commonly rimmed by or contain hematite. 
Perovskite is altered to finely crystalline or 
amorphous mixtures of rutile, leucoxene, and 

5 ½m 
Figure 5.--Carbonatized kimberlite breccia from the 

Iron •ountain district (IM14 pipe). Light- 
colored granitic fragments in matrix of 
carbonate, and carbonatized and pulverized 
granitic and kimberlitic components. 

sphene (?); and phlogopite is generally absent. 
The rock is locally silicified to a variable 
extent (e.g., IM16-6, fig. 2). 

Kimberlite Breccia and 

Carbonate-rich •2imberlite Breccia 

Kimberlite breccias are restricted to the 

pipe structures and are distinct from dike- 
facies kimberlite in that they cot•tain greater 
numbers of xenoliths of more variable size. 

Brecciated kimberlite is generally structureless 
relative to massive to porphyritic kimberlite, 
in that flow banding or compositional layering 
is very rare. 

Angular to rounded xenoliths include lower 

Figure 4.--Kimberlite breccia from Sloan 1 diatreme, Paleozoic sedimentary rocks; upper and lower 
State Line district. Primdrily light-colored crustal Precambrian crystalline rocks (granite, 
Paleozoic limestone fragments, altered olivine, gneiss, schist, basalt, pyroxenite, and 
"pellets" of earlier generation kimberlite (low granulite); and upper mantle nodules of spinel 
center of photo), and opaque minerals set in a and garnet peridotite, garnet clinopyroxenite 
fine grained chaotic mixture of fragmental and websterire, dunite, eclogite, monomineralic 
material, serpentine, and carbonate. Horizontal megacrysts, and carbonatite. Deep-seated 
field of view is 6 cm. xenoliths of all types are mostly poorly 
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preserved, commonly being carbonatized, 
silicified, serpentized, or hematizedo Upper 
crustal xenoliths (predominantly granitic or 
sedimentary) are generally less altered than 
deep-seated xenoliths. 

Three types of brecciated kimberlite have 
been recognized on the bases of composition, 
texture, and intrusive form. The first is 
compositionally and texturally similar to, and 
gradational into, massive to porphyritic 
carbonate-poor kimberlite, but is defined as 
breccia because of slightly higher xenolith 
content (about 5 to 10 percent) and pipelike 
geometry. 

The second breccia type is a green to dark 

green variety (Figø 4) that is well exposed at 
the Slosh 1 pipe in Colorado (McCallurn and 
Eggler, 1971). Subrounded to subangular 
sedimentary carbonate fragments (1 to 5 cm in 
diameter) and olivine phenocrysts and 
microphenocrysts are set in a fine-grained 
matrix of serpentine, carbonate, perovskite, 
magnetite, hematite, and a wide variety of 
secondary mineralsø Sloan 1 kimberlite is 
unique relative to other Colorado-Wyoming 
brecciated phases in that it contains as much as 
10 percent of indistinct 0ol to 1 cm diameter, 
angular and rounded fragments of earlier 
generation kimberlite similar to kimberlite 
"pellets," described by Clement (1973) from the 

TABLE 2, Chemical Analyses of Colorado-Wyoming Kimberlite. 

Oxide NX3$-I IM!-8 EDi-1 SDI-86 SDI-88 IM16-5 NX4-10 NX4-16 

SiO 24.8 25.7 29.6 30.4 32.5 33.6 34.2 34.2 
-- 

TiO 1.4 2,6 5.2 0.90 0.60 3.0 0.75 0.95 
2 

A1203 3.1 2.1 2.7 1.9 1.9 2.8 2.4 2.7 

Cr203 0.10 0.!0 0.19 0.14 0.10 0.14 0.13 0.16 

Fe203 7.0 8.7 5.6 4.0 3.5 7.7 3.7 6.4 
FeO 1.3 0.87 5.0 2.0 1.9 3.8 2.1 1.5 

MnO 0.15 0.16 0.25 0.13 0.09 0.18 0.13 0.14 

NiO 0.07 0.07 0.08 0.11 0.10 0.10 0.14 0.12 

MgO 22.2 12.6 23.1 25.9 27.4 28.4 31.2 30.7 

CaO 16.2 19.9 10.2 14.8 12.5 5.1 7.9 6.8 

Na20 0.07 0.05 0.03 0.04 0.03 O. 05 0.07 0.09 

K20 0.16 1.0 0.94 0.29 0.20 1.4 1.1 0.42 

P205 1.4 0.35 0.09 0.35 0.15 0.35 0.15 0.3 
BaO 0.06 0.07 0.07 0.03 0.01 0.08 0.07 0.08 

CO 2 10.5 21.0 5.8 8.9 7.0 1.7 3.5 2.2 
L.O.I. 10.0 4.4 9.9 10.2 11.6 11.2 9.8 14.0 
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Total 98.5 99.7 98.8 100.0 99.6 99.6 98.3 100.7 

ED=Estes Park dike 

State Line district' NX=Nix pipes, SD=Sloan pipes 
•=Iron Mountain district 

L.O.I.=Loss on ignition at 1000øC 
Analyses by Skyline Labs, Inc., Wheatridge, Colorado 
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Near-Surface Kimberlite System Major Oxide Chemistry 
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Figure 6.--Kimberlite emplacement model (from 
McCallurn and Mabarak, 1976b). 

Kao pipe and which he termed lapilli. Nucleated 
autoliths (Danchin et al., 1975; Ferguson et 
al., 1973) are present in minor quantities and 
are unique to the Sloan 1 breccia. 

Carbonate-rich breccias occur predominantly 
in the Iron Mountain district diatremes (I•i14-3, 
IM13-4, !M42-2, in Fig. 2). They are composed 
of as much as 70 percent angular host-rock 
granitic fragments, in various degrees of 
comminution, set in a chaotic matrix of finely 
crystalline carbonate, hematite, and 
carbonatized, rounded olivine (?) 
microphenocrysts (Fig. 5). Locally, intrusive 
kimberlite breccia consists of intensely 

pulverized granitic fragments resembling fault 
gouge, with no trace of the kimberlitic fluid 
phase preserved in the groundmass. 

The most intense wall-rock alteration of 

Colorado-Wyoming kimberlite occurs in these 
breccia pipes. •iinute carbonate veinlets 
permeate wall rock to as much as 30 m from the 
contact in one exposure, resulting in incipient 
carbonatization of granitic rocks. 

Major oxide analyses of Colorado-Wyoming 
kimberlites span a broad compositional range 
(Table 2). The most distinct chemical 
variability is due to antithetic serpentine and 
carbonate contents. Carbonate-poor, massive to 
porphyritic and brecciated kimberlites have the 
highest MgO contents (23.1 to 31.2 percent) and 

generally lower Ca0 and C02 contents. Of the 
three carbonate-rich samples analyzed, the one 
from Iron Mountain (IM1-8) is carbonatized, 
displays extensive replacement of phenocryst and 
groundmass phases, and contains the highest 
carbonate content. The other two carbonate-rich 

samples (NX3$-i and $D1-86, from the State Line 
district) are not carbonatized according to 
petrographic criteria, but rather consist of 
serpentinized olivine microphenocrysts set in a 
carbonate matrix with minor serpophite (?) in 
which replacement effects are not apparent. 
Carbonatized kimberlite from Iron Mountain has 

high $i0 , Mg0, and low Ca0 relative to 
carbonat•ztic dikes of the Saguenay River Valley, 
Quebec, Canada (Gittens et al., 1975) and is 
more similar to the composite analysis of the 
Benfontein sill, South Africa (Hawthorne, 1968). 

Emplacement 

The presence of nonbrecciated massive to 
porphyritic and brecciated kimberlite in both 
the State Line and Iron •ountain districts is 

consistent with models suggesting that volatile- 
rich kimberlite magma is intruded into dike and 
sill systems, from which diatreme formation is 
initiated at depths of 2 to • km (e.g., Dawson, 
1967, 197i, 1972; McCallum and Mabarak, 1976b, 
Fig. 8). The Iron Mountain district, 
characterized by larger amounts of massive to 
porphyritic kimberlite in an extensive dike 
system in contrast to the predominance of 
intrusive breccia in State Line district pipes 
and plugs, is thought to reflect a deeper 
erosional level than the State Line district. 

The Iron Mountain kimberlite district probably 
represents a diatreme root zone composed of 
massive to porphyritic hypabyssal dike facies 
and brecciated diatreme-facies kimberlite. At 

Iron Mountain, fluidized cells were apparently 
only rarely developed or fluidization was 
aborted after brief intrusive activity, and most 
of the breccia pipes appear to represent 
incipient diatremes "frozen" in the initial 
stages of development. 

Carbonatization accompanied diatreme 
formation in some State Line district pipes and 
in all exposed Iron Mountain district pipes and 
proximal dikes. There is some question as to 
whether carbonatization of dike-facies 

kimberlite is magmatic (pre-solidification and 
pre-diatreme formation) or autometasomatic 
(post-solidification and synchronous with or 
post diatreme formation). In contrast to the 
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South African Premier kimberlite, where "vapor- 
rich liquids" were responsible for localized 
metasomatic alteration of wall-rock kimberlite 

(Robinson, 1975), carbonatization of Iron 
Mountain dike segments has occurred on a more 
extensive scale and was not accompanied by 
intense carbonate veining or brecciation. The 
most viable mechanism for carbonatization of the 

Colorado-Wyoming kimberlites is autometasomatic 
alteration by an exsolved vapor phase during 
final crystallization of dike-facies 
kimberlitic, co•current with initiation of 
diatreme fonnation. 

Conclusions 

The most significant results of our 
investigations of kimberlite from the Colorado- 
Wyoming State Line and Iron Mountain, Wyoming, 
districts are as follows: 

1. Four transitional varieties of 

kimberlite have been defined: massive to 

porphyritic, carbonate-rich massive to 
porphyritic, intrusive breccia, and carbonate- 
rich intrusive breccia. 

2. Massive to porphyritic kimberlite 
occurs in dikes, silis, and plugs and generally 
reflects deeply eroded levels of the intrusive 
system. 

3. Brecciated kimberlite is restricted to 

diatremes and blind diatremes, reflecting higher 
levels within the intrusive system. 

4. Carbonate-rich kimberlite appears to be 
closely related to pipe structures and proximal 
dikes. Intense carbonatization is considered an 

autometasomatic process associated with 
initiation of diatreme formation. 

5. Matrix carbonate and serpentine in some 
kimberlite dike samples show emulsion-like 
textures that suggest crystallization from 
immiscible liquids. The presence of liquids, 
together with the presence of two geaerations of 
olivine (some euhedral), indicates that the 
kimberlite is magmatic. 
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PETROGENESIS OF KIMBERLITES AND ASSOCIATED POTASSIC LAMPROPHYRES FROM CENTRAL WEST GREENLAND 

B.H. Scott • 

Grant Institute of Geology, University of Edinburgh, West Mains Road, 
Edinburgh EH9 3JW, Scotland 

Abstract. A suite of kimberlite and potassic 
lamprophyre (or lamproite) dykes occur in the 
area of Holsteinsborg, Central West Greenland. 
These dykes are extremely fresh and apparently 
uncontaminated and, therefore, particularly 
suitable for a whole-rock geochemical study. 

The dykes were formed by multiple injections 
of magma. Most of the kimberlites are diopside- 
phlogopite-kimberlites, and their chemistry is 
typical of micaceous kimberlites. Dunites form 
a large proportion of the ultrabasic inclusions 
found in the kimberlite dykes. The potassic 
lamprophyres are rather unusual in that (i) some 
have ubiquitous titaniferous phlogopite, 
pseudoleucite, potassic richterite and olivine 
as major constituents and (ii) they have very 
high K•O contents (up to 10 wt%) together with 

z 
high volatile contents while still containing 
substantial amounts of (MgO+FeO). These dykes, 
therefore, show many similarities to other 
ultrapotassic magnesian rocks such as lamproites. 
The potassic lamprophyres can be distinguished 
chemically from the kimberlites by higher Si02, 
K20 , AI•0• Na•0, P•O•, Rb, Sr, Y, Zr, Ba, Ce 
and La •u•'lowZer Mg•,•FeO, Fe203, CaO, Mn0, 
H20+, Cr, Ni and Cu. 

Recalculating whole-rock analyses on a 
volatile-free basis, the interpretation of the 
geochemistry of the Holsteinsborg dykes using 
mainly extract calculations and variation 
diagrams is consistent with the following 
petrogenetic model' (i) the modification of a 
parental kimberlitic magma by olivine (with 
minor chromite) fractionation to a liquid that 
was then intruded to form the kimberlite dykes 
(ii) the evolution of the initial lamprophyric 
magma from a parental kimberlitic magma by the 
fractionation of olivine plus spinel (titano- 
magnetite) (iii) further evolution of the 
lamprophyric magma by olivine plus clinopyroxene 
plus phlogopite (+ pseudoleucite) fractionation 
prior to intrusion. 

•Present address: Anglo American Research 
Laboratories, P.O. Box !06, Crown Mines, 2025, 
Transvaal, South Africa. 
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Introduction 

In the region south of Holsteinsborg, Central 
West Greenland, numerous post-tectonic dykes 
intrude the Precambrian basement gneisses. 
These dykes are mostly kimberlites and potassic 
lamprophyres. The localities, field relations, 
petrography and mineral chemistry of these dykes 
are to be published elsewhere and have been 
discussed in detail in Scott (1977). These 
dykes are extremely fresh and apparently free of 
contamination by crustal material and so are 
very suitable for a whole-rock geochemical 
study. Few such studies have been completed for 
other kimberlites because they are often 
substantially altered. The close relationship 
in space, and possibly in time, of these 
kimberlites with the potassic lamprophyres 
(which could also be termed lamproites) provides 
an exceptional opportunity to study the well- 
documented, but little understood, association 
of kimberlites with other alkaline mafic rocks. 

Salient Features of the Dykes 

The majority of dykes discussed in this paper 
occur in the coastal area between Holsteinsborg 
and Itivdleq, 50 km to the south. The kimber- 
lite dykes are confined to the northern-most 10 
km while the lamprophyres are found in the 
central and southern parts of this coastal area. 

All these dykes are narrow intrusions which 
have fairly consistent strike directions and can 
sometimes be followed for 2-3 km. Features such 

as internal contacts suggest that they were 
formed by multiple injections of magma. 

The kimberlites have macrocrysts (terminology 
after Clement et a1.1977) of olivine, phlogopite, 
picroilmenite and rare pyrope garnet in a matrix 
of olivine, phlogopite, clinopyroxene, carbonate, 
serpentine, apatite, perovskite and spinel. 
Most of the rocks are diopside-phlogopite- 
kimberlites using the classification of Skinner 
and Clement (1977). Parts of the dykes contain 
high concentrations of rounded inclusions 
dominated by dunites, an unusual inclusion suite 
in comparison with inclusion suites from other 
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Fig. 1. Major oxide (wt%) variation diagrams of the Holsteinsborg dykes, plotted with MgO as the 
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kimberlites. Lherzolites, wehrlites, harzbur- 
gites, garnet-granulites and eclogites are also 
found. 

The potassic lamprophyres have macrocrysts of 
phlogopite, pseudoleucite, olivine and diopside 
set in a finer-grained groundmass which may 
include phlogopite, potassic richterite, 
diopside, alkali feldspar, priderite, carbonate 
and serpentine. Numerous assemblages of these 
minerals are found among the lamprophyres and as 
a result it is difficult to find a term which 

encompasses all the varieties, particularly 
since the nomenclature of potassium-rich mafic 
rocks is very confused. This problem is 
discussed in more detail by Scott (!977, in 
preparation) but it should be noted firstly, 
that rocks with felsic phenocrysts should not 
strictly be called lamprophyres, and secondly, 
that although "lamproite" may be an equally good 
term for some of the Holsteinsborg dykes, it 

does not emphasise the volatile- and olivine- 
rich nature of many of the dykes. 

Abundant deep red-brown titaniferous 
phlogopite, often with rims of tetraferri- 
phlogopite (term after Rimskaya-Korsakova and 
Sokolova !966), and groundmass diopside, 
carbonate, apatite and serpentine are features 
common to nearly all the dykes. The primary 
carbonate and serpentine often form relatively 
large patches or segregations. The olivine 
compositions, particularly in the kimberlites, 
have a wide range of Mg/(Mg + Fe) ratios 

(Mg2s 92 5 )' -- 

,'he mineralogy and chemistry of a few dykes 
from the Holsteinsborg area did not obviously 
fit into the pattern of lamprophyre intrusion 
and hence are referred to as the "anomalous 

lamprophyres". A few samples from these dykes 
were included in the geochemical study but will 
not be discussed in any detail. 
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Whole-Rock Geochemistry 

The Holsteinsborg dykes are mostly ultrabasic 
and when compared to other ultrabasic rocks are 

relatively rich in K20 , Ti02, CaO, Rb, Sr, Y, Zr 
and Ba. The whole-rock data are summarised in 

the form of histograms in Scott (1977, in 
preparation) and on oxide versus oxide variation 
diagrams in this paper (Figures ! and 2). Some 
representative whole-rock analyses are given in 
Tables ! and 2 and the analytical techniques are 
given in Appendix l. These data show that the 
Holsteinsborg dykes include rocks with a wide 
range of compositions, particularly in MgO and 

K20. The dykes, however, do form two composi- 
tzonally distinct groups which are consistent 
with the division into kimberlitic and lampro- 

phyric types using field, petrographical and 
mineralogical evidence. 

The lamprophyres are distinguished from the 

kimberlites by higher SiO 2, K•O, A1203, P•05, 
Rb, St, Y, Zr, Ba, C$ and La •ut lower Mg•, FeO, 
Fe^03, CaO, MnO, H•O , Cr, Ni and Cu. All the 
dy•es are rich in •0 2. 
Major Element Chemistry 

The Holsteinsborg kimberlites have all the 

chemical characteristics of micaceous ki•ber- 
lites (Dawson 1967) except for lower H•O 

content-•.-•zgh CO 2 values typical of •imber- 
lites are found, but in samples where SiO 2 
values are less than 30 wt% the CO 2 contents are 
greater than l0 wt% and these are referred to as 
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TABLE 1. Representative Whole-Rock Chemical Analyses of the Holsteinsborg Kimberlite Dykes 
(nd = not detected). 

SAMPLE 5508 5607 5699 5820 5903 5907 5932 5966 5973 5997 5999A 

Major Oxides (wt%)i 
Si0^ ' 31.18 I 32.42 31.33 26.53 30.45 I6.40 30.30 29.98 32.98 30.78 33.06 

TiO• z 2.57 3.88 3.80 1.84 2.12 1.94 3.36 3.82 ] 4.07 4.67 4.36 3.71 4.18 3.50 6.68 3.95 3.49 4.26 2 77 5.42 3.82 4.53 
7.69 . 9.49 9.33 6.50 9.23 5.45 8.44 9 57 8.42 9.50 9.50 

MnO 0.18 0.19 0. I8 0.22 0.23 0.19 0.27 0.18 I 0.20 0.18 0.20 MgO 26.00 26.63 28.91 32.78 35.75 17.24 30.84 27.49 23.24 29.33 25.01 
CaO 9.78 8.04 9.44 9.58 6.50 24.81 9.49 8.34 12.02 7.09 10.16 
Na^O 0.28 0.26 0.12 0.06 0.05 0.14 0.11 0.25 I 0,17 0.35 0.31 
K • 2.84 2.10 1.88 0.09 0.29 0.99 1.40 1.58 • 2.27 2.00 2.12 
H•20 + 3.59 3.16 3.34 5.64 2.91 3.16 3.82 3.29 I 3.86 3.51 3.12 
P•O 5 0.44 0.25 0.49 0.66 0.40 1.80 0.32 0.41 ' 0.91 0.34 0.50 
C• 2 8.29 5.88 .. 5...3.1 . ..10.58 6 . 7_____•1 23.39 6.67 9.61 2.72 6.10 3.78 
Total 99.93 100.25 100.10 101.77 99.03 100.78 101.00 99.66 ' 99.78 100.31 99.99 

Minor Elements (ppm) 
V 271 496 456 224 269 247 372 450 ' 518 • 550 574 
Cr 1357 1467 1822 1912 1756 816 1840 1565 1172 i 1798 1380 
Ni 770 663 918 840 1275 329 994 880 652 922 739 
Cu 102 161 102 23 34 91 78 79 157 87 145 
Zn 69 73 71 65 80 60 82 73 • 82 78 86 
Rb 107 95 62 nd • 9 53 43 58 75 82 68 
Sr 793 499 1078 1090 749 2524 744 961 •i 908 918 806 
Y 18 15 19 16 13 25 17 I3 18 14 14 

Zr 209 179 234 327 90 412 101 229 535 i 154 440 
Ba 1298 1309 754 789 688 2210 932 649 766 I 906 848 
La 276 177 164 114 443 582 238 153 82 I 251 201 
Ce 291 193 247 231 604 687 313 249 173 288 217 

carbonate-rich kimberlites. The average 
Mg/Fe(t) and K/Na ratios of 1.75 and 8.! 

respectively ea•$ typical of micaceous kimber- lites. The F /Fe-- ratios for all the 

Holsteinsborg dykes lie within the range 053- 
0.4 and vary sympathetically with the H20 

content. Values of less than 1 for th•s •atio 
are usual for other ultrabasic rocks such as 

peridotites and dunires, but Dawson (1967) 
suggests a much higher value of 7.5 for 
kimberlites. It has already been noted that the 

Holsteinsborg dykes contain considerably less 
H20 than other kimberlites and show signifi- 
cantly less alteration than, say, many South 
African kim•rli•s. It appears, therefore,+ 
that the Fe • /Fe •- ratio varies with the H^O 
content and generally reflects the degree •o 
which these rock types have been altered, 
particularly through serpentinisation. 

The lamprophyre dykes are characterised by 
high K?0 contents (up to 10 wt%) and therefore, 
are re•erred to as potassic lamprophyres. These 
extreme K20 contents, which are very unusual in 
such magnesian rock types, together with certain 
mineralogical features of the Holsteinsborg 
lamprophyres indicate a similarity with the rare 
ultrapotassic volcanics, such as lamproites, 

from the Leucite Hills, Wyoming (Carmichael 
1967b) and West Kimberley, Western Australia 

(Wade and Prider 1940). The high K20 content, 
a-•-• with high Al•O3, reflects not only z 
abundant phlogopite zn these rocks but also the 
pseudoleucite macrocrysts, groundmass feldspar 
and potassic richterite. 

These major element data have been summarised 
using simple oxide versus oxide variation 
diagrams in Figure 1. With decreasing Mg0 the 
kimberlites show poorly defined increases of 
K^O, AI•O• and CaO, while the potassic 

z w • 

lamprop•yres show increases of TiO 2, A1203 and 
K20. It can also be seen from many of these 
variation diagrams that the potassic lampro- 
phyres tend to plot on a continuation of the 
kimberlite trends, possibly implying a genetic 
relationship between the two groups. 

The undersaturated nature of the kimberlite 

dykes is reflected in the high normarive 
percentage of ol, the occurrence of n__e and l__c 
and occasionally c_is (Ca2SiO•). In contrast, the 
potassic lamprophyres are szlica saturated and 
mostly hy normative and a few samples are even 
qtz normative. The high normative or in part 
reflects the abundant phlogopite. The occurrence 

of k__s and n_is (K2SiO 3 and Na2$iO 3 respectively), 
19S 
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which are rarely found in norms, reflect the 
peralkaline nature of these rocks. 

The combination of both the hy normative and 
peralkaline nature of these rocks is unusual but 
has been noted in similar rock types including 
wyomingites and orendites from the Leucite Hills 
(Carmichael 1967b), and wolgidites, cedricites, 
fitzroyites and mamilites from West Kimberley 
(Wade and Prider 1940). 

Trace Element Geochemistry 

The trace element concentrations of some of 

the Holsteinsborg dykes are given in Tables 
] and 2 while all the data are summarised in 

variation diagrams in Figure 2. 
The main characteristic of the trace element 

contents of the Holsteinsborg dykes is their 
often extremely high concentrations. The trace 
elements fall into the same two contrasting 
groups recognised in kimberlites by Dawson 
(1962, 1967). One suite of elements, including 
Cr and Ni, occur in amounts characteristic of 
ultrabasic rocks and the second suite, including 

Rb, St, Y, Zr, Ba, Cu, V and La, occur in 
greater amounts than is usual for ultrabasic 
rocks. It is also well known that potassic 
lamprophyres (or lamproites) show similar trace- 
element patterns to kimberlites, and that many 
of these unusual characteristics are further 
intensified in carbonatites. This also holds 
for the Holsteinsborg dykes. 

Petrogenesis 

For a discussion about the petrogenesis of 
these rock types to be meaningful the analyses 
should be considered on • volatile-free basis. 
Although the CO 2 and H 0 are considered to be primary constituents o• the magma some attempt 
must be made to account for the random loss or 
relative movement of either volatiles or an 

immiscible volatile-rich fluid during emplace- 
ment. In the Holsteinsborg dykes this late- 

stage H20- and CO2-rich fluid is now represented 
by groundmass serpentine and calcite which often 
form relatively large patches or segregations. 
In some dykes the segregations are concentrated 

TABLE 2. Representative Whole-Rock Chemical Analyses of the Holsteinsborg Potassic Lamprophyre Dykes 
(nd= not detected). 

....... Anom ' 
Potassic Lamprophyres Lampro- 

phyre 

Sa• 5611 5622A 5623 ! 5629 5630 5634 5637 5652 5653 5664 5942 5945 5672 , 

.•ajor Oxides (wt%) 
SiO• I 38.28 i 39.21 41.58 40.22 41.37 41.92 41.91 49.60 40.13 41.39 49.06 41.63 40.45 
ri0• 2.24 i 2.24 3.46 3.11 4.00 3.15 2.65 4.15 2.88 2.84 4.05 3.11 2.38 
.kl • i 5 60 I 5 01 7 11 6 47 7 44 7 01 5 94 8 64 6 59 6 54 9 26 7 70 6 43 

'23 i ............. Fe•O 3 2.33 ' 1.49 1.28 0.12 1.31 2.46 0.97 2.21 1.36 0.98 1.41 1.24 2.72 
•e•) . 4.83 i 6.14 6.19 7.41 7.86 5.27 6.93 4.75 5.97 6.09 5.65 6.14 9.76 

.•nO I 0.09 i 0.10 0.09 0.09 0.10 0.10 0.10 0.07 0.10' 0.09 0.08 0.10 0.]9 .•gO 15.30 •,21.61 12 02 ]3.44 8.75 ]].]7 18.95 6.32 ]2.53 ]7.38 7.32 9.88 ]5.84 
7 40 2aO [ 8.99 i 5.02 7.37 9.69 6.65 5.22 4.32 7.37 5.37 4.98 10.14 13.66 

NaAO 1.60 . 1.13 1.59 [ 1.55 1.14 1.95 1.16 1.60 1.54 1.49 1.56 1.34 0.84 K • 6.27 i 6.25 7 54 7.36 6.81 7.54 6.10 10.03 7.25 7.09 9.19 6.89 1.14 
H•20 + 3.30 i 3.36 2.25 i 2.96 2.84 2.43 2.36 1.12 2.27 3.17 1.86 2.71 3.65 
P•O 5 0.76 0.94 1.60 i 1.39 1.65 1.31 0.88 1.26 1.05 0.65 1.30 1.26 0.33 
2• 2 _9.00 5.94 5.3.3 [ 6.29 4.45 6.68 4.73 2.93 8.81 7..24... 1.98 7.10 _0.77 
total 98.59 98.44 97.44 . 97.78 97.41 97.64 97.90 97.00 97.85 100.32 97.70 99.24 98.!6 

, 

.•inor Elements (ppm) 
• ' 219 236 364 352 407 318 288 359 300 253 400 298 437 
2r 755 744 509 536 285 393 657 164 486 627 208 257 1797 
Ni 557 782 250 294 94 291 728 54 342 505 89 98 306 
2u 30 28 41 28 39 53 42 26 46 35 35 39 159 
•n 75 81 82 91 73 99 89 111 79 76 96 86 82 
Rb 144 162 180 133 180 159 125 216 170 138 176 160 3C 
$r 1385 2549 1582 1940 857 2!74 1578 2365 1994 1619 2419 1114 409 
Z 17 19 27 21 30 25 19 19 20 16 25 20 12 
Zr 557 505 730 759 714 844 516 1648 586 495 894 648 142 
Ba 1730 2838 6405 7002 2764 3149 6379 2590 3017 2622 3883 : 2738 99œ 
La 221 322 395 486 390 351 206 344 235 215 421 308 42 
Ce 284 384 487 598 477 441 298 423 364 312 523 413 102 
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in certain areas, often towards the margin of 
the dyke. It appears, therefore, that the 
amount of carbonate and associated minerals 
included in a rock after solidification is not 
governed by the evolution of the magma but by 
the conditions controlling the movement or 
escape of the more mobile volatile-rich fluid. 
The whole-rock analyses for the Holsteinsborg 
dykes, herefore were replotted having removed , 
the H•O and CO 2 as Ca(Mg)CO 3 and recalculating to 10•%. Most of the carbonate in the kimber- 
lite dykes is calcite, sometimes with minor 
magnesian contents, so the CO?-free analyses 
were calculated by the removaI of CaCO 3. This 
might not be quite so accurate for the lampro- 
phyre dykes because higher MgO contents (up to 
22 wt%) were more frequently found. For some 

analyses the removal of CaCO 3 (equivalent to the 
C02) gave a small negative CaO content and this 
was compensated for by removing an equivalent 
amount of MgO. For some oxides the adjusted 
analyses, recalculated to 100%, show less 
scatter when plotted on similar variation 
diagrams to those in Figures ! and 2. 

This treatment •f the whole-rock data on a 
Ca(Mg)CO•- and H?O-free basis is even further 
justifies if the-carbonate-rich segregations are 
indicative of liquid immiscibility at the time 
of intrusion. It has often been suggested that 
the volatile-rich and silicate fractions of 
kimberlites (Clement 1975) and other alkaline 
ultrabasic rocks (Ferguson and Currie ]971) are 
immiscib le. 

(a) Extract Calculations 

It has already been noted that the continuous 
trends obtained on some of the variation diagrams 
may indicate a simple genetic relationship 
between the kimberlites and potassic lampro- 
phyres. Extract calculations, using a 
modification of the least-square-fit computer 
program of Wright and Doherty (1970), were 
performed in an attempt to obtain a solution 
which might substantiate this possible relation- 
ship. Table 3 lists representative analyses of 
minerals found in the Holsteinsborg dykes which 
may be important in the evolution of the magmas. 
The average kimberlite and potassic lamprophyre 
compositions given i• Table 4 (calculated free 
of Ca(Mg)CO 3 and H20 were used to represent the 
parent and evolved magmas. Using spinel (192 
from Table 3) and pure forsterite and fayalite 
as possible precipitating phases the following 
solution was obtained: 

kimberlite = 28.96% lamprophyre + 55,66% olivine 
magma magma (Mg91 . 5 ) 

+ ]5.38% spinel 
192 

This solution gives the sum of the residuals 
as 0.24 and, as values of less than one are 
generally considered to be meaningful, it 

strongly suggests a simple genetic relationship 
between the kimberlites and lamprophyres. This 
calculation shows that the fractionation of a 

kimberlite magma with the formation of a 
precipitate of 22% spinel and 78% olivine would 
result in a liquid with the composition of the 
average lamprophyre. A more detailed petrogene- 
tic model based on the above solution is 

developed by presenting the whole-rock 
geochemistry in other ways. 

(b) Variation Diagram s 

The major element analyses of the Holsteins- 
borg dykes are plotted on MgO versus oxide 
variation diagrams in Figure 1. Although the 
use of variation diagrams is debatable they are 
useful for illustrating the compositional 
relations within groups of rocks. It has 
already been shown, however, that it is more 
appropriate to use volatile-free analyses. 
Figure 3 shows the main compositional fields for 
the kimberlites and potassic lamprophyres using + 

the Ca(Mg)CO 3- and H20 -free analyses on similar 
variation diagrams to Figure 1. With decreasing 
MgO (i) the kimberlites show an increase of 

AI^O•, K^O and TiO 2 and a poorly defined z 3 • 
decrease of FeO (total) and MnO, (ii) the 

lamprophyre dykes show an increase of SiO2, 
TiO 2, A1 0 , K O, P O• and possibly Na•O and 23 2 2 3 poorly defined decreases of FeO (total• and MnO. 
There is little change in the plot of P^O 5 
versus MgO from Figure ! to Figure 3 an• so P205 
should perhaps have been considered as a 
volatile, particularly as the apatite in these 
rocks is generally associated with the calcite, 
and their co-crystallisation in carbonatitic- 
like fluids has been suggested by Biggar (1969). 

Possible fractionating phases have also been 
plotted on Figure 3 (largely from Table 3). The 
variation in chemistry within each group of 
dykes can be explained mainly by olivine 
fractionation or enrichment. The kimberlite 

trend leads away from an olivine with the 
composition, Mg•., found for the euhedral 
crystals in the•imberlite dykes. The 
lamprophyres, however, trend away from an 

olivine with a composition of •g91 , which is the mean composition of the ol•v!n&• found in 
the lamprophyre dykes. It can be seen from 
Figure 3 that in detail the lamprophyre trend 
might be more accurately explained by extracting 
relatively minor amounts of clinopyroxene and 
phlogopite in addition to the olivine. The 
control point for the lamprophyre trend, there- 
fore, would lie within the triangle joining 
olivine, clinopyroxene and phlogopite, but close 
to the olivine apex. The position of this point 
is difficult to define because of the uncer- 

tainty in the composition of the fractionating 
phlogopite (the analysed macrocrysts show 
considerable variation in chemical composition). 

Since most of the rocks considered in this 

study are porphyritic, it is difficult to 
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TABLE 4. The Average Major Oxide Compositions of 'I'able 4) were taken to represent these initial 
the Holsteinsborg Kimberlite and Potassic Lainpro- liquid compositions. For the lamprophyre dykes 
ohyre Dykes. (calculated using the 41 kimberlite 
and 52 lamprophyre analyses). 

$i0• 
TiO• 
A12• 3 
Cr203 
Fe•O 3 •e• 
MnO 

MgO 
CaO 

Na^O 

Average 
Kimberlite 

30.18 

3.39 
2.48 

0.22 

3.92 
8.68 

0.19 

27.53 

9.65 
0.25 

1.82 

3.70 

0.51 

7.39 

Average Potassic 
Lamprophyre 

41.76 

3.12 

7.17 

0.08 

I .85 

5.85 

0.10 

11.84 

7.85 

1.42 

7.05 

2.49 
1.14 

5.72 

distinguish that part of the trend due to liquid 
evolution from the part which may be the result 
of phenocryst and/or xenocryst accumulation in 
the liquid. In these rocks it is virtually 
impossible to differentiate between xenocrysts 
and phenocrysts. The few composite olivine 
macrocrysts might be considered to be xeno- 
crysts, but they would have little effect on the 
whole-rock chemistry of the dykes as they 
represent a very small proportion of the total 
olivine present. In any event, the dunite 
inclusions in the Holsteinsborg kimberlites are 
thought to represent cumulates from the olivine 
fractionation of the dykes rather than exotic 
xenolithic material. The wide range and close 
match of the compositions of olivine occurring 
as macrocrysts and in the dunire inclusions is 
the main evidence supporting this conclusion. 

The wide range of Mg/(Mg + Fe) ratios found 
among the olivines, particularly in the 
kimberlites (Mg78 Q2 5 ) does imply that olivine 
fractionation has-•afen place. Both the 
kimberlite and lamprophyre dykes, therefore, may 
have resulted from pulsatory eruption from magma 
systems fractionating primarily olivine. 

It has already been suggested from the 
extract calculations that the lamprophyres may 
be genetically related to the kimberlites and 
both groups of samples also plot on a fairly 
continuous trend in many of the variation 
diagrams in Figure 3. Any discussion of 
possible relationships between the two groups 
requires an estimate of the composition of the 
initial liquids from which the two groups of 
dykes evolved, probably by the fractionation 
processes just discussed. The average 
compositions of each group of dykes (given in 

t. he average composition is similar to the most 
•nagnesian, aphyric rock analysed (sample 5653, 
see Table 2). It should be noted that some 
modification to the proposed initial liquid 
compositions within the range of observed 
compositions does not alter the principal 
conclusions of the following discussion. 

The extract calculations and wide range of 
olivine compositions have already been used to 
suggest that olivine fractionation was an 
important control on the composition of magmas 
forming the Holsteinsborg dykes. It is clear 
from Figure 3, however, that the variation in 
chemistry of the group as a whole cannot be 
explained solely by olivine fractionation. In 
the plot of MgO vs. TiO? (Figure 3), for 
example, the evolution Prom a kimberlitic 
parental magma to a lamprophyric magma with a 
similar TiO^ content cannot be explained by the 
fract•onatzon of a TiO^-free phase, such as 
olivine. To explain t•e deviations from an 
olivine control line requires the crystallisa- 
tion of a Fe-Ti phase together with olivine. 
Titanomagnetite is an abundant Ti-rich mineral 
in the kimberlite dykes. The titanomagnetite 
analysis ]92 (see Table 3) and an olivine of 
composition Mg9! (analysis 424, see Table 3) were fraetionat•g 6 phases suggested by the 
extract calculations. Using these mineral 
compositions possible olivine plus spinel 
fractionation trends are illustrated in Figure 
3. It can be seen from Figure 3 that the 
evolution of the initial lamprophyre liquid from 
the parental kimberlitic magma (represented by 
the average compositions) is consistent with the 
fractionation of approximately 78% olivine of 
composition Mg92 and 22% spinel with a compo- 
sition similar to analysis 192. 

The fractionation of titanomagnetite is not 
often considered to be important in the 
generation of magmas. The K^O-AI^O^-TiO• (wt%) .7 .Z •. z 
ternary variation diagram gzven xn •'•gure 4, 
however, confirms that a TiO2-bearing phase 
appears to have an important control in the 
evolution of the magmas forming the Holsteins- 
borg dykes. No trends should be evident in this 
plot if the variation in composition was purely 
a result of olivine fractionation and this is 
found to be the case only for the lamprophyre 
dykes. The trend within the kimberlites (see 
Figure 4) away from spinel (or more generally 
TiO 2) is strongly indicative of spinel being a 
significant fractionating phase in the kimber- 
lites. The lamprophyres plot on the TiO^-poor z 

extension of the kimberlite trend and so, with 
respect to the three components being considered 
here, the lamprophyres could be formed by 
removal of spinel from a kimberlitic magma. 

In summary, it is proposed that' (i) 
a kimberlitic parental magma evolved by olivine 
and minor spinel fractionation to a liquid that 
was then intruded to form the kimberlite dykes, 
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(ii) a lamprophyric magma evolved from a 
parental kimberlitic magma by the fractionation 
of 78% olivine plus 22% spinel, (iii) the 
lamprophyric magma evolved further by olivine 
plus clinopyroxene plus phlogopite (ñ pseudo- 
leucite) fractionation before intrusion. 

(c) 'FMA' diagram 

Figure 5, which gives the 'FMA' plot for the 
Holsteinsborg dykes, shows that the two main 
groups of dykes lie on different trends 

reflecting the separate evolution of the 
lamprophyres and kimberlites. The scatter among 
the MgO-poor lamprophyres may be accounted for 
by some pseudoleucite (or leucite) fractiona- 
tiono The fractionation within the kimberlites 
appears to be controlled by olivine with a mean 

composition of • but could also be explained (in this plot) 8•ractionating a more Mg-rich 
olivine together with 10% spinel. A similar 
combination of phases, but with about 22% 
spinel, fractionating from a kimberlitic magma 
could produce a liquid of lamprophyric composi- 
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Fig. 3. Compositional fields of the kimberlites and lamprophyres on variation diagrams using 
Ca(Mg)CO•- and H?O - free analyses; some possible fractionating phases have also been plotted: 
shaded a•eas = kimberlite dyke compositions; white areas = potassic lamprophyre dyke compositions; 
asterisks = average chemical compositions of the kimberlite and potassic lamprophyre dykes 
(recalculated from Table 4); open circle = olivine, Mg91 • (analysis 424, Table 3) from a 
lamprophyre dyke; closed circle = euhedral olivine, Mg8.'•rom a kimberlite dyke; square = spinel (titanomagnetite analysis 192, Table 3); triangle = • first generation phlogopite (analysis 37 from 
Scott 1977); inverted triangle = clinopyroxene (analysis 143, Table 3). 
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Fig. 4. K^O-AI•O•-TiO 2 ternary (wt%) variation 
diagram for the Holsteznsborg dykes: K-feld = 

potassium feldspar; ol = olivine,..Mg91.5; sp TM 
spinel (analysis 192); squares = mzmoerzites; 
circles = potassic lamprophyres; triangles = 
anomalous lamprophyres. 

tion and this is consistent with the proposed 
model. 

(d) Molar ratio comparisons 

It is sometimes difficult to discriminate 

between rival hypotheses for magmatic evolution 
using variation diagrams and ternary weight per 
cent plots. To overcome this problem and to 
determine possible extraction compositions 
Pearce (1968, 1970) suggested the use of molar 
ratios comparisons, where molar ratios of the 
oxides are calculated using one specific oxide 
as the constant divisor and these values are 

used to plot variation diagrams. 
Examination of the variation diagrams (Figure 

3) suggests that K20 and AI^O 3, which lie on good and fairly continuous •rends and might 
almost be considered as incompatible elements, 
would be most suitable for use as the constant 

divisor for Pearce's method. K20 is independent 
of the suggested fractionating phases and so can 
be used to normalise the other components. 

Plotting MgO/K20 vs. $iO?/K?O (moles), as shown 
in Figure 6, a good linear irend is obtained for 
the kimberlites but is less well defined for the 

lamprophyres. The slope of the trend obtained 
should give the MgO/SiO 2 ratio of any extract. 
The slope of the best fzt line for the kimber- 
lites only is approximately 1.83 which indicates 
that the fractionating phases are most likely to 
be olivine, Mg•. • plus 10% spinel. 

The calcula•leS)slope of the line which would 
join the plots of the suggested initial kim- 
berlite and lamprophyre magmas (from Table 4) on 
such a diagram is 1.98. This value is close 
to that predicted for the fractionation of 22% 
spinel together with 78% olivine, Mgõl 5 and so 
is consistent with the proposed model.' 

On this diagram the anomalous lamprophyre 
dykes define a line with a less steep gradient 

relative to the other dykes and is consistent 
with clinopyroxene fractionation. 

( e ) C-M-A- S 

O'Hara (1968) devised a scheme for represen- 
ting analytical data for basic and ultrabasic 
rocks in terms of a pseudo-quaternary system C- 
M-A-S, the natural analogue of the synthetic 

quaternary system CaO-MgO-A1203-SiOA. The method of projection and locatzon o• phase 
boundaries are given by O'Hara (1968) and 
Jamieson (1969, 1970). 'Depending on the 
position of the points within the tetrahedron 
some of the projection planes are prone to 
distortion. A stereoscopic examination of the 
position of the points within the tetrahedron 
(as given in Scott 1977) shows that the points 
representing the Holsteinsborg dyke compositions 
lie close to a plane parallel to CAM (at S = 
40%) and on a line trending away from olivine. 

In considering kimberlites and related rock 
types in terms of the C-M-A-S system a number of 
uncertainties arise. First, CO is an oxide not 
accounted for in this scheme an• kimberlitic 
rocks contain high and variable amounts of C02, 
carbonate being an important constituent of 
these rocks. Kimberlites have been interpreted 
using the C-M-A-S system by Ferguson et al. 
(1975) where the analyses were used both 
complete and COA-free, removing the CO 2 as 
dolomite. In t•is paper the analyses were used 
COp-free but removing the CO 2 as essentially 
caIcite (Ca(Mg)CO•). Another problem with 
kimberlitic rocks-in the C-M-A-$ tetrahedron is 

their relationship to experimentally determined 

Fig. 5. 'FMA' diagram for the Holsteinsborg 
dykes: F = FeO + Fe2OA; M = MgO; A = Na20 + 
K20. (Symbols as for •ig. 4). 
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phase boundaries. Jamieson (1969) has suggested 
that differences in content of some 'minor' 

elements (Ti, K, P) may cause shifts in the 
position of phase boundaries in the C-M-A-S 
system and the Holsteinsborg dykes do show 
extreme and variable concentrations of these 

elements. 

Bearing in mind these possible modifying 
factors the C-M-A-S system can be used to 
interpret the petrogenesis of the Holsteinsborg 
dykes. 

The projection plane of silica into CS-M2$-AS 
is close to the plane cutting the tetrahedron in 
which the Holsteinsborg dykes plot while also 
passing through the olivine point. Plotting 
the Holsteinsborg dykes using complete analyses 
in this projection (not shown) there is a fair 
amount of scatter but the points lie fairly 
close to an olivine control lin•. Plotting the 
recalculated Ca(Mg)CO•-and HoO-free analyses 
(as shown in Figure 7• the amount of scatter is 
reduced significantly and the trends are 
displaced slightly. The lamprophyre dykes still 
lie on an olivine trend again indicating that 
olivine fractionation is the main control of 

compositions within the lamprophyres. The less 
magnesian lamprophyres are trending towards the 
potassium feldspar (or leucite) point. The 
kimberlite trend, however, shifted away from a 
true olivine control line towards spinel 
supporting the earlier suggestion that some 
spinel may be fractioning together with olivine 
in the kimberlite magma. This trend is similar 
to that found for the ultramafic extrusives of 

the Onveracht Group, South Africa (Mclver and 

K20 

•o •o SlO• so 
K20 

Fiõ. 6. MgO/K20 vs. S•O2/K?O molar ratio 
variation diagram for the H•lsteinsborg dykes. 
(SymboIs as for Fig. !). 

200 

Lenthall ]974) which were considered to be 

the parental to the less magnesian extrusives in 
that area and were also suggested to have been 
derived by partial melting at depth. 

This plot is also consistent with the 
derivation of a lamprophyre magma from a 
parental kimberlite magma by olivine plus 
spinel fractionation. The clinopyroxene 
enrichment of the anomalous dykes is again 
illustrated. 

(f) Trace element geochemistry 

Although the concentration of trace elements 
is sensitive to fractionation processes, in this 
instance they are not so useful in the 
discussion of the proposed petrogenetic model 
for the Holsteinsborg dykes because it is 
difficult to estimate the trace element 

composition of any possible fractionating 
phases. It is evident, however, that none of 
the trace element data contradict the proposed 
model. 

The trace element variation diagrams (Figure 
2) generally show a high degree of scatter, but 
Cr and Ni are the exceptions. Although the NiO 
vs. MgO variation diagram (Figure 2) reveals a 
good linear trend, it appears from Figure 3 that 
the suggested high pressure fractionating 
phases, Ni-bearing olivine and spinel 192, 
cannot explain the observed trend. The 
distribution coefficient for Ni between olivine 
and silicate liquids, however, is sensitive not 
only to pressure but also to the composition of 
the liquid (O'Hara et al. 1975, Hart et al. 
1976, Mysen 1976, Irvine and Kushiro, 1976). 
Hart et al. (1976) suggest that D.. varies 
znversely with MgO. The olivine involved in the 
proposed first stage and relatively high 
pressure fractionation may, therefore, have had 
a very low nickel content. If this was the 
case, the slope of the olivine-spinel tie line 
given in Figure 3 would be reversed and could be 
consistent with the proposed fractionation 
model.• The Ni content of olivine, as well as 
the FeZ+/Mg ratio, may also be affected by the 
oxygen fugacity of the magma as suggested by 
Moore and Erlank (1977). 

The good trend obtained for Cr vs. MgO 
(Figure 2) is consistent with approximately 22% 
spinel plus olivine fractionation (see Figure 
3). The expected smear of points towards olivine 
reflecting the proposed second stage fractiona- 
tion, however, is not present. This plot, 
therefore, may suggest that the minor phases 
fractionating together with olivine and 
controlling the composition within each group of 
dykes may contain significant Cr20 For the kimberlites this phase may be spln•{ or even 
chromite while Cr-bearing clinopyroxene is more 
likely in the case of the lamprophyres. 

The remaining trace elements, especially Ba, 
Ce, La, V and Sr, have a fairly random distri- 
bution relative to MgO (Figure 2). The 
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Fig. 7. A project•on of silica into the plane CS-M•S-AS of the Holsteinsborg dykes (using 
Ca(Mg)CO•- and H20 - free analyses): squares = kimbZerlites; circles = potassic lamprophyres; 
triangleõ = anomalous lamprophyres; ol TM olivine; sp = spinel (analysis 192); cpx = clinopyroxene; 
K-feld = potassium feldspar. 

apparently random concentrations of many of the 
trace elements may be a more sensitive 
indicator than the major oxides of any inhomo- 
geneity in the rocks which is particularly 
characteristic of kimberlites. There is also 

the possibility of a random loss of some of the 
elements along with the volatile-fraction of the 
intruding magma. The carbonate-rich kimberlites 
do show a relative enrichment of Ba, $r, Ce, La 
and P (see analysis 5907, Table 1). 

These variation diagrams, however, do not 
appear to be inconsistent with the proposed 
fractionation hypothesis. Examining the Cu vs. 
MgO diagram, for example, shows the kimberlites 
and lamprophyres to have different trends but 
both away from olivine and may reflect the 
separate second stages of fractionation. As 
Cu is likely to substitute in spinel the 
fractionation of a Cu-bearing spinel and olivine 
could account for the evolution of a lampro- 
phyric magma containing less Cu than its 
parental kimberlitic magma. 

There seems to be no simple correlation of 
trace elements with concentrations of major 
elements for which they commonly substitute 
(except for K and Rb in the kimberlites). 

In addition to the other trace elements, F, 
C1, S and B were also determined for a few 
selected samples. The kimberlites were found to 
contain up to 0.21 wt% F, 0.14 wt% C1, 0.20 wt% 
S while the lamprophyres contained more F (up to 
0.44 wt%) and 0.20-0.30 wt% S but no detectable 
C1. Boron was not detected in any samples. 

Discussion 

Many of the high concentrations of certain 
elements are intensified not only in the 
carbonate-rich Holsteinsborg dykes but also in 
carbonatites in general. These enrichments 
appear to be related to the carbonate fraction 
in these rock types. It is suggested that the 
Holsteinsborg kimberlite magma originated in the 
mantle. If the mantle is considered to be 
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.•arnet lherzolite, the assemblage is virtually 
barren with respect to many of the elements 
concentrated in kimberlites and potassic 
lamprophyres. Even with small degrees of 
partial melting followed by extreme crystal 
fractionation, it is difficult to explain many 
of the concentrations reported. Several other 
phases, however, have been proposed as being 
part of the stable mantle assemblage and include 
phlogopite (Dawson 1971, Boettcher et al. 
1975, Carswell 1975, Beswick 1976), rutile and 
apatite (Kable et al. 1975), amphibole (Oxburg_h 
1964, Millhollen et al. 1974) and carbonate 
(Egglet 1976, Wyllie 1977). Small degrees of 
partial melting of a mantle containing such 
phases might produce ultrabasic magmas with 
significant concentrations of many elements 
which have been difficult to explain using other 
petrogenetic models. Phlogopite in the mantle 
would provide a source not only of K but 
probably also of Ti, A1, Rb, Ba and F. Bravo 
and O'Hara (1975) have shown experimentally that 
at 1080øC and 30 kb a liquid with 3.6 wt% K20 is 
in equilibrium with a phlogopite-garnet- 
lherzolite; this liquid, however, does not 
resemble a kimberlite. They also suggest that 
at pressures greater than 30 kb the initial melt 
of a phlogopite-garnet-lherzolite may be rich in 
K•O and resemble a kimberlite. Boettcher et al. 
(•975) formed liquids with 0.6 wt% K•-•yy •e-- 
partial melting of phlogopite-spikedZ(! wt% K20) 
peridotires. The assumption that the magma 
parental to all the Holsteinsborg dykes 

contained 1.82 wt% K20 (see Table 4), therefore, 
seems realistic and the derivation of more 

potassic dykes by crystal fractionation becomes 
feasible. 

There is now convincing evidence that both 
CO• and H^O do exist in the upper mantle and 
gg•ler (1•76) and Wyllie (1977) suggest that at 
upper mantle pressures carbonate (calcic 
dolomite) is stable. Recent experimental data 
(e.g. Wyllie and Huang 1975a and 1975b, Mysen 
and Boettcher 1975a and 1975b, Eggler 1976) led 
Wyllie (1977) to suggest that incipient melting 
of carbonated peridotite produces a carbonatitic 
liquid and that the interstitial fluid at the 
top of the low velocity zone may therefore be 
carbonatitic and probably enriched in alkalis 
and a host of trace elements. At deeper levels 
this liquid becomes more siliceous, but still 
undersaturated, to give kimberlitic compositions. 
Wyllie also considers that the distribution of 
carbonate, phlogopite and amphibole in perido- 
tite strongly influences the composition of 
mantle-derived magmas. Amphibole is not thought 
to be stable at the pressures and temperatures 
required for the formation of kimberlitic 
magmas. It seems that the presence of carbonate 
and ph!ogopite in the mantle are important, or 
even essential, in explaining many of the 
unusual characteristics of potassic magnesian 
rocks, kimberlites and carbonatites. 

Interpretation of the whole-rock geochemistry 
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of the Holsteinsborg kimberlites together with 
the wide range of Mg/(Mg + Fe) ratios found in 
the olivines indicates that the variation in 

composition of the kimberlites away from the 
estimated parental magma is largely the result 
of olivine fractionation. In the detailed 

interpretation of the data, however, it was 
suggested that a relatively minor amount of 
another phase may also be involved in the 
fractionation and is likely to be spinel. If 
this spinel was a titanomagnetite it would fall 
in well with the derivation of a !amprophyre 
magma by the extract of the same fract•onating 
phases, but with a higher proportion of 
titanomagnetite, from a kimberlite magma. If 
the spinel was a chromite it would fit with the 
suggestion that the unusually abundant dunire 
inclusions represent cumulates from this 
fractionation. These dunites contain minor 
amounts of chromite but no titanomagnetite and 
are interpreted as cumulates rather than 
depleted mantle because of The Fe-rich nature of 
the olivines which also show a wide range of 

Mg/(Mg + Fe) ratios (Mg82 92 5 ) as well as from 
the textures in the coars• d•nites (Scott 1977, 
in preparation). The occurrence of cumulate 
dunite inclusions in the kimberlites supports 
the suggestion of olivine fractionation being 
the main control in the evolution of the 

kimberlite magma. 
Although conditions were obviously not 

suitable for deep-seated rocks to be transported 
to the surface by the lamprophyre magma, one 
might expect some indication of olivine plus 
titanomagnetite cumulates among inclusions in 
kimberlite. Since such inclusions are not found 

perhaps the conditions suitable for the proposed 
fractionation preclude the eruption to near 
surface of kimberlite magmas carrying inclusions. 
The appropriate conditions may simpl. y occur at 
depths which are shallower than those from which 
the kimberlites begin their relatively rapid 
ascent to the surface and then representative 
cumulates would not be expected at the surface. 
Dawson and Hawthorne (1973) report olivine + 
spinel + perovskite cumulate layers in the 
Benfontein kimberlites which presumably resulted 
from relatively shallow level crystallisation. 
Clarke and Mitchell (1975) suggest that the 
epitaxial zones of titanomagnetite with a 
composition similar to many of Holsteinsborg 
spinels found round chromite grains are a post- 
fluidisation crystallisation phase. This 
chromite to titanomagnetite crystallisation 
trend is consistent with those suggested by 
H. aggerty (1976). It follows, therefore, that 
the spinel crystallising together with olivine 
at depth would be chromite, as found in the 
dunites from the Holsteinsborg kimberlites, but 
at shallower depths the spinel would be a 
titanomagnetite as proposed for the evolution of 
the initial lamprophyric magma. Some of the 
chromites from the dunite inclusions have 

unusually high Cr203 contents (up to 62.18 wt%) 
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that are characteristic of diamond inclusions 
and therefore may indicate that the dunires have 
crystallised at depths within the diamond 
stabili'ty field. 

An alternative suggestion is that the Fe-Ti- 
rich phase crystallising together with olivine 
to form the lamprophyric magma was ilmenite 
which is sometimes considered to be a stable 
mantle phase (Boyd and Nixon t973, Goff 1973). 
Using ilmenite rather than titanomagnetite, 
however, does not give consistent results from 
an interpretation of the whole-rock geochemistry 
similar to that presented in this paper. 

Conclusions 

Although it is possible to distinguish 
between the Holsteinsborg kimberlites and 
potassic lamprophyres, their close association 
and numerous similarities suggest that they are 
genetically related. One hypothesis for this 
relationship has been discussed here and 
involves an essentially simple fractionation 
process. The relationship of the potassic 
lamprophyres to the kimberlites proposed here 
for the Holsteinsborg dykes is similar to that 
suggested by Ferguson et al. (1975) and Danchin 
et al. (1975) for similar rock types. It should 
be noted, however, that although in the model 
proposed here it is implied that the Holsteins- 
borg potassic lamprophyre and kimberlite dykes 
were both derived from the same body of magma, 
this need not necessarily be the case. The 
model may apply to processes whereby potassic 
lamprophyres, in general, are derivatives of 
kimberlitic magmas which have been substantially 
modified during their relatively slow ascent to 
the surface. The spatial association of 
kimberlites and potassic lamprophyres of either 
similar or different ages, therefore, is 
consistent with this model. The episodic 
generation and intrusion of kimberlitic magmas 
separated by long time intervals is well known 
in certain parts of Southern Africa, for example 
in the Kimberley area. 

The main conclusions from this study are 
summarised below in terms of a petrogenetic 
model for the Holsteinsborg dykes: 
(1) A magma with a kimberlitic composition was 
generated, probably by the partial melting of a 
phlogopite-, carbonate-bearing mantle. 
(2) Fractionation of substantial olivine, with 
minor chromite, then occurred. The dunite 
inclusions found in the kimberlite dykes 
represent cumulates from this period of 
crystallisation. 
(3) During this fractionation, the kimberlite 
magma was continually tapped and then intruded 
along fractures to form narrow composite dykes 
in the near surface parts of the crust. 
(4) The kimberlitic magma carried crystals of 
olivine, chromite, picroilmenite, phlogopite and 
garnet and continued to crystallise olivine, 
phlogopite and oxides at lower pressures. 

Diopside, apatite, calcite and serpentine 
crystallised from residual fluids close to the 
time of intrusion. 

(5) A separate portion of an initial kimberli- 
tic magma was either erupted slowly to near 
surface regions or its ascent was arrested one 
or more times. During an early part of the 
magma's ascent extensive fractionation of 
olivine and an Fe-Ti-spinel occurred resulting 
in the relative enrichment of many elements in 
the liquid. The composition of this liquid was 
then lamprophyric in character. 
(6) At a higher level, probably less than 40kin, 
the protolamprophyric magma was modified by the 
crystallisation of olivine, diopside, phlogopite 
and leucite. The interstitial liquid crystal- 
lised to form a fine-grained groundmass which 
included phlogopite, potassic richterite, 
diopside, potassium feldspar, carbonate, apatite 
and serpentine. 
(7) The anomalous lamprophyre dykes probably 
represent a part of the initial lamprophyric 
magma which has accumulated abundant clinopyro- 
xene. 

Appendix I 

Analytical Techniques 
All obvious xenolithic and weathered material 

was removed from thin slices of the rock 

specimens. Large samples of each specimen (up 
to ].5 kg) were used in the preparation of the 
rock powders. Eighty seven samples were 
analysed using largely X-ray fluorescence 
techniques. The major element concentrations 
were determined by a method similar to Rose et 
al. 1963, using fused rock powders while pressed 
powders were used for the trace elements. All 
determinations were made using a 24 channel 

automatic, Phillips PW]2t2 X-ray fluorescence 
spectrometer. FeO, Na^O, H?O and CO• were 
determined using standard w•t-chemica• 
techniques. 

Generally the kimberlite analyses gave totals 
close to 100 % but the major oxide totals for 
the lamprophyre samples tended to be low. This 
discrepancy is partly accounted for by the 
"minor" element concentrations, in particular Ba 
and Sr. F, C1, S and B were found not to be 
particularly significant components of the 
lamprophyres. 

Six full wet-chemical analyses (analysts M.J. 
Saunders, University of Edinburgh and A.C.S. 
Smith of the University College, London) of 
samples from the Holsteinsborg dykes were also 
carried out and used as standards in the other 
determinations. 

Details of all the analytical techniques, 
samples analysed, sample localities and results 
are available in Scott (1977) or from the 
author. Representative analyses are given both 
in Tables ! and 2 and in Scott (in preparation). 
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Abstract. A detailed microprobe study of the 
oxide and silicate minerals in a very fresh 
kimberlite from the Premier Mine provides a 
variety of information on the crystallization of 
kimberlitic magmas. Olivines are characterized 
by two populations; one corresponds to the 
xenocrystal and/or high pressure regime (Fo91- 
Fo94), the other to the groundmass crystalli- 
zation (Fo88-Fo89). On the basis of Cr203, FeO* 
and A1203, it is possible to distinguish phlogo- 
pites which crystallize directly from the kimb- 
erlitic magma versus those which are xenocrystal. 
The chemistry of some phlogopite megacrysts is 
consistent with their direct crystallization 
from the kimberlitic melt, for other phlogopite 
megacrysts a xenocrystal origin is more probable. 
The mineral chemistry of the garnets, opx and 
cpx indicates that these are xenocrystal. 

Picroilmenite grains are ubiquitously mantled 
by perovskite and Ti, Mg, Cr, A1 magnetites. 
This peritectic-like reaction involving picro- 
ilmenite, perovskite, magnetitess , and the magma 
is a convenient point to divide the crystalliza- 
tion of the kimberlitic magma into the high 
pressure and groundmass regimes. There are 
extensive intergranular variations in the chem- 
ical composition of many of the groundmass 
phases. This is probably due to local disequil- 
ibrium at a very small scale reflecting the het- 
erogeneities in AC02, AH20, and f02 during ascent 
and crystallization. 

Introduction 

Kimberlites represent a valuable source of 
information concerning processes occurring in 
the upper mantle. The study of ultramafic 
nodules incorporated in kimberlitic magmas 
during their ascent to the surface has yielded 
a vast amount of knowledge on the physiochemical 
state of the upper mantle. The presence of 
diamonds in kimberlites, together with studies 
of pressure-sensitive minerals in garnet perido- 
tite nodules indicate that kimberlitic magmas 
originate at pressures equivalent to 150-200 
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kilometers deep in the earth's mantle (Boyd, 
1977). However, the origin and evolution of 
kimberlitic melts remain poorly understood. 

The chemical and physical changes that occur 
during the ascent and crystallization of kimber- 
litic magmas are inherently reflected in the 
mineral chemistry of phases that crystallize 
during cooling, lithostatic pressure release, 
and de-volatilization of the magma. Previous 
studies have shown that several silicate and 

oxide phases may crystallize and that individual 
phases can be compositionally complicated 
(Mitchell and Clarke, 1976; Haggerty, 1975; 
Gittins et al., 1975). In order to further 
understand the conditions of crystallization in 
kimberlite magmas we have performed detailed 
microprobe analyses of oxide and silicate miner- 
als occurring as phenocrysts, xenocrysts, and 
groundmass phases in a very fresh kimberlite 
from the Premier Mine, South Africa'. 

Petrography and Mineral Chemistry 

The samples studied are all "micaceous" 
kimberlites characterized by abundant phlogopite 
grains. The groundmass consists of perovskite, 
magnetitess, olivine, phlogopite, carbonates, 
"serpentine", chlorite, sulfides _+ apatite. 
Olivine is the dominant mineral displaying three 
modes of occurrence. Individual, euhedral to 
subhedral crystals of olivine are disseminated 
throughout the thin sections, aggregates of 
polycrystalline olivine are occasionally found, 
and olivine also occurs in partially fragmented 
peridotitic nodules. The olivine crystal 
boundaries have usually been slightly serpentin- 
ized. 

Phlogopite occurs in partially dismembered 
xenoliths but the majority of phlogopite grains 
are dispersed throughout the groundmass. Mega- 
trysts of phlogopite are rarely found; often 
these show kink banding and other indications 
of deformation, and commonly they contain 
inclusions of rutile. 

Picroilmenites (Mg-rich ilmenites) are 
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Figure 1A and lB. Figures 1A and lB show the 
major element variations in rim to core traverses 
across picroilmenite grains. In Figure 1A, FeO 
remains relatively constant while Fe203 increases 
from rim to core. The rim is enriched in TiO 2, 
MgO, Cr20 3 and CaO (not shown) relative to the 
core. In Figure lB, Fe203 remains relatively 
constant while FeO increases from rim to core. 

Again, MnO and CaO (not shown) are enriched in 
the rim relative to the core. In the majority of 
picroilmenites that are zoned, Fe203 decreases 
from core to rim. Note that only one-half of the 
essentially symmetrical traverses are shown. 

common but always display reaction mantles of 
perovskite and magnetite. 

Garnet, ortho- and clinopyroxenes are pre- 
served in partially dismembered xenoliths and 
occasionally are dispersed in the groundmass. 
Garnet is usually fractured, often displaying 
kelyphytic rims. Ortho- and clinopyroxenes also 
show evidence indicating disequilibrium with the 
kimberlite magma. 

Oxide Mineral Chemistry 

Picroilmenites 

Picroilmenite is the most distinctive kimber- 

lite oxide mineral, occurring as small dissem- 
inated grains, as large nodules, and as eutectic 
-like intergrowths with diopside or enstatite 
(Mitchell, 1973). In this study, we have found 
only small, disseminated grains, 0.1-2 mm across. 
Generally, 3-4 irregularly shaped, ovoid picro- 
ilmenite grains are found per thin section. 

These picroilmenites can be divided into two 
general categories: 1) inversely zoned crystals 
(MgO, TiO2, MnO, CaO enriched rims) which are 
generally small, and 2) unzoned, large crystals 
which often have granoblastic, recrystallised 
textures similar to those reported by Mitchell 
(1973). The inversely zoned picroilmenites 
have highly contrasting patterns of major ele- 
ment distribution in systematic microprobe 
traverses across the grains. 

Figures 1A and lB demonstrate the two "end 
member" types of zoning associated with these 
picroilmenites. In both figures, only one-half 
of the nearly symmetrical traverse is shown. In 
Figure 1A, FeO remains relatively constant 
across the grain TiO 2, MnO, and Ca0 (not shown), 
in addition to MgO, are enriched in the rim 
relative to the core. Cr203 and A1203 remain 
relatively constant from rim to core. The 
traverse shown in Figure 1A is represented by 
Line A in Figure 2. 

Figure lB shows the other "end member" 
zonation pattern in picroilmenites where FeO 
increases from rim to core while Fe203, TiO 2, 
and Cr203 remain relatively constant. A120 • and 
MnO are irregular but relatively constant. The 
traverse shown in Figure lB is represented by 
Line B in Figure 2. Most picroilmenites display 
a zonation pattern which is a composite of these 
two end members, i.e. both FeO and Fe20 3 increase 
from rim to core. For the individual samples 
studied, the internal variations in picroilmenite 
zonation patterns within a single thin section 
are essentially the extent of variation within 
the entire suite of samples. Thus these varia- 
tions in FeO, Fe203, and FeO/Fe203 amongst ind- 
vidual grains in the same thin section are inter- 
preted to be the result of local disequilibrium 
and local variations in f02' 

The picroilmenite composition can be expressed 
in terms of three major components: ilmenite, 
geikielite, and hematite. From the examination 
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Figure 2. Ilmenite vs. geikielite vs. hematite - 
The compositions of picroilmenites in this study 
are plotted in the Ilm-Gk-Hema ternary diagram. 
Lines a and b correspond to the zoning observed 
in Figures 1A and lB, respectively. Arrows point 
toward the rim composition. The overall trend 
due to magmatic processes is towards higher 
MgTiO 3 and lower Fe203 with FeTiO 3 remaining con- 
stant. The shaded area is the range of picro- 
ilmenite analyses reported by Boyd and Nixon 
(1973), Mitchell (1973), and Haggerty (1975). 

of Figure 2, the microprobe analyses reported 
here are within the limits reported by Boyd and 
Nixon (1973), Mitchell (1973) and Haggerty 
(1975). The trend most commonly observed in the 
zonation patterns of these picroilmenite grains 
is the tendency towards enrichment in MgTiO 3 and 
depletion in Fe203 in the picroilmenite grains 
during the evolution of the kimberlite magma. 

The substitution of MgTiOB for the Fe20 • compon- 
ent is the main substitution effect related to 

magmatic variations (Figure 2). These trends 
are similar to those observed by Haggerty et al. 
(1977) for chemical variations due to magmatic 
processes in kimberlitic magmas. Submicron 
exsolution lamellae of hematite (?) are occasion- 
ally observed in picroilmenite hosts. While 
these may be common in the small, zoned picro- 
ilmenite grains, lamellae are very rare in the 
polycrystalline, granoblastic textured picro- 
ilmenites, possibly as a result of post-exsolu- 
tion annealing and recrystallization. 

One characteristic of all picroilmenites in 
the samples studied, in addition to the zoning 
previously mentioned, is the ubiquitous presence 
of reaction mantles of perovskite and Ti, Mg, Cr, 
A1- magnetites. Textural evidence indicates 
that this association is produced by a peritectic 
-like reaction between picroilmenite and the 
kimberlitic liquid to produce the assemblage of 
perovskite and magnetitess. In Figure 3, the 
perovskite and Ti, Mg, Cr, A1 - magnetites can be 
seen replacing picroilmenite. In many cases, 
remnants of picroilmenite can be found encapsul- 
ated within these late forming perovskite and 
Ti, Mg, Cr, A1 - magnetite reaction mantles 
(Figure 4). 

Similar mineralogically complex mantles on 
picroilmenite were reported by Haggerty (1973). 
However, the small picroilmenites encapsulated 
within perovskite and Ti, Mg, Cr, A1 magnetites 
have been interpreted to be secondary in origin. 
There is much evidence supporting the hypothesis 
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Figure 3. Photo shows reaction mantle of perov- 
skite plus magnetitess replacing picroilmenite. 
Oil immersion, reflected light photomicrograph. 
The field of view is 0.5 mm across. 
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Figure 4. Where the reaction of picroilmenite 
with the kimberlitic magma to produce perovskite 
and magnetitess is heterogeneous and incomplete, 
the preservation of small picroilmenite relicts 
in the reaction mantle is observed. Oil immer- 

sion, reflected light photomicrograph. The photo 
is 0.5 mm across. 

that these small picroilmenites are not secondary 
but rather the remnants of the original picro- 
ilmenite rim, most of which has been replaced by 
reaction with the groundmass kimberlitic magma. 
Firstly, both the large picroilmenite and the 
small grains on the rim are pleochroic and 
simultaneously reach maximum extinction. Second- 
ly, where the large picroilmenite grains are 
zoned, for example with MgO-rich rims, these 
small picroilmenites on the rim are extremely 
MgO-rich. Thirdly, the textural evidence (Figure 
3) shows the reaction relationship of the picro- 
ilmenite with the kimberlitic magma resulting in 
the replacement of picroilmenites by reaction 
mantles of perovskite plus magnetitess. Also, 
in many instances the replacement of picroilmen- 
ite with perovskite and magnetitess has been 
incomplete with several of those "rim picroilmen- 
ites" remaining connected to the large picroil- 
menite (Figure 4). 

Perovskite 

Perovskite is found in reaction mantles on 

picroilmenite, in reaction mantles on rutile, 
scattered throughout the groundmass, and very 
rarely in reaction mantles (associated with Ti, 
Mg, Cr, A1 magnetites) on some chromium spinels. 
The perovskites from all four types of occur- 
rences are chemically indistinguishable. In all 
of these perovskites, Fe203, A1203, and Cr203 
are the major dilutants although their sum rarely 

is more than 2% (Table 1). However, the perov- 
skite in picroilmenite mantles are slighty zoned 
with Cr-rich and Al-poor regions adjacent to the 
picroilmenite and the Cr-poor and Al-rich rim 
adjacent to the groundmass. It is also assumed 
the perovskite is the major mineralogical "sink" 
for Nb, Zr and REE. 

Rutile 

Rutile is found in many mineralogical associ- 
ations in the kimberlites we have studied, and in 
other kimberlites (e.g. Haggerty, 1975; Clarke 
and Mitchell, 1975). Rutile is commonly observed 
in parallel, lensoidal intergrowths within picro- 
ilmenite grains (Figure 5) and occasionally with- 
in perovskite mantling the picroilmenite where 
the rutile previously enclosed within picroilmen- 
ire, has not been completely replaced by the 
reaction of picroilmenite with the melt to pro- 
duce perovskite plus magnetitess. 

Although we have not observed armalcolite in 
the samples studied here, its occurrence has been 
reported in De Toitspan kimberlites (Haggerty, 
1975) as well as in lamproites from Smoky Butte, 
Montana, U.S.A. (Velde, 1975). It is possible 
that some of these rutile-picroilmenite inter- 
growths could have resulted from the breakdown 
of armalcolite. 

Rarely, rutile is found as distinct crystals, 
not associated with picroilmenite. A minor 
portion of these rutile grains are disseminated 
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Figure 5. These rutile (white)-picroilmenite 
(grey) intergrowths are common in some picro- 
ilmenite crystals. Possibly they represent the 
breakdown products of armalcolite. Oil immer- 
sion, reflected light photomicrograph. The field 
of view is 0.5 mm across. 

throughout the groundmass and mantled by perovsk- 
ite with very minor Ti, Mg Cr, A1 magnetites. 
More commonly, these rutile grains are found 
encapsulated within phlogopite megacrystso These 
rutile grains have been poikilitically enclosed 
by later crystallizing phlogopites and have not 
developed perovskite and Ti, Mg, Cr, A1 magnetite 
reaction mantles formed during the groundmass 
crystallization. Instead, these rutile grains 
have developed a semi-continuous, single phase 
reaction corona between the rutile and surround- 

ing phlogopite. It has not been possible to 
quantitatively determine the composition of this 

TABLE 1. Representative Compositions of 
Perovskite and Rutile. 

SiO 2 . 00 .02 . 02 .05 . 00 . 00 
TiO 2 56.18 57.76 57.00 56.42 97.89 98.36 
A1203 .44 .47 .47 .42 .36 .37 
Cr203 .49 .01 .20 .05 .59 1.21 
Fe203 1.48 1.07 .98 .81 .00 .00 
MnO .08 .04 .07 .05 .00 .00 
MgO .00 .00 .00 .00 .00 .00 
CaO 40.17 39.96 38.03 40.38 .16 .17 
ZnO .00 .00 .02 .00 .00 .00 

Total 98.84 99.13 96.79 98.13 99.00 100.11 
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Note: All iron calculated as Fe20 • 

phase, but qualitative measurements indicate that 
it is a potassium bearing rutile-like mineral 
with •o8-9% K20 , 85% TiO 2. 

The major dilutants in the rutiles are Cr203 
(•o 1%), Fe20 • (4 1%), MgO (•o 1%) and A120 • 
(•o 0.5%) (Table 1). Zr and Nb, although not 
analyzed, may also be significant (Clarke and 
Mitchell, 1975; Dawson and Smith, 1977). Thus, 
rutile is an important accessory mineral whose 
chemistry is very similar to those from "MARID" 
nodules (Dawson and Smith, 1977). The chemistry 
of rutiles from lherzolite nodules have somewhat 

higher Cr20 • (1.6-7.2%) while rutiles from eclog- 
ites are characterized by low Cr20 • (4 0.0n%). 
Hence, the chemistry of rutiles from these kimb- 
erlite samples would seem to preclude their 
direct derivation from a peridotitic or eclog- 
itic source. We feel that their chemistry is the 
result of magmatic processes and their presence 
is not related to incidental incorporation of 
these as xenocrysts. 

Spinels 

Four types of spinels are found in the kimber- 
lite samples studied. Chromium spinels are very 
rare (<<1%) and are usually found as subhedral 
inclusions within pyroxenes, although some are 
found within the groundmass. From the examina- 
tion of Table 2 there are 3 types of chromium 
spinels found in the kimberlites studied. Type 
"A" spinels are very rare and occur as spinel- 
apatite vermicular intergrowths. The type "A" 
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TABLE 2. Representative Spinel Analyses. 

Chromium 

Spinels 

Groundmass 

Spinels 

'A' 'B' 'C' 

TiO 2 .25 .67 10.81 9.49 8.40 5.22 
Cr203 62.22 58.73 39.32 34.57 37.24 29.11 
MnO .36 .21 .52 .48 .58 .46 
FeO* 16.09 16.67 32.29 34.16 34.46 55.32 
NiO .12 - .08 - .09 .08 
SiO 2 .20 .06 .07 .04 .21 .14 
CaO .03 .02 .00 .07 .00 .00 
MgO 14.13 13.14 12.89 13.51 12.77 4.72 
A1203 6.20 10.88 3.80 6.04 4.47 .72 

Total 99.60 100.38 99.78 98.36 98.22 95.77 

MgA120• 8.68 15.22 5.26 8.39 6.26 1.00 
Mg2TiO • .48 1.28 21.67 19.10 16.85 8.82 
Mn2TiO • ..... .66 
Fe2TiO • ..... 1.57 
MnCr20 • 1.11 .67 1.56 1.55 1.78 - 
MgCr20 • 54.61 34.04 2.50 7.31 12.11 - 
FeCr20 • 26.86 40.29 53.50 40.74 38.95 42.98 
FeBO 4 8.10 3.94 16.21 22.69 23.62 46.07 

Total 99.84 100.44 100.70 99.78 99.57 

5.41 20.03 19.14 16.01 
28.62 2.17 5.34 .92 

ß 43 .74 .71 .88 
55.65 55.54 54.83 55.59 

ß 05 - - - 

ß 09 .11 .00 .31 
ß 00 .32 1.18 .55 

4.79 12.81 12.52 14.94 
.68 4.61 4.65 7.66 

95.72 96.33 98.37 96.86 

1.00 6.40 6.54 10.67 
8.99 21.99 21.19 23.27 

ß 67 1.10 1.10 1.33 
2.01 24.37 23.03 10.29 

42.08 3.13 7.83 1.34 
45.38 41.67 40.29 52.09 

101.10 100.13 98.66 99.98 99.48 

Type 'A' chromian spinels occur as vermicular 
intergrowths with apatite. 

Type 'B' chromian spinels are generally found 
included within pyroxenes. The type 'B' 
spinel with the asterisk occurs as a dissemi- 
nated grain in the groundmass (rimmed by 
magnetitess) but is very similar to those 'B' 
spinels enclosed by pyroxenes. 

spinels are rich in chromium but contain relat- 
ively minor TiO 2 and FeO. When calculated into 
the component species, these are very rich in 
the MgCr20 • and MgA1204 end members but contain 
much less of the Mg2TiO 4 and Fe30• end members 
in comparison to the other types of chromium 
spinels. 

In contrast, type "B" spinels are included 
within xenocrystic pyroxene crystals and are 
much richer in TiO 2 and FeO* but contain some- 
what lower A1203 and Cr20 3. As a result, when 
these spinels are recalculated into ideal end 
members, Mg2TiO 4 and Fe30• molecules represent a 
larger percentage while the MgA120q and MgCr20• 
components decrease. 

Finally, the type "C" spinels contain much 
less Cr20B, MgO and A120• than either types "A" 
or "B" while FeO* increases to over 55%. When 
recalculated, these spinels consist dominantly of 

Type 'C' chromian spinels are disseminated 
throughout the groundmass and are rimmed by 
magnetitess. 

The groundmass spinels compositions are repre- 
sentative of the variable nature of these complex 

magnetitess. 

Fe•Oq and FeCr20 g components with an intermediate 
proportion of Mg2TiO 4 (see Table 2). 

In Table 2, those analyses of chromium spinels 
(type "B" and "C") which are not included within 
pyroxenes are marked with an asterisk while those 
included within pyroxenes are unmarked. The type 
"B" spinels are, with only one exception, pre- 
served within megacrysts of ortho- or clino- 
pyroxene, neither of which is observed as a 
groundmass mineral. Thus, the chemical similar- 
ity of these spinels to spinels from peridotire 
xenoliths as well as their mode of occurrence 

suggests that these Cr-spinels are xenocrystic. 
It is probable that the chemical variations 
present within these spinel groups is probably 
due to variations in the depth in the mantle 
from which these spinels are derived. 

The type "C" spinels are not included within 
pyroxenes but are found dispersed within the 
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rock, and are mafitled by magnetitess. Their 
chemistry is unusual and may indicate a partial 
equilibration of the spinel (possibly xeno- 
crystic) with the kimberlitic magma. These type 
"C" spinels have a high magnetite component 
similar to the groundmass spinels but remain 
compositionally distinct from the groundmass 
magnetite. 

A fourth type of spinel, Ti, Mg, Cr A1 - 
magnetite is abundant with perovskite on the 
reaction mantles of picroilmenite and rutile, in 
the groundmass, and on mantles surrounding 
chromium spinels if they are exposed to the 
crystallizing groundmass. Their chemistry is 
highly variable (see Table 2), with the chemical 
variations of these spinels on the rims of a 
single picroilmenite grain being as great as the 
variations within the entire suite of samples. 
Also, the chemistry of spinels in the groundmass 
is just as variable, even within grains a milli- 
meter apart. The size of these magnetitess 
grains is usually too small to determine if they 
are zoned, but the few larger grains analysed 
are unzoned. Local disequilibrium, on the sub- 
millimeter scale seems to have resulted in these 

intergrain variations in chemistry. 

Silicate Mineral Chemistry 

Olivine 

Olivine represents the most abundant silicate 
mineral in these kimberlites, occurring as 
phenocrysts, xenocrysts and groundmass crystals. 
Examination of the two histograms in Figure 6 
shows that there are two principal chemical 
groups. The groundmass olivines are small, 
unzoned or very slightly zoned and have a compo- 
sition of Fo88_89. The more magnesian olivines 
[Fo91_94 ] are larger and usually zoned to Fo88_89 
rims. These are interpreted to be both pheno- 
crysts and xenocrysts with forsterite-rich cores 
which have been rimmed by more fayalitic olivine 
during the crystallization of the kimberlite 
groundmass. The more magnesian rims on olivines 
(Figure 6) are found on large olivine crystals 
whose rims (assumed to be • Fo88_89) have been 
replaced during low temperature alteration. 

Phlogopite 

The ubiquitous presence of phlogopite, com- 
monly in two generations, is a striking feature 
of kimberlites and other lamprophyres even on the 
hand-specimen scale. However, phlogopites found 
in kimberlites have many potential sources. The 
most obvious and probably most important process 
producing these abundant phlogopites is direct 
crystallization from the vapor- and potassium- 
rich kimberlitic magma. Other potential sources 
of phlogopite include the upper mantle, peridot- 
ite nodules carried by the kimberlitic magma and 
secondary reaction processes occurring in kimber- 
lites. 
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Figure 6. Histogram showing the compositions of 
disseminated olivine crystals in the kimberlitic 
matrix. The cores of olivine crystals fall into 
two groups: those analyses approximating Fo90_88 
which are generally small, unzoned crystals and 
those analyses approximating Fo94_91 which are 
generally larger and zoned. From the composi- 
tions of the rims, it is shown that the ground- 
mass crystallization of olivine has produced 
compositionally uniform rims of Fo88_89. Those 
olivine crystals with Fo93_91 rims have undergone 
moderate serpentinization replacing the (assumed) 
more iron-rich rims. 

The examination of Figure 7 shows three compo- 
sitional groups. The FeO*-poor and Cr203-rich 
population labelled "nodules" consists of phlogo- 
pites which can be demonstrated texturally to be 
xenocrystic and includes analyses from the liter- 
ature of phlogopites from ultramafic nodules 
(Carswell, 1975). These analyses are consistent 
with the field of phlogopites from peridotites 
delineated by Dawson and Smith (1977). 

The Cr203-poor population of phlogopite 
analyses (Figure 7) consists of analyses of both 
groundmass phlogopite and phlogopite phenocrysts 
which cannot be demonstrated texturally to be 
xenocrystic. Note the complete overlap of anal- 
ysis from MARID xenoliths and kimberlite phlogo- 
pite phenocrysts. The chemical similarity of 
phlogopite crystals from MARID nodules to the 
groundmass phlogopites in the kimberlites in this 
study suggest that the MARID nodules may repres- 
ent the result of crystal accumulation from a 
kimberlitic magma at 50-100 km (Dawson and Smith, 
1977). 

In Figure 8, again it is apparent that there 
are three distinct sources of phlogopite crystals 
in kimberlites. The low Cr203 and low A120 • 
analyses are phenocryst and groundmass phlogop- 
ites. The population of analyses labelled 
"nodules" are xenocrystic phlogopites from this 
study as well as primary phlogopites from perid- 
otite nodules (Carswell, 1975). The third group 
represents secondary phlogopites in peridotite 
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Figure 7. FeO* vs. Cr203 in phlogopite crystals. 
Note the three distinct groupings of phlogopite 
analyses. The "kimberlite phenocrysts" group 
includes small, disseminated phlogopite crystals 
as well as phlogopite megacrysts. Due to their 
chemical similarity, these phlogopite megacrysts 
appear to be crystallized from the kimberlitic 
melt rather than being xenocrystic in origin. 
Also note the similarity of kimberlitic phlogo- 
pite phenocrysts to the phlogopites from the 
"MARID" suite of nodules (Dawson and Smith, 
1977). Both of these are chemically distinct 
from primary phlogopites in nodules or from 
phlogopites produced by secondary processes in 
the mantle (see text). 

nodules (Carswell, 1975). As can be seen from 
Figure 7 and Figure 8, these secondary phlogop- 
ites are distinctly different from the groundmass 
phlogopite, indicating quite different conditions 
of crystallization, perhaps involving metasomatic 
processes within the mantle. 

Many of the phlogopite crystals analysed con- 
tain up to 1-2 wt.% TiO 2 (Figure 9), reflecting 
the titanium-rich nature of kimberlitic magma. 

Those phlogopites with low TiO 2 contents occas- 
ionally contain rutile grains, although the TiO 2 
contents of phlogopites with rutile inclusions 
is highly variable. 

There is significant grain-to-grain variation 
in the chemistry, (FeO, Cr203, A1203) within the 
kimberlitic phenocryst and groundmass phlogopites 
(Table 3) although individual grains are homogen- 
eous and unaffected by low temperature altera- 
tion. The variations in chemistry between grains 
can thus be related to changing conditions in the 
kimberlitic magma during the crystallization of 
phlogopite and the failure of early crystallizing 
phlogopite grains to re-equilibrate with the 
magma. Similar observations have been observed 
by Gittins et al. (1975) from kimberlitic--carbon- 
atitic dikes from the Saquenay River Valley, 
Canada. 

Garnets 

Garnet is a rare mineral in the kimberlites 

studied. Garnet is generally found as highly 
fractured grains associated with pyroxenes + 
olivine, and + phlogopite in megacrysts. The 
chemistry of these garnets (Table 4) is typical 
of garnets from garnet lherzolite nodules 
(Danchin and Boyd, 1976) and they are interpreted 
to be xenocrystal, derived from partially dis- 
membered ultramafic nodules. 

.Pyroxenes 

Both ortho- and clinopyroxenes are found in 
these kimberlites as well as most kimberlites. 

In the samples studied here they occur in part- 
ially dismembered xenoliths or as large mega- 
crysts. Neither is observed as a groundmass 
mineral and both are believed to be xenocrystal. 

Discussion 

Petrologically, kimberlites are extremely 
complicated. From their derivation in the upper 
mantle at • 200 km to their emplacement in the 
crust they typically will entrain peridotitic, 
eclogitic, crustal, and other assorted nodules of 
various and disputed origin. The result of this 
fragmentation and engulfment process during their 
ascent and cooling is to produce a rock that con- 
sists not only of minerals directly crystallized 
from the melt but an assortment of xenocrysts 
and partially dismembered nodules. Therefore, it 
is necessary to establish criteria to evaluate 
whether a given mineral is the result of direct 
crystallization from the kimberlitic melt or from 
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Figure 8. A1203 vs. Cr203 in phlogopite. As in 
Figure 7, notice the three distinct chemical 
groupings. Again, the kimberlite phenocrysts are 
similar to "MARID" phlogopites. The chemical 
dissimilarity between secondary phlogopite crys- 
tals in nodules to kimberlite phenocrysts suggest 
that the secondary phlogopites are not produced 
by interaction with the kimberlitic melt during 
eruption. 

213 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



fragmentation of the various types of nodules 
included within the kimberlite itself. 

The exact origin of discrete picroilmenite 
grains has been the subject of much dispute over 
the years. They have been interpreted to be 
formed by crystallization under high-pressure in 
the kimberlitic melt (Mitchell, 1973) or to be 
xenocrystic in origin (Boyd and Nixon, 1975). 
There is a body of circumstantial evidence bear- 
ing on their origin. Within peridotite and 
eclogite nodules collected from kimberlite pipes 
picroilmenite is not a common mineral (Smith and 
Dawson, 1975; and Mitchell, 1973), but picro- 
ilmenite is abundant within the kimberlite ma- 

trix. Additionally, throughout the crystalliza- 
tion intervals of kimberlitic magmas there is a 
continuous presence of at least one titanium-rich 
phase i.e., rutile and picroilmenite (plus armal- 
colite?) crystallize whilst at depth, perovskite 
plus Ti, Mg, Cr, Al-magnetites crystallize as 
groundmass phases. The kimberlitic magma clearly 
has a high a , a prerequisite only if the 

Ti02 
picroilmenites are truly phenocrystic phases. 
Therefore, the universal presence of picroilmen- 
ite in kimberlites, the scarcity of picroilmenite 
in peridotite and eclogite nodules as well as the 
titaniferous nature of kimberlitic melts suggests 
that the origin of picroilmenite is by direct 
crystallization from the kimberlite melt. 

As described earlier, the variations in chem- 
istry in picroilmenites is quite significant. 
Unzoned, granoblastic picroilmenites and inverse- 
ly zoned picroilmenites have been previously 
described by Mitchell (1973) and Haggerty (1973), 
respectively. The granoblastic picroilmenites 
are generally much larger than the inversely 
zoned picroilmenites and may have undergone an 
annealling event as proposed by Mitchell (1973), 
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Figure 9. TiO 2 vs. FeO* in phlogopite. The TiO 2 
contents of phlogopites are highly variable in 
the mantle and kimberlitic environments and is 

not much use in distinguishing possible petro- 
genesis of kimberlitic phlogopites. 
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TABLE 3. Phlogopite Analyses 

1 2 3 4 5 6 

SiO 2 
TiO 2 
A12 ̧ 3 
Cr 2 ̧ 3 
FeO* 

MnO 

MgO 
CaO 

NiO 

Na20 
K20 
P205 

42.70 42.73 41.98 43.02 42.45 42.57 
.53 .29 .15 .51 .71 .93 

12.05 10.25 8.46 12.17 11.39 10.60 
.53 .11 .00 .62 .16 .16 

3.20 6.42 9.64 2.82 3.95 6.87 
.02 .03 .04 .00 .03 .09 

25.61 25.24 24.43 25.74 25.51 23.71 
.03 .14 .05 .05 .02 .05 

n.d. .14 .06 .19 n.d. .11 
.30 .07 .04 .43 .23 .19 

10.43 9.97 9.98 9.58 10.64 9.61 
ß 00 .07 .01 .00 .00 .02 

Total 95.39 95.46 94.85 95.20 95.09 94.89 

1. Phlogopite from partially dismembered ol-opx- 
cpx-gnt-phl nodule 

2. Groundmass phlogopite 
3. Groundmass phlogopite 
4. Phlogopite metacryst with numerous deforma- 

tion lamellae and rounded grain boundaries 
(p re- fluid i z at ion) 

5. Phlogopite from partially dismembered ol-opx- 
cpx-gnt-phl nodule 

6. Phlogopite megacryst (post-fluidization) 

sufficient to homogenize individual grains. 
Within the groundmass of the kimberlites 

studied here, the following minerals crystal- 
lized: calcite, perovskite, Ti, Mg, Cr, A1 mag- 
netites, phlogopite, olivine, apatite and assort- 
ed sulfides. As mentioned earlier, the ground- 

mass olivines are Fo(88_89 ). Those olivines with 
more magnesium rich cores are usually zoned to 

rims of Fo(88_89 ) (see Figure 6)• The ubiquitous presence of perovskite and Ti, M , Cr, A1 magnet- 
ites on the rims of picroilmenite and rutile 
indicates that perovskite and Ti, Mg, Cr, A1 mag- 
netites rather than picroilmenite or futile are 
stable during the groundmass crystallization. 

In view of the very fresh nature of these 
kimberlites, the abundance of calcite in the 
groundmass and as subhedral to anhedral crystals 
cannot be attributed to secondary alteration 
processes common in kimberlites. Rather, the 
carbonate phase has crystallized directly from a 
C02-saturated kimberlite melt, along with both 
silicate and oxide phases. 

The evolution and crystallization of kimberlite 
magma 

Judging from studies of pressure-sensitive 
mineral pairs in garnet peridotite xenoliths, 
kimberlites must originate at depths in excess of 
150 km (Boyd, 1976). In a CO2-bearing mantle at 
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TABLE 4. Garnet amd Pyroxene Analyses. 

Garnets cpx 

i 2 3 4 5 6 

opx 

7 8 

Si02 
Ti02 
A1203 
Cr203 
FeO* 
MnO 

MgO 
CaO 

NiO 

Na20 
K20 
P205 

42.16 41.58 41.14 41.30 55.27 
.08 .00 .04 .10 .14 

20.27 21.27 21.16 18.67 1.40 
4.48 3.33 3.53 6.11 2.32 
6.74 6.17 6• 93 6.58 2.50 

ß 39 .33 .04 .38 .11 
20.88 22.71 21.18 20.63 16.42 

5.06 2.92 4.40 5.27 20.68 
.00 .00 .00 .00 n.d. 
ß 02 .00 .04 .04 2.02 
.00 .00 .00 .00 .00 
.09 .02 .04 .07 .05 

53.78 

.83 

.81 

.23 

4.00 

.20 

18.8O 

19.30 
n.d. 

.64 

.09 

.12 

57.97 57.47 

.07 .00 

.25 .96 

.02 .29 
7.23 4.16 

.20 .09 

34.82 36.89 
.31 .35 

n.d. n.d. 

.00 .04 

.00 .00 

.00 .00 

Total 100.17 98.33 99.19 99.16 100.91 98.79 100.86 100.27 

1 and 2. 

3 and 4. 
5. 

6 and 7. 

8. 

Garnets in partially dismembered nodules 
Garnet megacrysts 
cpx megacryst 

Coexisting cpx and opx in partially dismembered nodule 
opx megacryst 

this depth the stable assemblage would be a 
carbonated garnet peridotite, which might also 
contain primary phlogopite (Wyllie and Huang, 
1976a,b; Wyllie, 1977). A small degree (<1%) of 
melting would produce a silicate melt, saturated 
with CO 2 and H20 , the precursor to a kimberlite 
melt. This protokimberlite would thus have 
olivine, orthopyroxene, clinopyroxene, garnet, 
phlogopite and carbonate as liquidus or near- 
liquidus phases. 

Within the region of magma genesis the asi02 
in the melt would be buffered by the equilibrium 
of olivine + orthopyroxene + melt (note, however 
that YSiO A must be sensitive to the amount of 
C02, H20 Zzn the melt). As the carbonated melt 
ascends towards the surface, its asi¸2 may no 
longer be buffered by olivine and orthopyroxene 
if it fails to maintain equilibrium with mantle 
minerals (Nichols et al., 1971), and the silica 
activity continues to fall with decreasing pres- 
sure and as C02 degasses from the melt. The 
near-surface value of asi02 must be relatively 
low, in order to stabilize perovskite as a 
ubiquitous matrix mineral (Carmichael et al., 
1970; Mitchell, 1975). It seems probable that 
the various Ti-bearing oxide and silicate phases 
observed to crystallize in kimberlites, do so in 
response to variations in f02 and asi02 during 
magma ascent. A specific example would be the 
peritectic-like reaction between picroilmenite 
and kimberlite melt to produce perovskite + mag- 

netitess. 
Kimberlites, unlike most other silicate mag- 

mas, due to their origin at high pressures can 
initially dissolve large quantities of both CO 2 
and H20 if the degree of partial melting is very 
small. Since both CO 2 and H20 solubility 
decrease dramatically with decreasing pressure, 
loss of these constituents during ascent must 
drastically change both the structure of the 
kimberlite liquid and the activities of the 
remaining oxide species, expecially if the latter 
are unbuffered by mantle minerals. Hence, the 
final kimberlite magma may be chemically quite 
heterogeneous with regard to dissolved volatiles, 
chemical species and overall melt structure. All 
of these features probably combine to limit 
diffusion through the melt upon crystallization, 
resulting in local chemical disequilibrium 

effects developing in terms of fo2' fco2, aMgO, 
aFeo, etc. The lack of achievement of chemical 
equilibrium on this restricted scale is now 
reflected in significant intergrain chemical 
variation. 

Post-Amble 

Unlike almost all other silicate melts, the 
crystallization history of kimberlites is closely 
tied to the dissolution of CO 2 and H20 during 
ascent. The fact that the matrix of kimberlites 

generally contains a carbonate phase strongly 
supports the view that the melt has been contin- 
uously saturated with CO 2 during its evolution; 
in this case large volumes of CO 2 must degas from 
the melt during ascent (Wyllie, 1977). Not 
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surprisingly, the phases crystallizing at depth 
from such a melt are not those crystallizing from 
the near-surface, C02-depleted melt. In this 
discussion, we have conveniently separated the 
crystallization of kimberlite into two intervals 
separated by the reaction of picroilmenite with 
the magma to form perovskite + magnetite. The 
earliest period involved crystallization of 
picroilmenite, rutile, olivine, phlogopite, and 
possibly orthopyroxene, clinopyroxene, garnet, 
spinel and armalcolite. The later period (essen- 
tially the near-surface environment) involved 
perovskite, magnetite, olivine, phlogopite, 
carbonate, apatite and sulfides. Since the ma- 
trix mineralogy of kimberlites is so variable 
(Clements et al., 1977), the above scenario 
should not-•e•ssarily be applicable to kimber- 
lites in general. Probably variations in f02' 
f.• • and f•^ in different kimberlites have a 

•2u bu2 
strong influence on the silicate and oxide min- 
eral chemistry and paragenesis. 
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OXIDE AND SULFIDE MINERALS IN KIMBERLITE FROM GREEN MOUNTAIN, COLORADO 

Nabil Z. Boctor* and Henry O. A. Meyer 

Department of Geosciences, Purdue University, West Lafayette, Indiana 47907 

Abstract. The opaque minerals in kimberlite 
from Green Mountain, Colorado are represented by 
an assemblage of spinel solid solutions, ilmenite, 
rutile, perovskite, and minor sulfide minerals. 

The spinels in the groundmass and in reaction 
mantles on ilmenite nodules are generally 
enriched in Ti and Mg and depleted in Cr. Spinels 
in ilmenite reaction mantles have the highest 
TiO 2 (up to 33 wt. %), high MgO (19.5 wt. %), and 
high FeO (33 wt. %), whereas spinels in reaction 
mantles on rutile-ilmenite intergrowths are the 

richest in Cr203 (up to 12 wt %). Groundmass 
spinels are more enriched in •e203 and A120_ relative to the spinels in the reaction man•les. 

The complex reaction mantles on ilmenite nod- 
ules and on rutile-ilmenite intergrowths display 
different mineralogy and chemistry in different 
specimens. These differences are controlled by 
the changes in the activities of Mg, Ti, and A1 
in the liquid with progressive crystallization 
and by local buffering of the fO_ during the 

2 
reaction between the xenocrysts and liquid. The 
mineral assemblages in the complex reaction man- 
tles reflect variations in fO which were probably 
induced by changes in the CO/•OA and H•/H•O ratios 
during the crystallization and 2equil z z ibratlon of 

the different mineral phases in the mantles. The 
variations in fO_ apparently continued during the 
crystallization •f the groundmass. 

Perovskite is remarkably enriched in Nb and REE. 
This enrichment is attributed to the presence of 
a CO_ rich fluid that provided the complexing 
ionsZ(CO• -, HCO•-) necessary for the enrichment 
of these•elemenls. 

Sulfide minerals are represented by heazlewood- 
ite and bornite that are commonly associated with 
serpentine. Their mineralogy and texture are not 
suggestive of an origin by sulfide liquid immis- 
cibility. More likely, they are the products of 
sulfur izat ion reactions during serpentinization. 

Introduct ion 

In recent years, the opaque oxides in kimber- 
lites have been the subject of various investiga- 

*Now at the Geophysical Laboratory, Carnegie 
Institution of Washington, Washington, D.C. 
20008. 

tions (Boyd and Nixon, 1973; Danchin and D'Orey, 
1972; Danchin et al., 1976; Dawson and Hawthorne, 
1973; Haggerty, 1973, 1975; Mitchell, 1973; 
Mitchell and Clark, 1976). These investigations 
have demonstrated the importance of oxide minerals 
in kimberlites as indicators of the physical- 
chemical environment during crystallization, 
fluidization, emplacement, and final cooling of 
kimberlitic magma. The approach adopted in the 
present investigation was to study the oxide 
mineral assemblages in the complex reaction man- 
tles on ilmenite nodules and in the groundmass of 
a suite of specimens selected from a single 
kimberlite pipe at the Green Mountain, near 
Boulder, Colorado. The mineralogy of the sulfide 
minerals in this kimberlite was also studied. 

Geological Setting 

The kimberlite at the Green Mountain is repre- 
sented by a single diatreme, roughly circular in 
surface exposure, which has intruded Precambrian 
granite. The original geometry of the intrusion 
has been modified subsequently by the Laramide 
orogeny, and attempts to date the intrusion using 
paleomagnetic data proved ambiguous (Kridelbaugh 
eta!., 1972). Meyer (1976) and Meyer and 
Kridelbaugh (1977) suggested that the Green Moun- 
tain kimberlite is most likely comparable in age 
with those of the Colorado-Wyoming state line 
region, which are supposedly Devonian. The major 
minerals in Green Mountain kimberlite are diopside 

(Ca 7 Mg .9AFe0 gO•) ilmenite (up to 12 wt.0% •g09 •r-ri 1Dsil•9 , cn ant Cr-•poor almandine, olivine 
(Fo93) , orthopyroxene (En91) , biotite, phlogopite 
(up to 6 wt. % Ti02) , serpentine, and calcite 
(Kridelbaugh and Meyer, 1973; Meyer and 
Kridelbaugh, 1977). Several types of xenolith, 
including fragments of Boulder granite and garnet 
granulite, occur in the kimberlite. 

Analytical Methods 

The specimens were studied by reflected light 
microscopy and occasionally in transmitted light. 
The minerals were chemically analyzed using an 
automated M.A.C. 500 electron microprobe. Data 
reduction was performed by the • program which 
employs the correction schemes of Bence and Albee 
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(1968) and Albee and Ray (1970). Magic IV compu- 
ter program (Colby, 1971) was used for data reduc- 
tion of perovskite analyses. Ferric iron was 
calculated using the method of Finger (1972). 

Oxide Minerals 

Oxide minerals in Green Mountain kimberlite are 

represented by: 1 - a complex assemblage of spinel 
solid solutions in the groundmass and in reaction 
mantles on ilmenite nodules and on rutile-ilmenite 
intergrowths, 2 - ilmenite nodules, groundmass 
ilmenite, and secondary ilmenite in the reaction 
mantles, 3 - rutile-ilmenite intergrowths, and 
4- perovskite. 

Groundmas s Spinels 

Spinels occur in the groundmass of Green Moun- 
tain kimberlite as zoned or unzoned subhedral to 

euhedral crystals (15-50 •m). Zoned crystals have 
dark, grayish brown cores and light brown rims of 
a higher reflectance than the core (Fig. la, b). 
Occasionally an outermost zone of titaniferous 
magnetite mantles the rim, with or without a thin 
intervening film of silicates. In certain in- 
stances, the cores are corroded and show partial 
resorption. Microprobe analyses (Table 1, 

Analysis 1) show a decrease in MgO and Ti02 and an 
increase in FeAOA from core to rim. In some 

2 • 
cases, zoned spinels form aggregates of inter- 
locking idiomorphic crystals (Fig. lc). Unzoned 
spinels are homogeneous in composition and their 
chemistry is, in general, similar to that of the 
rims of zoned spinels (Table 1, Analyses 2 and 3). 
In a single specimen, however, the groundmass 
spinel was a titanomagnetite containing small 

amounts of MgO, A1203, and CrAO 3 (Table 1, Analysis 4). Magnetzte-ilmen2zte intergrowths 
occasionally occur in the groundmass and are 
characterized by a network of ilmenite parallel 
to the octahedral planes of magnetite. In a few 
instances, the magnetite encloses a few zoned 
idiomorphic crystals of spinel that served as 

nucleation sites for large tabular lamellae of 
ilmenite (Fig. ld). 

The groundmass spinels in the Green Mountain 
diatreme are characterized by their low Cr 
content. Thus they differ from the Cr rich 
spinels commonly observed in kimberlites 
(Haggetty, 1975; Mitchell and Clark, 1976) and 
from spinel inclusions in diamond (Meyer and Boyd, 
1972). 

Ilmenite 

Ilmenite nodules (0.4 to 2.0 cm) are common in 
all specimens investigated. Some are recrystal- 
lized into a mosaic of interlocking crystal 
aggregates, whereas others show evidence of 
shearing and development of deformation twinning 
particularly near their peripheries (Fig. le). 
The ilmenite commonly displays fine exsolutions 
of spinel (Fig. If). Unfortunately, the composi- 
tion of these exsolutions cannot be determined 

as their size is smaller than the quantitative 
resolution of the microprobe. Microprobe 
traverses across the lamellae show substantial 

increase in the count rates for Mg, Cr, and A1. 
Some ilmenite nodules show abundant lamellae of 

titanomagnetite parallel to their (0001) planes 
(Fig. lg). Euhedral ilmenite crystals (Fig. lh) 
that show lamellar intergrowths of titanomagnetite 
are also present in the groundmass and may occur 
in the same specimen with magnetite-ilmenite 
intergrowths. A secondary magnesian ilmenite 
(Table 1, Analysis 11) occurs in reaction mantles 
on ilmenite nodules and in the groundmass. In 
carbonate rich specimens, Mg poor and Mn rich 
ilmenite (Table 1, Analysis 12) occurs in the 
groundmass and in reaction mantles on rutile- 
ilmenit e int ergrowths. 

Reaction Mantles on Ilmenite Nodules 

Complex reaction mantles on ilmenite nodules 
in Green Mountain kimberlite are common. Nodules 

Fig. la. Spinel showing growth zoning with a Ti, Mg rich core and an outermost zone of 
titaniferous magnetite, reflected light, bar = 0.05 min. 
Fig. lb. Similar to Fig. la, the intermediate spinel zone is well developed in some of 
the crystals, a thin film of intervening silicate is present rimmed by magnetite. Note 
the presence of titaniferous magnetite rims on idiomorphic silicate, reflected light, 
bar = 0.05 mm. 

Fig. lc. Aggregates of interlocking spinel crystals in groundmass, reflected light, 
bar = 0.02 mm. 

Fig. ld. Magnetite with coarse lamellae of ilmenite, which nucleated on zoned spinel 
crystals, reflected light, bar = 0.02 ram. 
Fig. le. Sheared ilmenite showing 2 sets of deformed twin lamellae, reflected light, 
partially crossed nicols, bar = 0.1 mm. 
Fig. if. Ilmenite nodule with spinel lamellae, reflected light, bar = 0.05 mm. 
Fig. lg. Ilmenite nodule showing titanomagnetite lamellae parallel to (0001) of the host, 
reflected light, bar = 0.02 min. 
Fig. lh. Ilmenite crystal in groundmass showing titanomag,netite lamellae and perovskite 
rim, reflected light, bar = 0.02 mm. 
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in different samples display mantles of different 
mineral assemblages: 

1 - The outermost rims of the ilmenite nodule 

is remarkably enriched in Mg relative to the 
cores (22.6 versus 12.9 wt. % MgO). The magnesian 
ilmenite is mantled by a discontinuous zone of 
rutile-ilmenite intergrowths. A spinel rich in 
Ti02, MgO, and FeO mantles the rutile-ilmenite 
intergrowth (Table 1, Analysis 5). This type of 
reaction mantle is not as well defined as those 

described by Haggerty (1973), and frequently the 
spinel mantles the rutile-ilmenite intergrowth 
on both sides with islands of secondary magnesian 
ilmenite in the inner rims (Fig. 2a). The 
lamellar ilmenite intergrowths in rutile occa- 
sionally show cores of Mg and Cr rich spinel 
(Fig. 2b) which seems to share the same crystal- 
lographic plane as the ilmenite and may also 
occur in the rims of secondary magnesian ilmenite 
surrounding the rutile-ilmenite intergrowth 
(Fig. 2c). The bulk compositions of the rutile- 
ilmenite intergrowth are commonly similar to that 
of armalcolite. The groundmass spinels coexisting 
with ilmenite nodules that display this type of 
reaction mantle are of the zoned type and are more 

•o ¸ and A1 0 and more depleted in enriched in Fe 3 2 { the ction TiO_ relative the spine s in rea 
man•les. 

2- The ilmenite nodule is mantled by an inner 
zone of Ti rich spinel (Table 1, Analysis 6) along 
its peripheries or along calcite veinlets that 
transect the nodule. The spinel zone is followed 
by a discontinuous zone of magnesian ilmenite 
which is mantled by a magnesian titanomagnetite 

that is more enriched in MgO, A120 , and Fe203 and more depleted in TiO (Table 13 , Analysis 7) 
relative to the spinel o• the inner zone. The 
outermost spinel shows oscillatory zoning and may 
occur in contact with the spinel of the inner 
zone with no intervening ilmenite (Fig. 2e). Ti 
poor magnetite (Table 1, Analysis 8) either fills 
the median part of the calcite veinlets or occurs 
in direct contact with Ti rich spinel of the 
inner zone or with ilmenite (Fig. 2f). The 
groundmass spinels coexisting with ilmenite 
nodules displaying this type of reaction mantle 
are magnetite-ilmenite intergrowths and Ti poor 
magnetite. Rutile-ilmenite intergrowths in the 
same specimens are mantled by Cr and Ti rich 
spinels. 

3 - The ilmenite nodule is mantled by a rim of 
perovskite and rarely an intervening zone of Ti 
rich spinel. Commonly the outer rim is an inti- 
mate mixture of ilmenite and perovskite, but 
occasionally the perovskite occurs as subhedral 
to euhedral crystals (Fig. 3a). The groundmass 
spinels coexisting with perovskite mantled ilmen- 
ite nodules are of the unzoned Ti rich type. 

Ilmenite nodules that do not display reaction 
mantles are rare in Green Mountain kimberlite, 
and the spinel coexisting with such nodules is 
titanomagnetite (5.6 wt. % Ti) depleted in 
Mg and A1. 
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Rutile-ilmenite Intergrowths 

Rutile-ilmenite intergrowths occur in the 
groundmass in addition to their occurrence in the 
reaction mantles. They are commonly associated 
with Ti rich phlogopite. Commonly they are 
mantled by secondary magnesian ilmenite which 
occasionally shows fine spinel exsolutions 
(Fig. 3b). In some cases, the ilmenite is 
mantled by a Ti and Cr rich spinel which is the 
richest in Cr in the Green Mountain kimberlite 
(Cr 0 8.5 - 11.8 wt •%) Rarely the rutile- 2 3 ' ' 
ilmenzte intergrowths are mantled by Mn rich 
ilmenite that is depleted in Cr and Mg (Table 1, 
Analysis 12) which is in turn mantled by Ti and 
Cr rich spinel (Table 1, Analysis 9; Fig. 3c), 
the ilmenite being more enriched in Mn relative 
to the spinel. Occasionally the rutile-ilmenite 
intergrowths are directly mantled by spinel which 
occurs as idiomorphic crystals without an inter- 
vening zone of ilmenite (Fig. 3d). 

Perovskite 

In addition to its occurrence in the reaction 
mantles, perovskite occurs in the groundmass. 
Perovskite in the groundmass occurs as subhedra! 
crystals or crystal aggregates that are commonly 
mantled by rut ile or anatase which appears to be 
of secondary origin (Fig. 3e). Both the mantle 
and groundmass perovskites are characterized by 
their high Nb O_ and REE oxides (Table 2). The 2 p 
Nb content in perovskite is variable within the 
same specimen. Occasionally, perovskite crystals 
show zoning with a decrease of Nb from core to 
rim. 

Sulfide Minerals 

The sulfide minerals in Green Mountain kimber- 

lite are rare, being represented by heazlewoodite 
and Ni bearing bornite with minor amounts of 
covellite. None of the primary sulfides, 
pyrrhotite, pentlandite, and chalcopyrite, that 
commonly occur as accesory minerals in other 
kimberlites were observed in the samples studied 
from Green Mountain kimberlite. Heaz!ewoodite 
occurs as veinlets and irregular masses in ser- 
pentine and rarely as oriented platelets in this 
mineral. Bornite occurs either as a discrete 

mineral, partially replaced by covel!ite, or as 
thin, discontinuous rims on heaz!ewoodite 
(Fig. 3f). 

Discussion 

The Green Mountain kimberlite is characterized 

by the presence of Ti and•Mg rich spinels that 
are different in composition from the chromites, 
chromite-picrochromites, and titanian chromites 
that are common in kimberlites. The composition 
of the spinel minerals in the groundmass and in 
ilmenite reaction mantles were plotted (Fig. 4) 
in the reduced spinel prism (Haggerty, 1971) by 

the method of Ir•$ne (1965). All iron was 
calculated as Fe . The data were also projected 
on the base of the spinel prism, its front rec- 
tangular face, and its front triangular face 
(Fig. 5). The same symbol was used for coexisting 
spinels in the groundmass and in the reaction 
mantles of each specimen for easy comparison. 

The first striking feature about the spinels in 
Green Mountain kimberlite is that they are con- 
fined mainly to the front rectangular face bound 
by the components g TiO -Fe TiO -MgA1 0 -FeA1 0 3•2 4 • 24 24' However, since Fe is not taken •nto account in 
the reduced spinel prism, two additional compo- 
nents, Fe 0 and MgFe 0 which are necessary for 3• 24 
representatzon of the spinel solid solution 
compositions are not represented. A single excep- 
tion is the groundmass spinels in one specimen, 
the compositions of which plot in the front tri- 

angular face bound by the components Fe2TiO 4- 
FeCr•O4-FeA!•O.. The known kimberlitic spinels 
thatZare consigned to the quartenary system, 
Mg2TiO4-MgA1204-FeA1204-FeoTi04, are those from 
Benfontein kimberlitic sil%s (Dawson and 
Hawthorne, !973); the spinels in the complex 
ilmenite reaction mantles at Liqhobong 
(Haggerry, 1973); phase c spinels in Peuyuk kim- 
betlite (Mitchell and Clark, 1976); and spinels 
in the groundmass of nucleated autoliths from 
South and Southwest African kimberlites (Danchin 
et al., 1975). Early formed spinels in kimber- 
lite which are confined to the quartenary system 
FeCr 0-MgCr 0 -FeA1 0 -MgA1 0 (Haggerty, 1975) 24 24 .24 . 24 
were not encountere• in the specimens studied 
from the Green Mountain kimberlite. 

The spinels in the Green Mountain kimberlite 
are apparently the products of late stage crys- 
tallization from a Ti rich liquid. The occurrence 
of Ti rich spinels in the ilmenite reaction man- 
tles; the idiomorphic nature of most of the 
groundmass spinels; and the presence of thin man- 
tles of Ti rich spinels on silicate minerals seem 
to support this conclusion. The spinels display 
oscillatory zoning and resorption textures; they 
are not in equilibrium with other phases in the 
reaction mantles on ilmenite nodules; and they 
plot within the experimentally determined solvi 
of Muan et al. (1972), although they do not dis- 
play exsolution textures. These features suggest 
that they did not crystallize under equilibrium 
cond it ions. 

The origin of the rutile-ilmenite intergrowths 
in kimberlite is not well understood. The 

similarity of the bulk composition of some of 
these intergrowths to that of armalcolite, and 
the occurrence of armalcolite as a kimberlitic 

mineral suggest that some of the rutile-ilmenite 
intergrowths are the products of a breakdown of 
armalcolite (Haggerty, 1975). Experimental 
investigations (Lindsley et al., 1975; Friel et 
al., 1977) indicate that armalcolite with 
F-•/(Fe + Mg) ratio of 0.5 is stable at 1200øC and 
10 Kb. It breaks down with increasing pressure 
to futile, a more magnesian armalcolite, and 
ilmenite solid solution. At 14 Kb this assem- 
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Fig. 2a. Reaction mantle showing rutile-ilmenite intergrowth rimmed on both sides by Ti, Mg rich spinel 
with islands of ilmenite in the inner rim, reflected light, bar = 0.1 ram. 
Fig. 2b. Rutile-ilmenite intergrowth in reaction mantle, the ilmenite lamellae show cores of spinel, re- 
flected light, bar = 0.02 mm. 
Fig. 2c. Spinel lamellae sharing the same plane with ilmenite in rutile-ilmenite intergrowth, adjacent 
ilmenite rim shows fine lamellae of spinel, reflected light, bar = 0.02 ram. 
Fig. 2d. A veinlet of calcite transecting an ilmenite nodule, magnetite fills the median part of the vein; 
a zone of Ti rich spinel mantles the ilmenite, followed by a discontinuous zone of ilmenite and an outer 
zone of spinel showing oscillatory zoning, reflected light, bar = 0.1 min. 
Fig. 2e. Spinel showing oscillatory zoning in direct contact with Ti rich spinel in inner zone. Ti poor 
magnetite mantles the ilmenite in the upper part of the photograph, reflected light, bar = 0.05 ram. 
Fig. 2f. Magnetite in direct contact with ilmenite on one side with Ti rich spinel on the other side, re- 
flected light, bar = 0.05 min. 
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Fig. 3a. Ilmenite with perovskite rim; note crystals of perovskite in the outermost part 
of the rim, reflected light, bar = 0.05 mm. 
Fig. 3b. Rutile-ilmenite intergrowth mantled by ilmenite which is rimmed by Ti, Cr bearing 
spinel, the outer most light colored rim is magnetite, reflected light, bar = 0.02 mm. 
Fig. 3c. Rutile-ilmenite intergrowth mantled by Mn rich ilmenite with an outer zone of Cr 
and Ti bearing spinel, reflected light, bar = 0.02 min. 
Fig. 3d. Rutile-ilmenite intergrowth with idiomorphic crystals of spinel on its rim with 
no intervening ilmenite, reflected light, bar = 0.02 mm. 
Fig. 3e. Perovskite crystals replaced at their rims by anatase, reflected light, 
bar = 0.05 mm. 

Fig. 3f. Heazlewoodite (white) rimmed by bornite (gray), reflected light, bar = 0.05 ram. 
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TABLE 2. Representative Electron Microprobe 
Analyses of Perovskite* 

Oxide 

wt. % I 2 3 4 

SiO 0.03 0.16 0.01 0.04 
2 

TiO 2 43.00 45.70 46.60 48.70 
ZrO 2 0.01 0.01 0.01 0.01 
FeO 2.58 2.78 2.04 1.92 

MgO 0.34 0.37 0.19 0.13 
CaO 30.00 31.20 31.70 33.10 

Y203 0.08 0.04 0.01 0.04 
La203 1.98 1.86 1.58 0.73 
Ce203 5.88 5.73 4.93 3.56 
?r203 0.81 0.72 0.52 0.24 
Nd203 1.64 1.90 1.11 1.37 
Ta205 0.01 0.01 0.06 0.18 
Nb205 11.50 7.11 8.60 6.81 
Na20 1.88 1.43 1.54 1.72 

99.7 99.0 98.9 98.5 

*Analyses 1 and • Groundmass perovskite; 
Analyses 3 and 4, Reaction mantle perovskite 

blage is replaced by a two phase assemblage of 
rutile and magnesian ilmenite solid solution 
(dT/dP 30ø/Kb). This suggests that the rutile- 
ilmenite intergrowths in the Green Mountain 
kimberlite, if they were the result of armalco- 
lite breakdown, must have formed at a •inim 
pressu{$ of 14 Kb. The prsence of A1 , Cr 
and Ti- in armalcolite, however, stabilizes it 
to temperatures lower than that at which ideal 
armalcolite is stable, and also raises its break- 
down temperatures by approximately 35øC/Kb 
(Kesson and Lindsley, 1975). The presence of Cr 
bearing spinels as !amellae in the magnesian 
ilmenite component of some rutile-ilmenite inter- 
growths in the Green Mountain kimberlite suggests 
that if these intergrowths are products of break- 
down of armalcolite, the latter was Cr and A1 
bearing and therefore its breakdown temperature 
may have been higher than that of ideal armalco- 
lite. 

The mineral assemblage in the reaction mantles 
on ilmenite nodules differs in mineralogy and 
chemistry from one specimen to another. These 
differences are controlled by the changes in the 
activities of Mg, Ti, and A1 in the liquid with 
progressive crystallization and by local 
buffering of the fOA during the reaction between 
the nodules and liquid. The mineral assemblages 
in the reaction mantles reflect variations in 

fO 2 which are demonstrated by the presence in 
some reaction mantles of Ti rich spinel with low 
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TABLE 3. Representative Electron Microprobe 
Analyses of Sulfides 

Element 

wt. % Heazlewoodite Bornite 

S 26.70 26.90 27.00 

Fe 1.04 1.10 1.22 

Ni 72.60 7!.90 72.20 

Cu 0.01 0.01 0.01 

100.3 99.9 100.4 

25.60 

11.30 

1.28 

61.10 

99.3 

Fe•O•/FeO ratio and of titanomagnetite or Ti poor 
z J . 

magnetite, occaszonally with an intervening zone 
of magnesian ilmenite. Variations in fO? appar- 
ently continued during the crystallizatiSn of 
the groundmass as demonstrated by the presence 
in some specimens of magnetite-ilmenite inter- 
growths formed by subsolidus oxidation together 
with ilmenite that displays oriented titanomag- 
netite lamellae produced by subsolidus reduction. 
The variations in fO•. are probably a reflection 
of the changes in C07C07 and H2/H•O ratios in z 
the residual fluids during the crystallization 
and equilibration of the mineral assemblages in 
the reaction mantles and the groundmass (see 
also Haggerty, 1973). 

Perovskite in Green Mountain kimberlite is 

remarkably enriched in Nb and rare earth ele- 
ments. The niobium content is much higher than 
that previously reported for kimberlitic 
perovskite (Mitchell, 1972). The enrichment of 
Nb in perovskite from the Green Mountain kimber- 
lite is reminiscent of carbonatitic perovskite. 
Perovskite from Green Mountain also seems to con- 

tain higher concentrations of rare earth elements 
in comparison to other kimberlitic perovskite; 
for example, the sum of total REE oxides and ThO 2 
in perovskites from Koidu and DeBeer pipes are 
3.11 and 2.4 wt. %, respectively (Grantham and 
Allen, 1960). The REE contents of perovskite in 
Green Mountain are comparable to those reported 
by Smith (1970) for nephelinites and mellilite 
nephelinites and by Carmichael (1967) in Madupite 
lavas from Leucite Hills, Wyoming. 

It is interesting to note that perovskite en- 
riched in REE in Green Mountain kimberlite coexist 

with what appears to be a primary carbonate. REE 
are known to form stable complexes with volatiles 
and supercritical fluids (Loubet et al., 1972). 
Kimberlitic magma is known to be enriched in 
volatiles, and Eggler (1975) has demonstrated 
experimentally that the vapor phase coexisting 

with such magma is CO 2 rich. Fesq et al. (1975) suggested that REE enrichment and f•ac•onation 
in kimberlitic magma are dominantly controlled 
by selective formation and removal of mobile REE 

carbonate complexes into CO 2 rich fluids which 
separate from the kimberlitzc magma during em- 
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placement. The enrichment of REE in perovskite 
from Green Mountain is attributed to the presence 
of CO• rich fluid which provided the complexing 
ions {e.g., HCO 3 and CO•-) necessary for concen- 
tration and transport of-the REE. It is inter- 
esting to note that Nb, which was also enriched 
in the residual kimberlitic liquid from which 
perovskite crystallized, forms stable complexes 
in the presence of ions such as OH, CO - and F-, 
which are considered by Kable et al. (•9•5) to be 
responsible for enrichment of this element in 
Bellsbank kimberlite. This suggests that the 

separation of CO 2 rich fluid from the kimberlitic 
magma may have been responsible for enrichment of 
both Nb and REE in perovskite from the Green Moun- 
tain. 

The sulfide minerals in the specimens studied 
from Green Mountain kimberlite are mainly 
heazlewoodite and bornite. These minerals are 

characterized by their low sulfur to metal ratios 
and are commonly formed during serpentinization 
(Ramdohr, 1967). Heazlewoodite and bornite in 
the Green Mountain kimberlite are commonly asso- 
ciated with serpentine; they do not display the 
primary textures suggestive of sulfide liquid 
immiscibility and are interpreted as products of 
sulfurization reactions during serpentinization. 
Therefore, there seem to be two distinct sulfide 
mineral assemblages in kimberlite' a primary 
assemblage of pyrrhotite, pentlandite, and chal- 
copyrite and a secondary assemblage of Cu, Fe, 
and Ni sulfides that are occasionally associated 
with native Cu and Fe-Ni. The primary sulfide 
assemblage originates from an immiscible sulfide 
liquid that separates in the early stages of 
crystallization of the kimberlitic magma, whereas 
the secondary sulfide assemblage forms in an envi- 

ronment of low fS?_ during serpentinization when 
the primary sulfide minerals undergo partial or 
complete breakdown. 
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ZIRCON-OXIDE REACTIONS IN DIAMOND-BEARING KIMBERLITES 

Ellen Raber and Stephen E. Haggetty 

Department of Geology, University of Massachusetts, Amherst, Massachusetts 01003 

Abstract. In a petrographic and electron 
microprobe study of zircons (ZrSiO 4) intergrown 
with ilmenite (FeTiO 3) and/or rutile (Ti02) from 
kimberlites in southern Africa we have estab- 

lished: (1) The compositions of ilmenites asso- 
ciated with zircons have a narrow range in MgO 
(8-10 wt%) and in Cr203 (0.02-0.85 wt%) contents 
which may be indicative of a characteristic P-T 
regime. (2) Subsolidus reactions, along the 
zircon-ilmenite interfaces, yield an exotic min- 
eral assemblage consisting of zirconolite 
(CaZrTi207) , Ti-rich baddeleyite ([TiZr]02) , and 
diopside (CaMgSi206) in association with calcite 
(CaC03). (3) Ilmenite/rutile-zircon assemblages 
consist of zirconolite + baddeleyite + diopside 
at ilmenite-zircon interfaces, and baddeleyite 
+ sphene (CaTiSi05) at rutile-zircon interfaces; 
both assemblages are in association with calcite. 
(4) Rutile-zircon assemblages consist only of 
Zr-armalcolite ([FeMg]Ti205) and ilmenite when 
not in association with calcite. We propose that 
assemblages along calcite-associated interfaces 
are the result of reactions due to the availabil- 

ity of a carbonatit•'c fluid which induced an in- 
tercrystalline reaction between zircon and either 
ilmenite or rutile. This is the first reported 
occurrence of terrestrial zirconium-bearing armal- 
colite. Based on phase equilibria studies the 
conditions inferred for the coexisting mineral as- 
semblages are T = 1450-1550øC, P = 8-12 Kb, and 
fO 2 < 10 -12 atms. The Ti/Zr ratios of zircono- 
lites are evaluated as a possible geothermometer, 
but it is recognized that the application to kim- 
berlites is limited because of the indeterminate 

effects of pressure. 

Introduction 

Zircons (Zr$iO 4) and ilmenites (FeTiO 3) in kim- 
berlites have widely contrasting distributions: 
the former are as rare or rarer than diamonds, 
whereas the latter are characteristic constituents 

that are commonly in high modal abundances. Our 
working hypothesis is that zircons and diamonds 
may be genetically related and consequently those 
ilmenites which are commonly associated with zir- 
cons provide the best estimate of ilmenite composi- 
tions which are likely to form during diamond nu- 
cleation and growth. 

Ilmenites are widely used as placer prospecting 
guides to kimberlites, because they have distinc- 
tively high MgO contents, low to intermediate 
Fe203 contents, and the presence of Cr203. How- 
ever, to our knowledge no chemical criteria are 
available on distinguishing barren kimberlites 
from diamondiferous kimberlites based on associ- 

ated mineralogy. Studies by Kresten et al. (1975) 
suggest that some properties of kimberlitic zir- 
cons may reflect the diamond grade of the host 
rock, but that has yet to be established with any 
degree of confidence. 

A detailed reflection microscopy and electron- 
microprobe study was undertaken on the associa- 
tions of zircons intergrown with either ilmenite 
and/or rutile •rom the Kimberley pipes, the 
Monastery mine, and the Mothae pipe, in southern 
Africa. The objectives of this study are as fol- 
lows: (1) to determine the compositions of il- 
menites associated with zircons; (2) to determine 
the differences between rutile-zircon (RUZ), zir- 
con-ilmenite (ZIL), and zircon + rutile + ilmenite 
(Z-RIL) assemblages; (3) to characterize the re- 
actions at the rutile-zircon and ilmenite-zircon 

interfaces in each of the three types of assem- 
blages; and (4) to relate these interface reac- 
tions to pressure, temperature and kimberlite 
petrogenesis. 

Results and Mineral Chemistry 

Petrographic and electron microprobe analyses 
were undertaken on: (1) intergrown zircon-ilmenite 
(ZIL) assemblages from the Monastery and Mothae 
localities; (2) rutile-zircon (RUZ) assemblages 
from the Mothae pipe; and (3) rutile and ilmenite- 
zircon (Z-RIL) assemblages from Kimberley. Photo- 
micrographs of these specimens are illustrated in 
Fig. 1. 

Analytical data on rutiles and zircons in this 
study show that these approach stoichiometric TiO 2 
and ZrSi04, respectively, with minor concentra- 
tions of other elements (Table 1). These data 
compare favorably with analyses by other investi- 
gators (e.g., Haggerty, 1975; Nixon et al., 1963; 
and Kresten et al., 1975). 

Analyses of ilmenites associated with zircons 
(Table 1) are also in agreement with the ranges of 
kimberlitic ilmenite compositions that have been 
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Fig. 1. Photomicrographs of an intergrown ilmenite (dark) - zircon (light glassy) assemblage with 
reaction interface from the Monastery Mine (left), and an intergrown rutile (dark) - zircon (light 
glassy) assemblage from the Mothae pipe, Lesotho (right). 

determined by Haggerty (1975), Mitchell (1973), 
and Boyd and Nixon (1973) being distinctive in 
their high MgO contents, low to intermediate Fe203 
contents and variable Cr203 concentrations. 

In a previous study of over 200 kimberlitic il- 
menites (Haggerry, 1975), a relatively smooth 
parabolic relationship was shown to exist between 
MgO and Cr203 contents reaching a minima at values 
of MgO between 6 and 10 wt%. This minima is char- 
acterized by a relatively small number of data 
points, which we now propose reflects those il- 
menites which formed in association with zircons. 

This relationship is shown in Fig. 2 and it has 
been suggested (Haggerty, ]975) that it may be in- 
dicative of a pressure dependence. That high 
Cr203 contents are possible within the ilmenite 
structure is suggested by the presence of chromite 
lamellae in kimberlitic picroilmenites (e.g., 
Danchin and D'Orey, 1972; Haggerty, 1975) and by 
high pressure phase equilibria studies (Wyatt, 
1978). These data contrast, furthermore, with 
equilibria at one atmosphere in which the solid- 
solubility of Cr203 in FeTiO 3 is shown to be <1 
wt%. Trivalent substitutions of the form Cr 3+ 

TABLE 1. ELECTRON MICROPROBE ANALYSES OF KIMBERLITIC ZIRCONS AND ASSOCIATED ILMENITES. 

(Average analyses of at least 10 points.) 

ZIL ZIL Z-RIL ZIL ZIL Z-RIL 

OXIDES Zircon Zircon Zircon Ilmenite Ilmenite Ilmenite 

(Monastery) (Mothae) (Kimberley) (Monastery) (Mothae) (Kimberley) 
MgO 0.00 0.00 0.02 9.88 8.06 7.32 
A1203 0.00 0.02 0.12 0.17 0.16 0.02 
ZrO 2 72.40 71.14 67.96 0.26 0.22 0.24 
SiO 2 27.10 27.73 30.47 0.00 O. 00 0.02 
CaO 0. O0 0.01 0.00 O. 03 O. O0 O. O1 

TiO 2 0.00 0.01 0.07 46.64 44.87 51.99 
Cr203 0.03 0.02 0.06 0.85 O. 71 0.04 
MnO 0.02 0.03 0.08 0.29 O. 30 0.20 
FeO 0.01 0.12 0.00 24.06 25.79 33.62 

Fe20• - - - 17.16 19.53 5.82 

TOTAL 99.56 99.08 98.78 99.34 99.64 99.26 
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ZIL are zircon-ilmenite associations' Z-RIL are zircon-rutile and ilmenite associations. 
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Fig. 2. Cr203 versus MgO for kimberlitic ilmenites from Lesotho and West Africa (Haggerty, 1975). 
The approximated parabolic curve is drawn through data maxima. The open rectangular symbols are for 
those ilmenites which formed in association with zircons in diamondiferous kimberlites. The shaded 

region represents an ilmenite compositional regime which is suitable for zircon formation and is 
possibly also within the diamond stability field. 

+ Fe 3+ or 2Cr 3+ + Fe 2+ + Ti 4+ are invoked but 
whether simple ionic or diadochic exchange is 
preferred at high pressures has not been deter- 
mined. The compositions of ilmenites associated 
with zircons from diamond-bearing kimberlites 
(Monastery, Mothae and Kimberley) have a narrow 
range in MgO (8-10 wt%) and in Cr203 (0.02-0.85 
wt%) contents. These ilmenite compositions may, 
therefore, be indicative of a characteristic P-T 
regime which is not only suitable for zircon 
formation, but possibly also for diamond. 

Analyses were concentrated on the interface 
areas in which an earlier reflection microscopy 

study had disclosed the presence of other micro- 
crystalline phases. Zircon-ilmenite interfaces 
in ZIL samples contain an exotic mineral assem- 
blage consisting of zirconolite (CaZrTi207), Ti- 
rich baddeleyite ([TiZr]02) , and diopside 
(CaMgSi206); this assemblage is contrasted with 
RUZ intergrowths which have Ti-rich baddeleyite 
and sphene (CaTiSiO 5) at rutile-zircon interfaces. 
RIL assemblages that are not associated with cal- 
cite consist of zirconium-bearing armalcolite 
([FeMg]Ti205) and ilmenite (FeTiO 3) but we note 
that this may not be a general characteristic be- 
cause it was observed in only one sample from the 

Mothae pipe, Lesotho. Analyses of these assem- 
blages are summarized in a simplified tetrahedron 
showing the relative positions of each of the 
identified phases in Fig. 3. 

Baddeleyite, zirconolite and armalcolite are 
extremely rare in terrestrial, lunar and meteor- 
itic associations and, in fact, their common as- 
sociation has been identified in only one lunar 
highland anorthosite (Haggerry, 1973). Because of 
the rarity of these minerals, little geochemical 
work has been undertaken on their genetic associa- 
tions. In particular, there has been no attempt 
to establish the equilibrium reaction for the 
formation of zirconolite in nature. It is there- 

fore, our intent to discuss, in detail, the re- 
suits of our analyses for the associated inter- 
face assemblages in an attempt to better under- 
stand the physical parameters necessary for their 
formation. 

Baddeleyite (ZrO 2) 

Baddeleyite was identified along interfaces in 
all of the kimberlitic assemblages associated 
with calcite (Z!L and Z-RIL) as illustrated in 
Fig. 4. Mineral grains are mostly anhedral, al- 
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Fig. 3. A compositional tetrahedron showing the relative positions of mean analyses for kimberlitic 
interface assemblages. Comparative analyses are given for zirconolite, baddeleyite and Zr-armalcolite 
from other terrestrial and lunar examples. Sphene is plotte•d as stoichiometric CaTiSiO$. All 
analyses are in oxide wt%. 

though baddeleyite in the Monastery sample tended 
to show distinct euhedral crystals. A comparison 
of kimberlitic interface baddeleyites with lunar 
baddeleyites, also in association with zirconolite 
(Table 2), show that there are both minor differ- 
ences and similarities in oxide concentrations. 

The outstanding feature is that both types are 
titaniferous (3.68-7.93 wt% Ti02) , a property 
which is not displayed by primary baddeleyite in 
some terrestrial gabbros (Keil and Fricker, 1974); 
however, this may simply be a reflection of bulk 
chemistry which averages ~0.5 wt% TiO 2 in the 
gabbros reported. 

Zirconolite (CaZrTi207) 
Zirconolite is identified at the three kimber- 

lite localities in which zircons and ilmenites are 

associated with calcite (Fig. 4). These are the 
first reported occurrences of zirconolite in kim- 
berlites. Although lunar occurrences have been 
reported, only four other terrestrial localities 
are presently known: zirconolite from a decomposed 
magnetite pyroxenite in Sao Paulo, Brazil (Hassak, 
1894); varieties of zirconolite from Ceylon (Blake 
and Smith, 1913); and zirconolite from the amphib- 
olized pyroxenites of the Afrikanda (Kola Penin- 
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sula) and Arbarastkh (A!dan) massifs in the 
U.S.S.R. (Wark et al., 1973). 

Electron microprobe analyses (Table 3) show 
that the ZrO 2 contents of the three kimberlitic 
zirconolites vary between 41.9 and 71.3 wt%; those 
from the Arbarastkh and the Afrikanda massif vary 
between 33.0 and 33.5 wt%; and the lunar examples 
have ZrO 2 contents between 30.06 and 41.25 wt%. 
For Ti02, the variations from these localities are 
16.70-40.48 wt%, 30.43-31.57 wt%, and 25.48-35.79 
wt%, respectively. It should be noted that the 
kimberlitic examples have ZrO 2 contents substan- 
tially higher than those from other sources, 
whereas the Ti02 content is both higher and lower. 
Although we have yet to undertake a detailed REE 
study of the kimberlitic zirconolites, preliminary 
data suggest that the REE abundances are lower 
than the U.S.S.R. and the lunar examples which 
range from 3.48 wt% to 17.52 wt%. The divalent 
cations are relatively constant for all zircono- 
lites, and these are in the range 14-18 wt%. 

Structural formulae and the Ti/Zr ratios are 
of particular interest because phase-equilibria 
studies (Wark et al., 1973) indicate the possibil- 
ity that this ratio may be temperature sensitive. 
Experimental data yield Ti/Zr at 1500øC = 1.30, 
Ti/Zr at 1450øC = 1.53, and Ti/Zr at 1300øC TM 2.51. 
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The relationship of Ti/Zr to temperature is linear 
as illustrated in Fig. 5. From this we estimate 
T = 1450-1525øC for lunar zirconolites, and T = 
1475øC for the U.S.S.R. zirconolites. The forma- 

tion temperatures for the Monastery, Kimberley 
and Mothae kimberlite localities are 1430øC, 
1470øC and 1640øC, respectively. 

Armalcolite ([FeMg] Ti20s) 

The Mothae kimberlite locality is the second 
terrestrial occurrence of armalcolite (Fig. 4). 
The first occurrence (Haggerty, 1975) from 
DuToitspan, is in association with rutile and 
MgO-rich ilmenite. Zirconium-bearing armalcolite 
has only been recognized in lunar samples from 
the Apollo 15 and 16 sites (Haggerry, 1973), and, 
hence, the Mothae RUZ sample is the first repor- 
ted terrestrial occurrence. 

Electron microprobe analyses (Table 2) show 
that the Mothae zirconium armalcolites are dis- 

tinctive in that they contain Ba (2.2-2.4 wt% 
BaO), Sr (1.4-1.8 wt% SrO), Zn (-0.4 wt% ZnO) and 
K (~0.5 wt% K20). Our identification of this 
mineral as a member of the armalcolite solid sol- 

ution series is based on optical properties 
(color, reflectivity, anisotropy) and stoichio- 
metry, with cation totals that range between 
2.958-2.972 (theoretical = 3.0 cations) on the 

basis of 5 oxygen atoms. X-ray data on the 
mineral, however, have not been obtained and there 
is the likelyhood that this mineral is structur- 
ally related to the crichtonite, senaite, david- 
ite, landauite, loveringite series (AM21038) in 
which A is the dominant large cation and is res- 
pectively, $r, Pb, REE, Na and Ca, and M are the 
smaller cations, Ti, Zr, Cr, A1, Fe, Mg and Mn 
(Gatehouse et al., 1978). It should be noted 
that members of this series have previously been 
identified in kimberlites in which either Ba 

(Haggerty, 1975) or K (Smyth et al., 1978) is the 
dominant large cation. In most other respects 
the Mothae zirconium mineral is compositionally 
similar to zirconium armalcolites in the lunar 

samples (Table 2); in particular• Zr and Ti con- 
tents are constant, with ZrO 2 -- 6 wt% and TiO 2 
-- 66 wt%. There are, however, differences in 
CaO, A120 3 and Cr203 contents, and the most nota- 
ble is that of chromium which varies between 

4.3-11.5 wt% Cr203 in lunar zirconium armalcol- 
ites, in contrast to the uniformly low concent- 
rations (<0.5 wt% Cr203) that are present in the 
Mothae mineral. X-ray structural data are re- 
quired to clarify this mineral's affinity to 
either armalcolite or crichtonite. 

It is perhaps significant to note, furthermore, 
that all three of the ilmenite/rutile zircon 
assemblages from Kimberley and the Mothae sample 

TABLE 2. COMPARATIVE TABLE OF ELECTRON MICROPROBE ANALYSES OF (KIMBERLITIC, 
GABBROIC AND LUNAR) BADDELEYITES, AND (KIMBERLITIC AND LUNAR) Zr-ARMALCOLITES. 

(Average analyses of at least 10 discrete grains) 

BADDELEYITE Zr-ARMALCOLITE 

(1) (1) (2) (1) 
ZIL ZIL Lunar Sample Lunar Sample Gabbroic Lunar Sample RUZ 

OXIDES Monastery Mothae 61156,5 15102,12 Sample 61156,5 

MgO 0.19 0.09 0.10 0.09 - 2.31 
A!203 0.51 0.11 0.15 0.12 - 1.49 
ZrO 2 93.22 90.63 87.25 93.49 97.80 6.01 
SiO 2 0.00 0.00 0.21 0.29 0.08 0.23 
CaO 0.09 0.65 0.53 0.12 - 3.40 
TiO 2 3.68 6.10 7.93 2.94 0.56 66.52 
Cr203 0.18 0.11 0.27 0.14 - 10.31 
MnO 0.18 0.05 0.16 0.17 - 0.13 
FeO 0.68 0.63 0.80 1.22 1.30 9.33 
Y203 - - 1.27 1.47 - <0.05 
Nb20$ - - 1.03 0.65 - 0.37 
HfO2 .... 0.93 - 
SrO ...... 

K20 ...... 
BaO ...... 

NiO ...... 

ZnO ...... 

PbO ...... 

Mothae 

4.16 

0.19 

6.71 

0.00 

1.61 

66.08 

0.13 

0.20 

15.23 

0.01 

0.00 
-- 

1.63 

0.52 

2.37 

0.07 

0.41 

0.01 

TOTAL 98.73 98.38 99.70 100.68 100.67 100.10 99.33 

(1) Lunar Sample analyses from Haggerty (1973) 
(2) Gabbroic analysis from Keil and Fricker (1974), Rock A 394 

(Locality: Canadian Arctic Archipelago) 
ZIL are zircon-ilmenite associations. RUZ is a rutile-zircon association. 
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contain oriented sigmoidal lenses of ilmenite 
(7-9 wt% MgO) in the rutile host. Although no 
armalcolite is present in those from Kimberley, 
the suggestion has been made that the assemblage, 
ilmenite + rutile may result from the decomposi- 
tion of pre-existing primary armalcolite 
(Haggerty, 1975). We propose, therefore, that 
the Mothae sample may originally have had two 
generations of armalcolite, a Zr-free variety 
and the Zr-variety, and that it was only the 
former that decomposed to rutile + ilmenite. 
Whether all of the rutile + ilmenite assemblages 
examined in this study are the result of primary 
armalcolite breakdown cannot be unequivocally 
demonstrated. 

Reaction Chemistry 

In addition to the minerals already discussed, 
diopside, sphene and calcite are also present in 
the interface reaction zones. To explain these 
associated mineral assemblages the following 
mechanisms are proposed: The exotic mineral assem- 
blages occur only in those samples that include 
calcite along the mineral interfaces and because 
CaO is a major component of the interface assem- 
blages, we suggest that the intercrystalline re- 
action was triggered by a carbonatit•'c fluid. CaO 
is the only component necessary for the formation 
of these minerals because Zr, Si, Fe, Mg and Ti 
are already present in zircon and ilmenite. Nei- 
ther the precise timing of this reaction nor the 
stage of kimberlite formation can yet be estab- 

lished; however, we consider that it is a secon- 
dary reaction which may have developed during 
fluidization or emplacement. The reaction be- 
lieved to have occurred between the ilmenite- 

zircon interfaces, to account for zirconolite, 
baddeleyite and diopside in the calcite-bearing 
kimberlites from all three localities is as fol- 
lows: 

2(FeMg)Ti03 + 4ZrSiO 4 + 3CaCO 3 + 

Ilmenite + Zircon + Calcite 

3ZrO 2 + CaZrTi207 

Baddeleyite + Zirconolite 

(1) 

+ 2Ca(FeMg)Si206 + 3C02 + 

+ Diopside + Carbon Dioxide 

Our reflected light microscopy study shows clear 
evidence of successive stages of alteration (Fig. 
4) in the form of symplectitic textures of 
diopside-baddeleyite-zirconolite, zircon- 
baddeleyite, and baddeleyite-zirconolite, so that 
the reaction along the interface may not be a sin- 
gle stage event as is suggested by equation (1). 

In the Z-RIL samples from the Kimberley local- 
ity, the interface assemblages between rutile and 
zircon grains consist of baddeleyite and sphene. 
Reaction (2) between futile and zircon could ac- 

TABLE 3. ELECTRON MICROPROBE ANALYSES OF ZIRCONOLITES. 

Locality 

Sample 

KIMBERL ITI C U. S. S. R. L U N A R 

1 2 3 4 5 6 7 8 9 10 
Arba- 

Mothae Kimberley rastkh Afrikanda 15102,12 14257,3 Monastery 10046,20 10047,20 14305,77 

MgO 1.20 0.31 0.49 0.14 0.10 0.89 0.69 0.65 0.01 1.15 
A1203 0.13 0.04 0.23 0.10 0.09 0.80 1.36 1.07 0.48 0.67 
ZrO 2 51.12 71.27 41.91 33.54 32.96 41.25 40.40 37.21 33.60 30.06 
Si02 0.00 0.00 0.00 0.00 0.00 0.28 0.42 0.00 - 0.26 
CaO 10.11 9.09 11.10 12.61 11.44 7.32 8.80 7.31 2.63 6.15 

Ti02 29.16 16.70 40.48 31.57 30.43 35.79 34.40 32.61 25.48 29.62 
Cr203 1.10 0.06 0.09 0.00 0.00 0.68 0.54 0.56 0.07 0.50 
MnO .11 0.15 0.11 0.00 0.00 0.15 0.00 0.11 - - 
FeO 6.94 2.38 5.15 2.30 2.84 5.63 6.10 5.95 9.06 4.23 

Fe208 0.00 0.00 0.00 2.78 3.15 - 0.00 - - - 
Y20• - - - 0.28 0.31 4.21 3.60 3.06 7.80 7.70 
Nb20 $ - - - 4.85 4.71 0.72 1.00 1.85 2.75 4.34 

Trace El. - - - 8.73 10.78 - 3.48 8.74 17.52 14.58 
TOTAL 99.87 100.00 99.56 97.42 96.81 97.72 100.79 99.12 99.40 99.26 

Analyses: 1-3' South African kimberlites (average analyses of at least 10 discrete grains) 
4' Arbarastkh massif, Aidan, U.S.S.R. (Wark et al., 1973) 
5' Afrikanda massif, Kola Peninsular, U.S.S.R. (Wark et al., 1973) 
6' (Haggerty, 1973) 
7' (Bushe et al., 1972) 

8-10' (Wark et al., 1973) 

235 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



TABLE 4. STRUCTURAL FORMULAE OF ZIRCONOLITE CALCULATED ON THE BASIS OF 7 OXYGENS. 

Locality K I M B E R L I T I C U.S.S.R. L U N A R 

1 2 3 4 5 6 7 8 9 10 
Arba- 

Sample Monastery Mothae Kimberley rastkh Afrikanda 15102,12 14257,3 10046,20 10047,20 14305,77 

Mg 0.!101 0.0302 0.0430 0.001 0.013 0.070 0.062 0.600 0.000 0.113 
A1 0.0096 0.0031 0.0162 0.008 0.007 0.051 0.096 0.780 0.040 0.52 
Zr 1.5330 2.2718 1.1992 1.047 1.043 1.065 1.185 1.119 1.140 0.969 
Si ..... 0.016 0.025 0.108 - 0.017 
Ca 0.6660 0.6366 0.6976 0.866 0.795 0.413 0.567 0.483 0.196 0.435 
Ti 2.6980 0.8207 1.7860 1.520 1.486 1.425 1.560 1.512 1.333 1.473 
Cr 0.0532 0.0031 0.0042 - - 0.025 0.026 0.27 0.004 0.026 
Mn 0.0059 0.0082 0.0056 - - 0.006 - 0.006 - - 
Fe 2+ 0.3570 0.1210 0.2527 0.123 0.154 0.248 0.307 0.307 0.527 0.234 
Fe 3+ - - - 0.134 0.154 ..... 
Y - - - 0.009 0.011 0.121 0.115 0.100 0.289 0.271 
Nb - - - 0.139 0.138 0.019 0.027 0.052 0.086 0.130 

Trace El. - - - 0.173 0.230 - 0.457 0.247 0.401 0.287 
Ti/Zr 1.760 0.361 1.489 1.45 1.42 1.34 1.32 1.35 1.17 1.52 

Analyses: 1-3' South African kimberlites (average analyses of at least 10 discrete grains) 
4' Arbarastkh massif, Aidan, U.S.S.R. (Wark et al., 1973) 
•: Afrikanda massif, Kola Peninsular, U.S.S.R. (Wark et al., 1973) 
6' (Haggerty, 1973) 
7: (Bushe et al., 1972) 

8-10: (Wark et al., 1973) 

count for this mineral assemblage as follows: Discussion 

TiO 2 + ZrSiO 4 + CaCO 3 

Rutile + Zircon + Calcite 

CaTiSiO 5 + ZrO 2 + C02+ 
(2) 

Sphene + Baddeleyite + Carbon Dioxide 

Therefore, with the introduction of CaCO 3 (as a 
fluid phase) along mineral grain boundary inter- 
faces, reaction (1) would take place when only il- 
menite and zircon are present (Monastery and 
Mothae samples), and reaction (2) would occur if 
only rutile and zircon were present. Where both 
rutile and ilmenite are present (possibly due to 
armalcolite decomposition), we suggest that reac- 
tions (1) and (2) occur simultaneously along their 
respective oxide interfaces. There is good tex- 
tural evidence for the existence of reaction (1), 
but it is perhaps significant that we have not 
yet observed the association of sphene and zir- 
conolite or either of these minerals in associa- 

tion with perovskite. Their associations are most 
directly related to asi02 although P-T and fO 2 may 
also be effective parameters in governing the re- 
spective partitioning coefficients of Ca, Zr, Ti 
and Si among minerals in the assemblage. No 
thermodynamic data are available on zirconolite 
and the rarity of the mineral in nature makes any 
further assessment on the likelihood of these re- 

actions extremely difficult. 

The association of baddeleyite with zircon in 
these samples allows for an evaluation of the P-T 
conditions necessary for the two phases to coexist. 
From the experimental data and proposed phase dia- 
gram for the system ZrO2-SiO 2 at 1 atm (Butterman 
and Foster, 1967), we can establish that zircon is 
stable in association with monoclinic baddeleyite 
at T < 1170øC and in association with tetragonal 
baddeleyite at T < 1676øC. At temperatures great- 
er than 1676øC zircon decomposes to baddeleyite 
+ cristobalite (ZrSiO 4 + ZrO 2 + SiO2). This re- 
action has been reported in high temperature im- 
pactite glasses where baddeleyite and cristobalite 
coexist as metastable phases (El Goresy, 1965; 
Kleinman, 1969). 

Experimental data are not available on the ef- 
fect of pressure on the reaction zircon + bad- 
deleyite + cristobalite, but impactite studies 
show that the P-T curve of the reaction does have 

a positive slope (estimated at 5øC/kb) and that 
cristobalite is stable at T • 1600øC and P • 7 kb. 
Available thermodynamic data show that zircon and 
baddeleyite can coexist at high pressures 
(Nicholls et al., 1971) and in fact may coexist 
in the diamond stability field at T = 1327øC and 
P = 55.7 kb. Further calculations are necessary 

to determine a more extended range of values for 
this three phase coexisting assemblage. 

Evidence for the development of a possible 
baddeleyite-zirconolite solid solution series is 
apparent from the experiments by Coughanour et 
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al. (1955) on the system CaO-TiO2-ZrO 2 (Fig. 6) 
at 1 atto and T = 1450-1550øC. Our analyses 
clearly show that any reaction taking place to 
form these zirconium minerals in kimberlites must 
have occurred below the solvus, because both dis- 
crete grains of zirconolite and baddeleyite, as 
well as symplectitic grains, were found to exist. 

Although our estimated formation temperatures, 
based on the Ti/Zr zirconolite geothermometer, are 
exceptionally high, 1430øC, 1470øC and 1640øC for 
the Monastery, Kimberley and Mothae localities, 
respectively, an evaluation can be made for the 
reality of these temperatures from experimental 
data in the system CaO-ZrO2-TiO 2 at 1 atm and 
T = 1450-1550øC (Coughanour et al., 1955). Fig. 
6 shows the phase relationships of the system and 
the positions of the zirconolites which are as- 
sociated with baddeleyite. Note that all of the 
samples, except Mothae, have estimated tempera- 

phase diagram. Because the Jothae sample did not 
contain cristobalite, we assume that the tempera- 
ture could not have been in excess of 1676øC (But- 
terman and Foster, 1967) because at this tempera- 
ture zircon decomposes to baddeleyite + cristobal- 
ite. The possibility does exist, however, that 
the Ti/Zr zirconolite ratio may also be pressure 
s ensit ive. 

Experimental studies (Lindsley et al., 1974; 
Friel et al., 1977) indicate that armalcolite is 
stable as a single phase at 1300øC and 10 kb. 
With increasing pressure, decomposition occurs and 
armalcolite breaks down to a more magnesium armal- 
colite plus Geik-Ilmss plus rutile (dT/dP = 20 ø 
C/kb). At 14 kb and 1200øC this three phase assem- 
blage is replaced by rutile plus Geik-Ilmss in 1:1 
proportions (dT/dP = 30 ø C/kb). These studies 
show that zirconium has the effect of decreasing 
armalcolite stability and decomposition occurs at 

tures compatible with that of the experimental sys- 1-2 kb less than that of Zr-free armalcolite; with 
tem and that all except the Mothae sample plot 
within the correct phase regicn where both bad- 
deleyite and zirconolite coexist. The Mothae 
sample plots in the one phase titanian-baddeley- 
itess field which supports the contention that 
the Ti/Zr ratio is indicative of a higher tempera- 
ture of formation than that of the experimental 

the addition of Mg, however, the stability of the 
end member MgTi205 is increased to at least 20 kb. 
Therefore, the interface Zr-armalcolite must 
clearly have formed at pressures <12 kb and if we 
attribute the sigmoidal lenses of ilmenite plus 
rutile to the decomposition of Zr-armalcolite, 
then the pressures estimated must also have been 

TEMPERATURE, øC 

1800 - 

1700 - 
1676 - 

'!600 - 

1500 - 

1400 - 

1300 - 

EXPERIMENTAL DATA [t•ofios deterr•/•ed 

ot fixed tempero/gre 7 

U.S.S.R. ZIRCONOLITE 

[• LUNAR ZIRCONOLITE 

,•. KIMBERLITIC ZIRCONOLITE' 

MONASTERY 
MOTHAE 

i 

1.oo 2.•)o 
Ti/Zr CATION RATIOS 

Fig. 5. Ti/Zr ratio versus temperature (TOC) for experimentally synthesized zirconolites (Wark et 
al., 1973). Ratios for lunar, U.S.S.R. and kimberlitic zirconolites (from Table 3) are plotted on 
this linearly estimated trend. 
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CaZrTi20 ? 

TiOz 

I !wo 
• THREE PHASE 

(•) MONASTERY 
(•) MOTHAE 
(•) KIMBERLEY 

CaTiO 

CasTi207 

ZrTiO4 

CaO ZrO, 

Fig. 6. Estimated trends of solid-solution development in the system CaO-ZrO2-TiO 2 at T = 1450 - 
15503C and at 1 atm., (Coughanour et al., 1955). Baddeleyite with associated zirconolite analyses 
(from Table 3) from the kimberlitic samples (open circles, numbered 1-3), the U.S.S.R. samples (stars), 
and the lunar sample 66156,6 (full square) are plotted. The dashed line near the ZrO 2 apex separates 
the cubic ZrO 2 field on the left from the tetragonal field to the right. 

>8 kb, and the range, therefore, is 8-12 kb. 
Furthermore, experiments on the stability of 

armalcolite as a function of oxygen fugacity 
(Friel et al., 1977), show •that only those sam- 
ples prepared between 10 -9'5 and 10 -10-5 atm con- 
tain single-phase armalcolite, while those at 
10 -12-2 and 10 -12-8 atm consisted of primary ar- 
malcolite and ilmenite. Because primary ilmenite 
is present, in addition to Zr-armalcolite, fO 2 
must have been <10 -12'2 as well as at a pressure 
>8 kb and <12 kb, to account for all the coexist- 
ing phases. Although Zr-armalcolite has not as 
yet been identified in the other samples, we at- 
tribute this to a marginal sample population. 

Summary and Conclusions 

Zirconolite (CaZrTi207) , armalcolite ([FeMg]- 
Ti205) and baddeleyite (ZrO 2) have been found to 
exist in kimberlitic intergrown RUZ, ZIL, and 
Z-RIL assemblages. This is the first reported oc- 
currence of zirconolite in kimberlitic rocks and 

the Mothae locality is the second to contain ar- 
malcolite. Zirconolite and baddeleyite exist as 
a result of a secondary reaction, and because CaO 
is a major component of the interface assemblages, 

2,58 

we suggest that the presence of a carbomatitic 
fluid phase is an essential constituent to promote 
intercrystalline reaction between zircon and il- 
menite and/or rutile interfaces. Armalcolite was 
found in only one sample which was not associated 
with calcite along grain boundary interfaces and, 
therefore, is assumed to be a primary phase. It 
is also believed that those samples which contain 
both rutile and ilmenite are the result of pri- 
mary Zr-armalcolite decomposition. 

Physical constraints for this ca.rboz•at:.it:•c re- 
action can be made from an evaluation of the P-T 

conditions which are necessary for these minerals 
to coexist. This can be deduced from available 

experimental and thermodynamic data in which we 
note: (1) zircon is stable at T < 1676øC in asso- 

ciation with tetragonal ZrO 2 (Baddeleyite) and at 
T < 1170øC in association with monoclinic ZrO2; 
(2) impactite and phase-equilibria studies show 
that at temperatures >1676øC and P = 7 kb, zircon 
reacts to form baddeleyite + cristobalite; (3) if 
the Ti/Zr ratios of zirconolites associated with 
baddeleyites are considered to be temperature de- 
pendent, those which are compatible with the ex- 
perimental system CaO-ZrO2-TiO 2 at 1 atm and T = 
1450-1550øC plot in a correct phase region where 
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zirconolite + baddeleyite coexist. The Mothae as- 
semblage, is a higher temperature (T = 1640øC), 
assemblage and plots incorrectly in the one phase 
titanian-baddeleyitess field; (4) zircon and bad- 
deleyite can coexist in the diamond stability 
field at T = 1327øC and P = 55.7 kb; and (5) Zr- 
Armalcolite + Rutile + Ilmss (due to primary Zr- 
armalcolite decomposition) in association with 
primary ilmenite is stable at P < 12 kb and œ02 
< 10-12.2 atms. 

Therefore, the formation of these minerals at 
rutile-zircon and ilmenite-zircon interfaces must 

have taken place at P < 12 kb with œ02 < 10 -12.2 
atms (based on Zr-armalcolite decomposition and 
primary ilmenite association), and T = 1450-1550øC 
(based on the zirconolite geothermometer) in which 
tetragonal ZrO 2 should be present. We assume that 
T must be <1676øC because no cristobalite was ob- 
served in any of the samples. If monoclinic bad- 
deleyite were present, inferring that T < 1170øC, 
it could imply that the Ti/Zr ratio in zirconolite 
must also be pressure sensitive. 

In summary, we propose that the zircon-ilmenite 
and/or rutile assemblages may be useful tools in 
establishing initial P-T parameters and that per- 
haps zirconolite may be a definitive clue in de- 
termining the temporal relationships and the 
stages of carbonatitic immiscibility. A broader 
conclusion from this study is that the composi- 
tions of ilmenites associated with zircons are in 

a critical range of Mg and Cr which may well be 
constrained by a P-T relationship which is com- 
patible with that of diamond stability. 
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K, Rb AND Ba IN MICAS FROM KIMBERLITE AND PERIDOTITIC 
XENOLITHS, AND IMPLICATIONS FOR ORIGIN OF BASALTIC ROCKS. 

J. V. Smith and R. L. Hervig 
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D. Ackermand 
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Kiel, W. Germany 

J. B. Dawson 

Department of Geology, University of St. Andrews, Scotland 

Abstract. Electron microprobe analyses of high 
sensitivity (~40ppmw, 2•) of micas gave ranges and 
means: primary texture in peridotite xenolith 
Rb20 160-520(312) BaO 320-7000(1,725); secondary 
texture in peridotite xenolith <50-600(340), 
330-7200(2,170); MARID xenoliths 470-700(580), 
340-800(420); megacryst in kimberlite 290-1060 
(760), 130-970(380); rare type I groundmass xeno- 
cryst in kimberlite 240-630(470), 1,030-4,300 
(2,670); abundant type II groundmass 90-820(420), 
470-5,800(2,620); clinopyroxene-rich suite 340-900 
(650), 90-480(280). 

The negative correlation between K/Rb and K/Ba 
might result from mica having higher K/Rb and 
lower K/Ba than coexisting liquid, as implied by 
comparing means for the •tAP, ID and megacryst suites 
with those for type II groundmass micas. The nega- 
tive correlation for both primary and secondary 
peridotite micas may result from partial melting 
in the mantle, or perhaps from mica-clinopyroxene 
exchange reaction. 

A model composition for the bulk Earth O0ased on 
same K/Rb as C1 meteorite, and one-sixth K/Ba) 
falls in the range for peridotite micas. Most 
volcanic rocks fall on a single positive trend be- 
tween K/Rb and K/Ba, which apparently poses a 
problem for differentiation models based just on 
mica-liquid partitioning. Most continental rocks 
have K/Rb (~300) and K/Ba (30) which lie inside 
the range for peridotite micas and close to the 
model values for the bulk Earth. Tholeiite and 
alkali basalt from oceanic islands have higher 
K/Rb(430) and most mid-ocean ridge basalts have 
much higher K/Rb(~l, 100). Whereas n•st continental 
rocks could obtain their K,Rb and Ba simply from 
total extraction of phlogopite during partial 
realting of peridotite, rocks with high K/Rb could 
not. Data for amphibole and clinopyroxene do not 

allow simple models for total extraction of K,Rb 
and Ba. Complex models involving partial extrac- 
tion, combinations of minerals, and crystal-liquid 
differentiation during magma ascent may be needed. 
Island-arc volcanic rocks give three major groups, 
of which the calc-alkaline association falls in 

the range of peridotitic micas whereas the 
tholeiitic association has higher K/Rb (~900). 

To explain rocks with low K/Rb and K/Ba, it may 
be necessary to consider relationships with car- 
bonatitic rocks and inclusions in diamond which 

have low ratios, especially the latter. Type I 
groundmass micas in kimberlite have K/Rb and K/Ba 
near to those for micas from the Oka carbonatite. 

Introduction 

Major and minor elements in individual minerals 
of xenoliths from the upper mantle nmy provide 
controls for models on (a) bulk composition of the 
upper mantle, and (b) crystal-liquid fractiona- 
tion therein, especially w.r.t. partial-melting 
models for the origin of basalt. Bulk chemical 
analyses of mineral separates have great value, as 
exemplified by the trace element study of 
diamonds (Fe_• et al., 1975a) and of clinopyrox- 
enes (Shimizu, 1975). Ideally, however, techniques 
should allow spot analyses directly relatable to 
texture studied optically in a thin section. 
Particularly valuable for major and minor elements 
is the electron microprobe, and just coming over 
the horizon for trace elements and isotope ratios 
is the ion microprobe. Although analyses re- 
liable to 25% are now being attained for certain 
trace elements in the range 0.01-10ppm (e.g. 
Steele et al., 1978), the technical problems of 
the ion microprobe are so great that it is de- 
sirable to lower the detection level of the elec- 
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tron microprobe as far as possible. Careful at- 
tention to the background, and use of high beam 
current and long counting time, allows detection 
of 20ppm (2•) for many elements between Na and U. 

Major carriers of alkalis in the upper mantle are 
amphibole (not stable below •lD0km• phlogopite mica 
(stable down to ~150km, and perhaps deeper for low 
geothermal gradient) and diopside •table to perhaps 
~300kin depth). Garnet (stable to perhaps ~500km 
depth) and perhaps olivine (Hervig et al., 1977) 
may become major carriers below 150kin depth. 
Sanidine is potentially stable to high pressure 
in Si-rich, Mg-poor material (S_•.th and Hatton, 
1977). K bearing sulfides (Clarke et al., 1977) 
may be significant. Sensitive electron-micro- 
probe analyses for Na and K are reported by 
Bishop et al. (1978) for garnet, pyroxenes and 
olivines in peridotite and eclogite xenoliths 
from kimberlites, following earlier studies by 
A. J. Erlank and N. V. Sobolev. We now report 
sensitive analyses for Na,K,Rb and Ba in micas 
from kimberlites and enclosed xenoliths. The 
K/Rb and K/Ba ratios are used to test whether 
phlogopite could be a major contributor of K,Rb 
and Ba to the source regions of kimberlite and 
basalts, and indeed whether it would be the sole 
contributor of K and Rb (Beswick, 1976). 

Phlogopite-rich mica occurs in kimberlite as 
(a) "primary" and "secondary" crystals in perido- 
tite xenoliths (Carswell, 1975) and eclogite xen- 
liths (Carswell., 1975) and eclogite xenoliths, 
(b) mica-rich nodules of the mica-amphibole-ru- 
tile-ilmenite-diopside (MARID)-suite, interpreted 
as igneous cumulates (Dawson and Smith, 1977), 
(c) isolated megacrysts, most of which may be 
high-pressure phenocrysts, and (d) groundmass 
crystals. Dawson and Smith (1975) and Smith and 
Dawson (1975) attempted to classify the micas 
from their major and minor elements, and further 
work has confirmed the gross features but indica- 
ted further complexities which require detailed 
description in a series of papers. Smith et al. 
(1977b, 1978) found that the groundmass mica---s o---f 
micaceous •imberlites occur as very rare Type I 
crystals [xenocrysts from an intrusive precursor 
(carbonatitic?) to kimberlite] and abundant 
Type II crystals (crystallized after emplacement). 
Detailed textural and chemical data have been 

published for the MARID suite, and are in process 
of publication for the other types. We are cur- 
rently investigating a suite of nodules rich in 
clinopyroxene whose provenance is not yet clear. 
The specimens range from (a) single crystals of 
clinopyroxene containing oriented mica crystals, 
to (b) polycrystalline specimens obviously pro- 
duced by deformation and subsequent partial re- 
crystallization, and to (c) polycrystalline spec- 
imens of uncertain origin. The micas are chem- 
ically similar to megacryst micas. Here we re- 
port only the analyses for Na,K,Rb and Ba 
(Table 1). An extended abstract (Smith et al., 
1977a) was based on a smaller data set, and un- 
fortunately contained incorrect analyses of 
amphibole and serpentine (see later). 
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Analytical Procedure 

Analyses of K and Na made by routine procedures 
(Smit•h e__t al., 1978) are accurate to •0.2 wt.% 
(1•) for K and ~0.02 wt.% (1•) for Na. 

Special study revealed a linear background 
around the Ba L• peak. Analyses were made at 
15kV, 1.5BA beam current, 15-20•m spot diameteor , 
200sec on peak and 100sec at backgrounds +-0.05A, 
LiF monochromator. The standard was Corning W 
glass assumed to have 0.56 wt.% Ba. An INAA 
analysis at Oregon State gave 0.57 wt.% Ba 
(A. A. Chodos, pers. comm.). 

The Rb L• peak lies on the tail of the Si K• 
peak and detailed profiles were measured for 
several micas (Smith et al., 1977, Fig. 1). Al- 
though the background is non-linear, accurate o 

analyses were obtained with backgrounds at +-O.015A 
from the peak. The monochromator was ADP, and 
other analytical conditions were the same as for 
Ba. Corning W glass was the standard. A careful 

atomic-absorption analysis by Jun Ito gave Rb20 
0.49 wt.%. This analysis was calibrated against 
several standards, agrees well with 0.50 found by 
wet chemical analysis (A. A. Chodos, pers. comm.), 
but disagrees with 0.82 from INAA analysis (quoted 
by A. A. Chodos). 

Albee-Ray factors calculated from the major ele- 
ment compositions of the micas and standards were 
sufficiently close to unity to be ignored. Hence 
the Rb20 and BaO analyses were proportioned di- 
rectly to 0.49 and 0.62 wt.%, respectively. 

Analyses were made initially at two spots, one 
near the center of the crystal, and one near the 
edge, but avoiding any altered rim revealed by 
optical study. Additional analyses were made if 
the first two analyses disagreed within statisti- 
cal error (•2•). Several grains were checked in 
most thin sections. Uniform analys•es were obtain- 
ed for nearly all specimens when grains were pre- 
selected for uniformity of color, and lack of al- 
teration. Low K20 analyses were typical of al- 
tered grains. Rubidium was unstable using the 
high beam current of the present analytical con- 
ditions, and the peak reading was taken on a dif- 
ferent spot to the one for background readings to 
make the loss trivial. Mean analyses in Table 1 
have a detection level near 40ppm (2•), and are 
rounded-off to the nearest 10ppm. The accuracy 
depends on both the reliability of the standard 
and the statistical error, but should be near 
10% (2•) at 500ppm and near 5% at 2000ppm. 

Data on Micas 

Discussion 

Table 1 and Figure 1 contain the range and mean 
of BaO, Rb20 , K/Rb and K/Ba (wt.% or ratio), and 
Figures 2-5 show the correlations K/Rb vs. K/Ba, 
Rb20 vs. FeO, BaO vs. FeO and Rb20 rs. Na20. 

There are wide overlapping ranges for all types 
of micas, and the following discussion mainly 
concentrates on the broad trends. 
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Label 

TABLE 1. Analyses of Na20 , K20 , Rb20 , BaO in mica. 

(a) 

JVS 73-59 
BD 1368 
CHE-MON 4 
BD 1143 

CHE-BT7 
JVS 73-63 

JVS 73-64 
BD 119 7 

BD 1359 
BD 2125 

JVS 73-72 

Na20 K20 Rb20 BaO K/Rb K/Ba Local- 
% ppm ppm wt. wt. ity 

"•rimary" peridotite 

0.25 10.4 280 6,970 337 14 Bul 
0.97 9.35 230 4,000 377 22 Mona 
0.76 9.69 160 3,530 550 25 " 
0.82 9.90 330 2,020 273 46 Bul 
0.21 9.50 260 1,720 332 51 " 
0.35 10.5 240 1,380 397 70 " 
0.15 10.5 160 960 596 101 " 
0.26 10.6 320 880 301 112 DeB 
0.13 10.3 365 700 254 136 Mat 
0.06 10.3 440 620 212 154 Mot 
0.15 10.7 320 350 304 283 Bul 

JVS 73-75A 0.22 10.9 360 360 275 281 " 
BD 1141A 0.16 10.7 390 340 249 292 " 
HOAM 73-1800X 0.22 11.0 520 320 192 319 ? 

mean 0.34 10.3 312 1,725 332 136 

(b) "secondary" peridotite 

JV$ 73-113-2j 0.20 10.1 200 7,170 458 13 Bel 
JVS 73-113-1n 0.21 10.2 110 6,990 842 14 " 
BD 1698 0.21 10.5 530 3,540 530 27 RV 
BD 1692 0.43 10.0 340 3,300 267 28 " 
BD 1079 0.68 9.6 <50 2,970 - 30 Wes 
BD 1155 0.81 8.5 140 2,380 551 33 Bul 
BD 1154 0.60 9.9 360 1,890 250 49 " 
BD 1688 0.60 9.9 230 1,740 391 53 Dut 
BD 1126 0.50 9.9 420 1,450 196 57 Jag 
BD 1544(a) 0.28 10.0 460 910 197 102 Las 
BD 1544(b) 0.47 9.86 320 970 280 94 " 
BD 1780/1 0.16 11.0 370 820 269 124 New 
unknown 0.07 10.4 330 780 286 124 ? 
JVS 73-165 0.48 10.4 430 750 220 128 Let 
BD 1368 0.34 10.2 500 490 184 192 Mona 

BD 2036/5 0.63 9.91 410 460 219 200 Karo 
BD 1780/2 0.18 10.5 600 330 159 295 New 
mean 0.40 10.0 340 2,170 331 92 

(c) MARID (mica-amphib ol e-rutile- 
i lmeni te-d lop side) 

BD 1671(a) 0.19 10.7 550 800 177 124 Bul 
BD 1671(b) 0.19 10.7 600 470 162 211 " 

0.08 10.2 540 380 171 248 " 
0.13 9.89 620 350 145 262 Wes 
0.18 10.6 700 350 137 280 New 
0.17 10.5 470 340 203 286 Bul 
0.05 10.7 600 340 162 286 RV 
0.16 10.6 540 340 178 288 Bul 
0.14 10.5 580 420 167 248 

BD 1159 

BD 1082 

BD 1778 

BD 1158 

BD 1165 

BD 1160 

Inearl 

mic E megac.rys t 

0.19 10.6 670 970 144 102 Jag 
0.16 10.4 950 930 99 103 Wes 
0.28 10.2 290 800 319 118 NeE 
0.13 10.4 810 810 116 139 RV 
0.05 10.6 1•060 580 91 170 Kli 
0.06 10.6 870 490 111 201 Exc 
0.10 9.16 750 280 111 303 Hel 
0.17 9.93 970 280 93 330 Wes 

(•) 

BD 1124 
BD 10 79 
BD 1088 

BD 1712 

BD 1775 
BD 1823 

BD 1268 

BD 1083/1 

Label 

BD 1380 

BD 1091 

BD 1118 

BD 1381 
BD 1116 

BD 1788 

BD 1395 

BD 1070 

BD 1717 

BD 768 

mean 

(e) 

Na20 K20 Rb20 BaO K/Rb K/Balocal- 
% ppm ppm wt. wt. ity 

0.26 10.4 890 280 106 344 Mona 
0.11 10.6 770 270 125 364 Sta 

0.18 10.1 760 200 121 469 Jag 
0.22 9.90 940 180 96 511 Mona 

0.20 10.3 740 160 126 594 Jag 
0.21 10.5 640 160 149 608 Wel 
0.11 10.0 715 140 127 661 Mona 
0.18 10.4 900 140 105 688 Dut 
0.11 10.1 330 130 278 722 RV 

0.21 10.2 670 130 138 726 Hol 
0.16 10.2 760 380 136 397 

(rare Fe-rich) type I groundmass 

BD 1611(a) 0.3 9.5 630 4,320 137 20 Uca 
BD 1268(a) 0.32 9.2 240 3,080 348 28 Hel 
BD 1611(b) - 9.9 400 2,800 225 33 Uca 
BD 1268(b) 0.45 9.8 470 2,100 189 43 Hel 
BD 1100 0.2 9.8 600 1,030 148 88 Mont 
mean 0.32 9.6 470 2,670 209 42 

(•) 

BD 1089(a) 0.08 10.0 320 5,780 284 16 NeE 
BD 1611 - 9.7 600 4,950 147 18 Uca 
BD 1097(a) 0.06 8.9 580 4,120 139 20 Sta 
BD 1089(b) 0.08 10.1 150 3,900 611 24 NeE 
BD 1268(a) 0.29 9.5 400 2,400 216 37 Hel 
BD 1100 - 9.9 350 2,120 257 43 Mont 
BD 1088(a) 0.13 10.2 270 1,180 343 80 ZeZ 
BD 1097(b) 0.16 10.3 90 650 1,039 147 $ta 
BD 1088(b) 0.21 10.4 620 600 152 161 ZeZ 
BD 1268(b) 0.22 10.1 820 470 112 199 Hel 
mean 0.12 9.9 420 2,620 330 74 

(g) clinopyroxene megacryst and clinopyroxenite 
JV$ 73-113-1i 0.03 10.8 900 480 109 209 Bel 
BD 1977/1 0.06 10.6 580 460 169 218 
JVS 73-113-1k 0.03 11.0 770 400 130 255 
JVS 73-113-1g 0.06 10.8 550 380 178 263 Bel 

BD 1977/2 0.21 10.6 610 290 156 335 " 
BD 2746 0.16 10.8 340 290 287 344 Kim 
JVS 73-113-2e 0.04 10.5 610 260 116 374 Bel 
JV$ 73-113-2a 0.04 10.7 540 220 180 451 " 
JVS 73-113-2c 0.04 10.9 610 200 162 505 " 
BD 2997: 0.22 10.5 730 170 130 572 Bul 
BD 2999 0.12 10.8 820 120 120 836 " 
BD 2998 0.21 10.4 730 90 129 1,072 " 
mean 0.10 10.7 650 280 156 453 

Bel Bellsbank, Bul Bultfontein, DeB DeBeers, 
Dut Dutoitspan, Exc Excelsior, Hel Helam, 
Hol Hololo, Jag Jagersfontein, Kam Kamfersdam, 
Kim Kimberley, Kli Klipfontein, Las Lashaine, 
Let Letseng, Mat Matsoku, Mona Monastery, 
Mont Monteleo, Mot Mothae, NeE New Elands, 
New Newlands, RV Roberts Victor, Sta Star, 
Uca U. Canada, Wel Weltvreden, Wes Wesselton, 
ZeZ Zout en Zuur 
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Fig. 1. Range and mean of K/Rb and K/Ba (Table 1) 
for seven types of micas in the kimberlite 
environment. 

In general, K/Ba decreases as K/Rb increases, 
and a single broad band encompasses most of the 
data (Fig. 2). Several other weak correlations 
can be found, but none are really good. Thus for 
the primary-peridotite group, Rb tends to cor- 
relate positively with total Fe (Fig. 3) and 
negatively with Ba. These correlations have 
weakened as data were obtained for additional 

specimens, and will be checked as further speci- 
mens become available for analysis. 

Type II groundþass and MARID micas have insuf- 
ficient A1 and Si to fill the tetrahedral sites. 
A substantial fraction of the iron must be ferric 

(Smith et al., 1978), probably resulting from 
oxidation during movement and emplacement of the 
kimberlite. There is a fairly good correlation 
between total Fe and Rb (positive) and Ba (nega- 
tive) in Figs. 3 and 5 for the primary peridotite 
and "pyroxene" groups, whereas the megacryst and 

3O 

log 
K/Ba 

20 

15 

A •,,•.,*, © primary A -J- secondary 
A A'" '*'• $ $ pyroxene-rich 
a, A A $A., • ß" . •4J,© [] MARiD 
A •" 'e'"• •""•+ •._{_ A megacryst 

x + +.. ß 
'x +VbulxkEarth? .+ © "• . 

I0 

20 2'2 2'4 2'6 2'8 3'0 
log K/Rb 

Fig. 2. Log K/:Ba vs. log K/Rb for mlcas. Data 
in Table 1. 
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Fig. 3. Wt.% of total Fe expressed as FeO vs. 
part-per-million-weight Rb20 for micas. Data in 
Table 1. List of symbols in Fig. 2. 

secondary peridotite groups overlap but tend 
towards higher Fe. MARID micas are strongly dis- 
placed to higher Fe, perhaps because of sub- 
stantial ferric iron. Micas from the kimberlite 

groundþass are widely scattered but tend to lie 
at high Fe. There may be a reasonable correla- 
tion between just ferrous iron and Rb (positive) 
and Ba (negative), but this cannot be tested un- 
til some technique is devised for obtaining the 
Fe2+/Fe3+ ratio for small grains. 

Returning to the negative correlation of K/Ba 
with K/Rb (Fig. 2), there is no definitive ex- 
planation. Two obvious possibilities are (a) 
mica-liquid fractionation, and (b) mica-clino- 
pyroxene fractionation, both of which can be ex- 
amined with reference to the expected values of 
K/Ba and K/Rb for the bulk Earth. Of course, 
these values cannot be obtained directly from 
experimental measurements, but a combination of 
well-known cosmochemical and geochemical arguments 
(most recently summarized by Smith, 1977) suggests 
that the bulk Earth should have the same K/Rb 
ratio as C1 meteorite viz. (544+75)/(1.88+0.36) = 
289+~100) and a K/Ba ratio about 6 (+17) times 

10 • /-+ ß 
- 

_ A • ß . ß ß 

4 -",, ß + ß ++ .+ + 
- .-+• • + , 

2 - ß + ß 

200 600 I000 3000 5000 7000 
ppmw Bo 0 

Fig. 4. Wt.% of total Fe expressed as FeO vs. 
pp• BaO for micas. Data in Table 1. List of 
symbols in Fig. 2. Note changes of scale. 
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smaller than the C1 value of 216. This model 
composition for the bulk Earth falls into the 
region occupied by peridotitic micas (Figs. 2 
and 6), and allows the possibility that some 
fractionation process resulted in formation of 
upper-mantle micas whose overall composition in- 
corporates K,Rb and Ba with the ratios for the 
bulk Earth. 

Beswick (1976) emphasized that micas should 
have K/Rb about three times lower than coexist- 
ing liquid, and used this to explain differences 
of K/Rb among several types of basalt (see later). 
The interpretation of megacryst and MARID micas 
as phenocrysts and cumulates from kimberlite 
crystallizing during ascent to the surface is 
consistent with Beswick's suggestion since these 
two groups have K/Rb about 3 times lower on 
average than for type II groundmass micas •ig. 2). 
The negative correlation between K/Ba and K/Rb 
for all the micas then indicates that mantle 

micas have higher K/Ba than coexisting liquid. 
Since there are no direct experimental data on 

the partitioning of K,Rb and Ba between mica and 
magma at upper-mantle conditions, we assume a 
working model that (i) phlogopite has taken up 
most of the K,Rb and Ba of the upper mantle, (ii) 
that the average composition of the phlogopite 
is K/Rb ~290 and K/Ba ~36, and (iii) that crys- 
tal-liquid fractionation has produced local in- 
homogeneities in peridotites resulting in a 
negative correlation between Rb and Ba of the 
phlogopites. 

The other suggestion of mica-clinopyroxene 
fractionation can be examined from Fig. 6. Un- 
fortunately the Rb content of mantle-derived 
clinopyroxenes is too low for electron micro- 
probe analysis, and it is difficult to obtain 
clean samples for bulk analysis. However, the 
mass-spectrometer analyses by Shimizu (1975) 
were based on carefully purified samples, and 
the data fall in a systematic trend based on 
micas from granular (G) and sheared ($) lherzo- 
lite nodules from kimberlite, and in discrete 
mica nodules (D). Also plotted are data by 
Philpotts et alo (1972) for two omphacites (0) 

0.8- 

wt. (ø/4 rr 
0'6 - 

i' f 1 1 
peridotire, primary 

peridotire,secondary 
pyroxene-rich,variable 

_ 

MARID 

mica megacryst - 
groundmass, typeI,rare - 

do. ,type 17,abundant - Na20 •- % %X ß 
o.• r x" .'•+ 

+ +. ß ß , 
' 0 , ' • • ,', ' •' " 

0 200 400 600 800 I000 
ppmw Rb20 

Fig. 5. Wt.% Na20 vs. ppmw Rb20 for micas. Data 
in Table 1o 
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Fig. 6. Log K/Ba vs. log K/Rb for mica, pyroxene 
and amphibole, and for kimberlite and diamond. 
See text for sources of data and explanation of 
most symbols. The data for clinopyroxene are 
shown by placing a symbol (G granular, S sheared, 
D discrete, 0 omphacite) at the data point. The 
diamond-shaped symbols and open square are for 
micas and host carbonatite from Oka (OK). Three 
phonolite and nephelinite rocks (dots) and two 
sodium carbonate lavas (crosses) are enclosed in 
the ring for Oldoinyo Lengai (OL) o The data for 
amphibole are distinguished by dot (Basu and 
Murthy, 1977) and open circle (Philpotts and 
Schnetzler, 1970). 

from Roberts Victor eclogites, which fall in the 
same overall trend. The data allow that the 

K/Rb/Ba bulk content of the upper mantle might 
be altered by mica-clinopyroxene fractionation, 
followed by some process for mechanical separa- 
tion of the two minerals. Clinopyroxene, rich 
in K,Rb and Ba, might have exsolved these ele- 
ments as mica, as in some eclogites (Reid et aL, 
1976). Simple mica-liquid fractionation, is 
preferred to mica-pyroxene fractionation because 
of greater ease of solid-liquid than solid-solid 
fractionation. 

Because the textural type of mica in a perido- 
tite does not affect the composition range 
(Fig. 6), the chemical arguments presented here 
do not depend on the processes responsible for 
the observed textures in peridotites. However, 
major chemical fractionations (scale of lkm?) 
may be followed by minor fractionations (scale 
down to lmm?). 

We shall assume from now on that mica-liquid 
fractionation was the dominant process in caus- 
ing variation in mica compositions, and that 
mica-clinopyroxene fractionation might be an 
additional subsidiary process. 

Comparison with bulk analyses. 

Mass-spectrometer analyses of >98% pure sepa- 
rates of mainly fresh mica (Allsopp and Barrett, 
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1975) yielded 369-489ppm Rb for all but one of 
Wesselton "nodule" micas, which overlaps with 
but tends to be lower than our range of 430-640 
for MARID micas (Table 1). Aoki (1974), how- 
ever, recorded Rb20 analyses of }iARID micas •hich 
are twice higher (0.11-0.18 wt.%) than ours 
(0.05-0.07). Allsopp and Barrett recorded 624- 
880ppm Rb for Monastery megacrysts, which range 
lies inside our wider range of 290-1060ppm 
(mean 760ppm) for megacryst micas from twelve 
kimberlite localities, but tends to be lower fi•an 
our values of 715, 890 and 940ppm for three 
megacrysts from Monastery. 

Bulk analyses of micas from peridotite nodules 
probably represent mixtures of texturally 
"primary" and "secondary" micas. Furthermore 
there may be a substantial amount of serpentini- 
zation which is not always identifiable by 
optical methods. The range of 231-555ppm Rb ob- 
tained by Allsopp and Barrett for De Beers, 
Bultfontein and DuToitspan peridotite micas over- 
laps our range of 146-475ppm Rb for "primary" 
and <50-550ppm for "secondary" peridotite micas. 
Our mean values for "primary" and "secondary" 
micas are identical within experimental uncer- 
tainty (332 and 331). 

Rhodes and Dawson (1975) reported a range of 
75-234 (mean 175) for Rb in sixteen peridotites 
from Lashaine, and summarized earlier data for 
peridotite inclusions in kimberlite which have 
K/Rb typically at 254 in three studies and 
averaging at 186 for another study of 61 inclu- 
sions. These values tend to be lower than our 

range of 159-842 (mean 332) for peridotite micas, 
and there is no satisfactory explanation for the 
difference of the mean values. The assumed Rb 

value of our standard may be wrong, and the INAA 
value might be correct: however, this is be- 
lieved to be very unlikely because of the good 
agreement between standard chemical and atomic 
absorption analyses. A second possibility is 
that the K/Rb ratio of bulk peridotite nodules 
is not determined solely by the mica, and that 
other components are important. Thus bulk 
kimberlites have K/Rb 88-207 (see later), and 
metasomatism of the peridotite may have re- 
duced K/Rb. Originally we suspected that ser- 
pentine might have a much lower K/Rb ratio than 
mica, and indeed early analyses listed by Smith 
et al. (1977) apparently confirmed this. Un- 
fortunately a numerical error in the background 
used in a computer program had given falsely high 
results, and new analyses yielded no detectable 
Rb at the 40ppm detection level. Rhodes and 
Dawson (1975, Table 6) reported the following 
typical or average values of K/Rb for other types 
of peridotite: inclusions in basalt 278; spinel- 
peridotite inclusions from the Central Massif, 
France 367; ones from the Mid-Atlantic Ridge 410; 
and alpine-type ultramafic rocks 269. These 
values actually surround our mean value of 332 
for peridotite micas, and we shall assume that 
our value applies to all types of peridotites 
within an uncertainty of 425%. 
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Our data for Type II groundmass micas are only 
exploratory, and quite insufficient to determine 
the composition range within a single kimberlite 
and between different kimberlites. Smith et al. 

(1977b) found wide variations of major and minor 
elements between different Type-II crystals of 
the same kimberlite, and this also occurs for 
trace elements. The exploratory data give K/Rb 
112-1039 (mean 330), which range is mostly 
higher than K/Rb values for bulk kimberlites' 
Fesq et al. (1975b), 88-217; Barrett and Berg 
(1975), 93-207; Harris and Middlemost (1969), 
mean 196. We cannot explain why our values for 
Type II mica tend to be higher than for bulk 
kimberlite, but it is only necessary for ser- 
pentine, which has roughly equal abundance as 
mica, to contain ~20ppm Rb for K/Rb to be lowered 
from ~330 for a mica to ~100-~200 for bulk 
kimberlite. 

Smith et al. (1977b) tentatively suggested that 
rare xenocrysts of Type I groundmass micas came 
from a carbonatitic precursor. Unfortunately 
there are no detailed electron microprobe analyses 
of micas from carbonatites, and existing bulk 
analyses of micas appear to be biased by contam- 
ination. Rimsaite (1969) reported the following 
values for bulk micas from the Oka carbonatite' 

green K/Rb 359 K/Ba 33; brown 243,27; orange 
194,26 (Fig. 6; open diamonds). Our values for 
5 Type I crystals (K/Rb 137-348, mean 209; K/Ba 
20-88, mean 42) overlap the values for these bulk 
carbonatitic micas. 

There are fewer data for Ba than for Rb in 

peridotite and peridotitic micas. Ridley and 
Dawson (1975) reported K/Ba 18 and K/Rb 121 for 
phlogopite from a Lashaine peridotite. Although 
taken separately the K/Ba and K/Rb values fit 
within our ranges for peridotitic mica, taken to- 
gether they lie outside the main trend in Fig. 2. 
Perhaps the occurrence of Ba (and K) in clino- 
pyroxene (Shimizu, 1975) is causing complications. 
Fesq et al. (1975b) reported K/Ba 273 and K/Rb 
193 in phlogopite from a Bultfontein garnet peri- 
dotite, which values plot in the main trend in 
Fig. 2. They also reported K/Ba 1.4-46 for 13 S. 
African kimberlites, which values are mostly be- 
low our range of 16-199 for Type II groundmass 
micas. However baryte is a common minor constit- 
uent of kimberlite, and Ba probably occurs as a 
substituent of carbonate, thereby providing an 
explanation of the bias in the ranges. 

Origin of kimberlite and differentiation therein. 

If the data in Fig. 6 are correct, kimberlite 
cannot have acquired its K,Rb and Ba merely by 
total incorporation of these elements from mica 
during partial melting of a peridotite similar to 
any of the mica-bearing peridotites listed in 
Table 1. However this does not rule out a 

hypothetical mica-bearing peridotite not yet 
sampled in suites of nodules. 

Perhaps the origin of kimberlite should be set 
in a wider context. Also plotted on Fig. 6 are 
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(a) neutron-activation data for three sets of in- 
clusion-bearing diamonds (filled hexagons) and 
optically-clear diamonds (open hexagon) obtained 
by Fe• .et al. (1975a), (b) a single datum 
(filled square) for typical bulk carbonatite 
(Gold, 1966), and a single datum (open square)for 
both carbonatite from Oka (Rimsaite, 1969), and 
(c) three data for phonolite and phonolitic nephe- 
linite rocks (dots) and two data for sodium car- 
bonate lavas (crosses) from Oldoinyo Lengai vol- 
cano (Dawson, 1966). These data were selected 
after an extensive search for materials with low 
K/Ba and K/Rb. All other volcanic rocks have 
higher K/Ba and K/Rb (Fig. 7). Fesq et al. pro- 
posed that the analyses of 26 elements in diamond 
can be explained by variable amounts of H20-CO 2- 
rich fluid and Fe-Ni-Cu-Co sulfides as well as a 

more abundant silicate phase. Perhaps the unusual 
Oldoinyo Lengai rocks are related to the trapped 
inclusions in diamond. It is impossible to give 
an answer to the source of these materials, but 
it seems necessary to take into account the pos- 
sible existence in the upper mantle of fluids with 
K/Ba and K/Rb values much lower than the values 
found in peridotitic micas. Probably the fluids 
are dominated by carbonate (and sulfide?), and 
have very different properties from silicate-rich 
fluids. Perhaps kimberlite may derive its K,Rb 
and Ba from a mixture of peridotitic mica and 
carbonatitic source material. Clinopyroxene may 
also be a significant contributor. 

The differentiation of kimberlite has already 
been mentioned in the earlier discussion of the 

difference of composition between micas of the 
MARID, megacryst and type II groundmass suites. 
Type I groundmass micas tend to lie to the lower 
left of the trend in Fig. 2, and overlap with 
micas from the Oka carbonatite (Rimsaite, 1969; 

log 
K/Bo 

2.0 2.5 5.0 
log K/Rb 

Fig. 7. Log K/Ba vs. log K/Rb for rocks. See 
Table 2 for data and key to symbols. The ranges 
for mica and amphibole are taken from Fig. 6. 
The model composition for bulk Earth is at the 
end of the arrow projecting downwards from the 
composition for C1 meteorite. 

open diamonds, Fig. 6). Type II groundmass micas 
occupy a similar composition range to peridotitic 
micas (Fig. 2). Preliminary electron microprobe 
analyses of amphiboles in MARID specimens gave 
the following data: specimen 1082, K20 5.28 wt.%, 
BaO 20? ppm; 1159, 5.28, 30?; 1160, 5.12, 07; 
1671, 4.92, 60; 1778, 5.88, 40. Since the ac- 
curacy of the BaO analyses is about 40ppm (2•), 
no confidence can be placed in resulting K/Ba ra- 
tios except that they are in the region of 1,000 

or more. Preliminary analyses revealed no Rb20 
at the 40ppm level, indicating K/Rb ratios 
greater than 1,000. Crystallization of amphibole 
should cause a decrease of K/Rb and K/Ba of the 
kimberlite magma. Electron microprobe analyses 
of serpentine and carbonate are too insensitive 
to yield reliable data. Analyses of mineral 
separates by techniques sensitive to the pp•a 
level will be needed to clarify the distribution 
of K,Rb and Ba in kimberlites. Furthermore, it 
will be necessary to consider the possible extent 
of change of composition of kimberlite during 
ascent and after eraplacement in any attempt to de- 
termine the differentiation sequence in a 
kimberlite. Certainly the occurrence of MARID 
nodules, mica megacrysts, and Type I groundmass 
micas demonstrate that substantial differentiation 

may have occurred during ascent. 

Origin of basalts and other volcanic rocks. 

Readers are referred to Carmichael et al. (1974) 
for a review of the origin of basalts and other 
volcanic rocks. There is an enormous literature 

on the use of K, Rb and other trace elements to 
place limits on the processes involved in the 
source regions and during ascent and crystalliza- 
tion in magma chambers. The present discussion 
is strictly confined to the possible roles of 
mica, clinopyroxene and amphibole in the source 
regions of volcanic rocks. Particular emphasis 
is placed on whether phlogopite-melt equilibria 
can explain the variation of K/Rb, as advocated 
by Beswick (1976) and disputed by Menzies (1978). 
Here, the variation of K/Ba will also be con- 
sidered as an extra constraint. 

Table 2 contains a selection of rocks for 

which both K/Rb and K/Ba were measured. The 
symbols in Fig. 7 give a quick visual distinction 
between c•ntinental environment (cross), mid- 
ocean ridge (open circle), and island-arc (dot). 
Except for unusual rocks (Roman Region high- 
alkali rocks; Shankin Sag shonkinite) and two 
rock types shown merely to illustrate possible 
compositions in the lower crust (granulites and 
charnockitic parent magma), K/Ba and K/Rb are 
positively correlated. 

Continental rock types, as typified by Ross 
Island, Eifel, Uganda and Dunedin specimens, lie 
close to the model composition for the bulk 
Earth. Only slight K/Rb/Ba differentiation has 
occurred between the basanitoid, trachybasalt 
and anorthoclase phonolite sub-groups of the Ross 
Island volcanic rocks, and to a first approxima- 
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TABLE 2. K/Rb and K/Ba for selected rocks. 

Symbol Loca..tion; roc k type n K/Rb K/Ba Ref. 

SS Shonkin Sag, shonkinite 2 
RO Roman region; high-K lavas 13 
E Eifel, W. Germany; high-K lavas 17 
U Uganda; high-K lavas 23 
L Lesotho; tholeiitic basalts 22 
IAT island arc tholeiites; general (B) 

description; B basalt, A (A) 
andesite, D dacite (D) 

IAC island arc calc-alkaline association; (B) 
general description; B basalt, (A) 
A andesite, D dacite (D) 

IA$ island arc shoshonitic association; (B) 
general description; B basalt, A (A) 
andesite, D dacite (D) 

MB typical mid-ocean-ridge basalt - 
SbfB slow-spreading mid-ocean-ridge 7 
FMB fast-spreading mid-ocean-ridge 8 
45 45øN mid-ocean-ridge basalt - 
FA 37øN mid-ocean-ridge basalt 10 
0I oceanic islands; tholeiite, alkali basalt 225 
RI Ross Island; basanitoid (B), 

trachybasalt (T); anorthoclase 
phonolites (A) 

N Dunedin, NZ; alkaline lavas 
G Brazil; granulites 
F France; charnockitic parent magma 
- Archean tholeiite 

284,293 9.1,9.3 
109-180(136) 12-49(38) 

289 23 
323 23 

108-685(213) 12-46(25) 
1,000 6 7 

890 53 
870 75 

340 30 
430 48 
380 33 
200 15 
200 24 
200 27 

1,130 160 
1,080 162 
1,040 80 

430 31 

324-566(416) 29-42(34) 
450 31 

(B)12 208-493(283) 18-32(27) 
(T)6 278-408(352) 25-43(32) 
(A)4 365-431(390) 30-36(33) 
12 158-394(297) 24-51(35) 10 
62 626 20 11 

- 519 11 12 
- 350 30 13 

n number of samples or bracketed symbol of rock type. The range and mean, or just the 
mean, is given for K/Rb and K/Ba. 

References: 1. Nash and Wilkinson, 1970; 2. Cox et al., 1976; 3. Lloyd and Bailey, 1975; 
4. Cox and tlornu•..$, 1966; 5. Jake• and White, 1972; 6. Erlank and Kable, 1976; 
7. Hart, 1971; 8. White and Bryan, 1977; 9. Goldich et al., 1975; 10. Price and Taylor, 1973; 
11. Si•hinolfi, 1971; 12. Leyreloup et al., 1977; 13. Sun and Nesbitt, 1977. 

tion the whole set of data can be taken to in- 

dicate approximately the K/Rb of the parent 
magmas before differentiation. More specifically, 
the Ross Island basanitoid data have been 

measured carefully, and the basanitoid group of 
rocks is likely to have undergone the least post- 
ascent differentiation. The mean K/Rb and K/Ba 
ratios for this group (283 and 27) are quite close 
to the values of 290 and 36 listed earlier for a 

model bulk Earth. Furthermore, the entire set of 
data for these continental volcanic rocks lies 

within the field for peridotite micas, thereby 
allowing the hypothesis that these volcanic rocks 
obtain their K,Rb and Ba contents by total ex- 
traction of mica during partial melting of upper- 
mantle peridotite. The only exception is the set 
of data for Lesotho tholeiitic basalts whose 

mean K/Rb and K/Ba values are much lower; however, 
there are wide ranges for individual hand speci- 
mens and the analyses are rather old, and the K 
data are rather imprecise. 

Island-arc rocks have been classified into 

tholeiite (IAT), calc-alkaline (IAC) and sho- 
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shonitic associations (IAS) with sub-groups of 
basaltic, andesitic and dacitic types, but in- 
creasing complexities are appearing. There are 
only insignificant variations of K/Rb and K/Ba 
between the three rock types of each association, 
thereby showing that post-ascent differentiation 
has little effect on these ratios, as is well 
known. The major distinctions between the three 
associations require explanation in terms of some 
process or processes involved with generation of 
the magmas. In island-arc rocks, Rb apparently 
increases faster than K does with respect to the 
depth of the earthquake foci under the extruded 
rock (reviewed by Beswick, 1976). This trend 
was explained by Beswick in terms of different 
degrees of phlogopite-liquid fractionation in the 
partial melting process, but this process may be 
untenable when K/Ba is also considered. If the 
negative trend of K/Ba vs. K/Rb in peridotite 
micas is the result of crystal-liquid fraction- 
ation, as suggested earlier, the trend for island- 
arc rocks should be negative instead of positive. 

For oceanic islands, both tholeiitic and alkali 
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basalts have similar K/Rb 4450 and K/Ba ~31. Mid- 
ocean ridge rocks fall into two groups, (a) the 
well-known group of basaltic rocks (MB), whose 
ratios apparently are fairly similar for slow- 
moving (SMB) and fast-moving (FMB) ridges, and 
(b) ones from the 37ø(FA for FAMOUS) and 45øN 
latitudes of the Mid-Atlantic Ridge. The former 
have high K/Rb ~1000 and the latter fall close 
to the oceanic island group. Alteration of sub- 
marine basalts may change Ba by 50% (Philpotts 
et al., 1969), but the above data should be for 
unaltered samples. 

Fig. 6 allows tests of simple models involving 
minerals other than mica. Analyses for amphibo!e 
crystals (kaersutites; Basu and Murthy, 1977; 
amphiboles from two camptonites and one andesite, 
Philpotts and Schnetzler, 1970) define a fairly 
small region which has too high K/Rb to fit with 
the mid-ocean ridge basalts. The ill-defined 
trend for clinopyroxenes does not fit either. 
Total extraction of just one mineral does not 
seem a promising model for the origin of K, Rb and 
Ba in mid-ocean ridge basalts with high K/Rb. Ap- 
parently it is necessary to turn to complex models 
involving more than one mineral, or models in- 
volving partial extraction, or both, when consid- 
ering the origin of these rocks. 

The island-arc shoshonitic association falls 
just to the left of the range for peridotitic mi- 
cas, and overlaps the trend for the Oka carbon- 
atitic micas. Much further thinking is needed 
about the origin of rocks in the shoshonitic as- 
sociation, and indeed of all the high-K lavas. 
Quantitatively they are very insignificant, as 
are carbonatites, and special processes involving 
extraction of a minute fraction of material from 

the upper mantle may be involved, together with 
strong fractionation during ascent and emplacemen• 

Conclusion 

Whatever the ultimate conclusions about the 

origin of K,Rb and Ba in volcanic rocks, it is 
perhaps worth emphasizing that most rocks have 
K/Rb and K/Ba which fall in the central bloc in 
Fig. 7, fairly close to the datum for the bulk 
Earth model, and inside the field for peridotitic 
mica. The answer to Beswick's question "Is 
phlogopite the key?" could be "Yes" for most mag- 
mas, but the details of the processes may be 
rather different from those envisaged by him. 

The incomplete nature of the present data, and 
the tentativeness of the suggestions, are fully 
recognized by us, but we feel that discussion is 
needed to provoke further experimentation. 
Particularly needed are data on the trace-element 
contents of carbonate, serpentine and other min- 
erals in peridotites, kimberlites, and carbona- 
tites. Unfortunately the electron microprobe is 
of little use below 100ppm for most elements in 
most minerals, and it will be necessary to develop 
new techniques for spot analyses at the 1-10ppm 
level. Furthermore, controlled experiments of 
element partitioning at upper-mantle conditions 

will be needed before observed distributions can 
be interpreted with confidence. 
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GEOCHEMISTRY 

VARIATIONS IN STABLE ISOTOPE COMPOSITIONS FOR CARBON AND OXYGEN IN 

SOME SOUTH AFRICAN AND LESOTHAN KIMBERLITES 

B.J. Kobelski 1 D P Gold and P Deines 

Department of Geosciences, The Pennsylvania State University, 

University Park, Pa. 16802 

Abstract. The mean isotopic composition of 
carbonates in 142 kimberlite samples from 12 
kimberlite localities in southern Africa were 
determined as 613C = -5.92%: vs PDB (•+2.42), 
and 6180 = 12.91%• vs SMOW (6_+3.23). The only 
carbonate minerals detected by XRD analysis are 
calcite and dolomite. The mean isotopic 

compositions of carbonates in different habits 
(matrix, and inclusions or segregations) are 
presented below by location: 

Location Matrix Inclusions Total (Mean) 

613 C 6180 613 C 6180 613C 6180 
Benfontein -5.21 11.62 -4.91 9.42 -5.07 10.56 

DeBeers -5.99 12.82 -7.11 16.22 -6.65 14.82 

Wesselton -4.88 10.62 -5.44 13.98 -5.12 11.97 

Monastery -4.50 16.26 -4.03 12.96 -4.23 14.37 

National -4.41 13.70 -2.90 15.70 -3.44 14.98 

Premier -7.18 11.38 -9.10 13.87 -7.77 12.14 

Ngopetsou -4.60 11.40 -4.59 12.09 -4.59 11.68 
Star -7.61 11.04 -6.33 10.66 -7.18 10.91 

Pipe 200 -6.84 14.71 -6.22 13.14 -6.61 14.12 

Kao -8.89 17.10 -8.89 17.10 

Marakabei -4.74 12.23 -4.74 12.23 

Roberts -6.81 12.23 -11.20 17.74 -7.91 13.61 
Victor 

Angular carbonate xenoliths have similar 613C 
values as the matrix carbonate. Xenocrystic 
carbonates tend to be enriched in 13C (heavier) 
with respect to the matrix. Unzoned and rounded 
carbonate nodules yield similar isotopic values 
to the matrix carbonates, and they are 
interpreted as cognate xenoliths. Ocelli in the 
Benfontein sill have a similar •3C value to the 
matrix carbonates, but are heavier by about 1%,. 
than early "quench" carbonate "needles". 

1 
present address Exxon Co. USA, P.¸. Box 496, 
Harvey, LA 70059, 

252 

Pisolitic kimberlite lapilli and the carbonate 
matrix, that occur in pipe-like habit in the 
Star Mine, have similar 613C values, suggesting 
they originated from the same source. Both the 
613C and 6180 values of "replacement" carbonates 
are highly variable and distinctive from those 
of the matrix carbonates. 

Although the mean carbon isotopic composition 
is comparable to the values established for 
diamonds and carbonatites, the mean oxygen 
isotopic composition of these kimberlites is 
enriched in 180 by several permil with respect 
to primary igneous carbonatites. The 613C and 
6180 values range from 0.24%ø to -11.76% , and 
6%; to 24%. respectively. Massive, fragmental, 
and carbonatitic kimberlite (usually as late 
dikes) were distinguished on textural, petro- 
graphic and isotopic criteria. Their mean car- 
bon and oxygen isotopic compositions are resp- 
ectively: massive (type 1), 5.41%• and 11.26%•; 
fragmental (or type 3), -5.67%• and 13.90%•. • 
and the carbonatitic kimberlite (or type 2), 
-7.24% and 12.56%. The trend to heavier 

oxygen values in the fragmental type is thought 
to be due to interaction with meteoric water 

during emplacement. A significant difference 
in the mean 13C of kimberlites from different 
localities is indicated. For those kimberlite 

locations where •he differences between their mean 613C and 61 0 values are too great to be 
explained by a "combined isotopic effect 
process", then an inhomogeneous source reservoir 
of carbon isotopes is inferred. 

Introduction 

Kimberlites are as interesting geologically 
as they are rare•because they are the only known 
primary source of terrestrial diamond, and they 
may contain samples of the upper mantle and 
lower crust incorporated during their ascent. 
Although the importance of carbon in the evolu- 
tion of kimberlitic rocks had long been realized, 
it was only in the 1950's that systematic studies 
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3,4 Primary igneous carbonatites 

Diamonds 5 I I 

Kimberlite matrix carbonate 4,6 I t 

Fig. 1. Comparison of the range of carbon isotopic compositions from 
various materials believed to represent deep-seated carbon. The data 
are from: 1, Craig (1953); 2, Pineau et al. (1976); 3, Taylor et al. 
(1967); 4, Deines and Gold (1973); 5, compiled by Deines and Gold 
(1973) and Sheppard and Dawson (1975) from various sources; 6, Sh.eppa. rd 
and Dawson (1975) (The data for the kimberlite matrix carbonate do 
not contain analyses from this investigation); 7, Cheminee et al. (1969); 
8, Gunter and Musgrave (1971); 9, Hoefs (1973). 

were initiated (yon Eckermann et al., 1952; 
Craig, 1953; Wickman, 1956) to characterize the 
isotopic ratios in ultramafic rocks. Since then 
studies on the stable isotopes of some rock 
suites and their constituent minerals have pro- 
vided information on the degree of equilibrium 
(isotopic), crystallization temperature, and by 
use of appropriate fractionation models 
estimates can be made on the isotopic composition 
of the source material and the genetic sequence 
in a petrographic suite. The carbonat it es and 
kimberlites are important links in understanding 
the carbon and oxygen geochemical cycles because 
the carbon-bearing phases (diamond, graphite, 
elemental carbon, fluid inclusions, and 
carbonate minerals) are the only deep-seated 
materials currently accessible for study. 

Under equilibrium conditions, the graphite- 
diamond inversion requires between 46 and 47 kb 
at 1000oc; conditions met in the upper mantle 
(Kennedy and Kennedy, 1976). Assuming that 
diamonds have crystallized within their phase 
stability range, then they must represent a 
form of mantle carbon. Diamonds from several 

localities have been analysed for their carbon 
isotopic composition, and a mean value of •13C = 
-5.8%ø +1.8 (60 analyses, excluding carbonado 
analyses) has been determined (Deines and Gold, 
1973). For comparison the ranges of the carbon 
isotopic composition of several materials that 

are believed to represent deep-seated carbon 
are plotted in Figure 1. 

Kimberlites have not been studied in as much 

detail as the carbonatites with regard to their 
carbon isotopic composition. The previous works 
contain •13C and 5180 values of Premier Mine 
carbonatite dikes (Baertschi, 1957; Deines and 
Gold, 1973; Suwa et al., 1975), Siberian 
kimberlite pipes (Vinogradov et al., 1965), 
Colorado diatremes (Deines and Gold, 1973), 
and an unnamed South African kimberlite (Craig, 
1953), and a number of kimberlite occurrences 
in South Africa and Lesotho (Deines and Gold, 
1973; Sheppard and Dawson, 1975). The range of 
the carbon isotopic composition of these 
kimberlitic carbonates are included in Figure 
1. 

Deines and Gold (1973) have calculated the 

mean carbon isotopic composition of the 
kimberlites studied as •JC = 4.7%: +1.2, and 
the mean oxygen isotopic composition of these 
samples were found to be enriched in 180 by 
several permil compared to carbonatites. 
Sheppard and Dawson (1975) report a range of 
•i"•C from-3%•. to-7.5%• and 5180 from 7% to 
21%, for carbonates from 17 samples of matrix, 
xenolith, and kimberlite carbonatized dike, 
and they note the compositional overlap with 
diamonds and carbonatites. 

At present, relatively few isotopic analyses 
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of kimberlite carbonates have been documented 

in the literature. All published analyses, 
except for a •13C = -23%• value reported by 
Craig (1953), have been plotted in Figure 2. 
A limited range from-2% to -10%. in carbon 
isotopic composition is apparent for these 
samples. The availability of samples from 
South African and Lesothan kimberlites increas- 

ed many fold as a result of the field trips 
associated with the 1973 International 

Kimberlite Conference in Cape Town, South 
Africa. A study of 12 of these localities 
was undertaken to (1) determine the isotopic 
variability of carbon and oxygen in carbon- 
ates from southern African kimberlites, (2) 
determine the mean carbon and oxygen isotopic 
composition of each of these kimberlite 
occurrences, (3) test correlations of isotopic 
variability between matrix and inclusion types, 
geological type of kimberlite based on field 
and petrographic criteria, and geographic 
setting, and (4) give geological meaning to 
anomalous values such as found by Deines (1968) 
and Craig (1953). 

Experimental Technique 

The kimberlite samples were collected 
(D.P.G.) during September and October, 1973 
as part of a general study on diatremes. The 
kimberlite bodies selected for this study are 
indicated in Figure 3. In general, the freshest 

kimberlite specimens were sampled from under- 
ground mines, quarry walls, and drill cores. 

The carbonate mineralogy of the kimberlite 
specimens was determined by X-ray diffraction 
patterns from a Norelco X-ray diffractometer with 
Ni-filtered CUK• radiation (• = 1.5418 •) set at 
40 kv and 16 mA. A Neir-type mass spectrometer 
at the Pennsylvania State University was used 
for the carbon and oxygen isotope analyses 
(Deines 1967, 1970b). An IBM System/360 computer 
at the Pennsylvania State University Computer 
Center facilitated the reduction of the analytic- 
al data. Generally, the isotopic composition 
measurements for the solid carbonate samples 
were found to have a precision of approximately 
+0.15%•.. Thin sections of selected samples were 
studied for petrographic information concerning 
the distribution of carbonate in the matrix, the 
nature of carbonate inclusions/xenocrysts, and 
their classification into textural-mineralogical 
groups. The carbon isotope ratio (13C712C) is 
reported in permil (%) delta (5) notation 
versus the PDB standard; the oxygen ratio 
(180/160) is reported in permil delta notation 
versus the SMOW standard. 

Results 

Petrogr•aphic Analysis 

The dominant phase of kimberlite carbonate was 
determined by X-ray diffraction methods to be 

-2- 

I I i I j I i i 
6 8 !0 12 !4 16 !8 20 

b 'aO vs SMOW %,, 

Fig. 2. The isotopic composition of kimberlite carbonates from South African 
localities. Symbols represent: ß = Baertschi, 1957, •= Deines and Gold, 
1973, M = Sheppard and Dawson, 1975, ß = Suwa et al., 1975. 
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Fig. 3. The distribution of kimberlites and carbonatites in Southern Africa. 

calcite. Dolomite was detected as a minor 

carbonate phase in the Benfontein sill and the 
DeBeers pipe. In addition to the X-ray mineral 
identification, other parameters such as hand 
specimen and thin section petrography, and field 
relationships were used to classify the samples 
of this study into three groups; massive, 
carbonatite-like, and fragmental. 

The first group (42 samples), or type 1, is 
termed massive kimberlite. This type is inferr- 
ed to be emplaced non-violently or by a slow 
eruptive process (Hawthorne, 1968), to account 
for the lack of a fragmental or brecciated phase 
(Frantsesson, 1970; Dawson., 1971). Rounded 
phenocrysts of olivine and serpentinized olivine, 
pyrope garnet, ilmenite, magnetite, and 
pyroxenes are set in a characteristic dense, dark 
matrix, which may appear aphanitic even under 
high magnifications. The matrix is composed 
of minute grains of olivine, serpentine, 
ilmenite, small fibrous aggregates of phlogo- 
pite, and carbonate. The carbonate may occur 
in one or more of the following habits: (1) 
distinct carbonate inclusions and ocelli, 
(2) acicular and/or dendritic crystals, (3) 
fine-grained anhedral carbonate disseminated in 
the matrix, and (4) carbonate pseudomorphs, 
generally after olivine. Massive kimberlite 
may include both basaltic and micaceous var- 
ieties of other workers (e.g., Dawson, 1967a 
and b). 

The second group (23 samples), or type 2, 
consists of specimens of carbonatitic 
kimberlite dikes that are believed to have been 

emplaced either late in the intrusive process 
or in a separate event (Robinson, 1975) tapping 
the residual liquid of a kimberlite magma. 
Generally pale grey in color and medium to 
fine-grained in texture, these rocks are 
composed mainly (up to 60%) of anhedral calcite 
crystals, with minor amounts of interstitial 
fibrous serpentine. Magnetite and ilmenite are 
disseminated in the calcite, and rare flakes 
of phlogopite occur as an accessory mineral. 
This type 2 group also includes the metaso- 
matized and carbonatized kimberlite adjacent 
to the dike, such as the 'Piebald kimberlite' 
type a• Premier Mine (Clements et al., 1973). 

The third group, or type 3, constitutes the 
bulk of the samples (77) of this study. They 
are termed fragmental kimberlite because of 
their heterogeneous nature and breccia-like 
appearance in hand specimen. In some pipes 
(e.g., Premier Mine) fragmental kimberlite is 
present with other kimberlite types, in others 
(e.g., Benfontein sills) it is absent (Hawthorne, 
1968). Phenocrysts of rounded olivine, 
serpentinized olivine pyroxene, pyrope garnet, 
together with fragments of country rocks occur 
in a dense matrix of serpentine, phlogopite, 
and carbonate. Lapilli of earlier generation 
kimberlite are an important but rare autolithic 
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component. The carbonate may occur as angular 
fragments (inclusions), rounded nodules (cognate? 
xenoliths), small crystalline aggregates, and 
as finely dispersed grains in the matrix. 

Isotopic Analysis 

The results are plotted by geographic locality 
in 613C/•180 coordinate space (see Fig. 4). The 
carbon values are more variable than has been 

reported previously (cf., Fig. 2). The average 
carbon and oxygen isotopic compositions of the 
kimberlite bodies are summarized in Table 1 

under titles of matrix, inclusion• and the total 
(weighted mean). Figure 5 is a 613C versus 
6180 plot of the mean carbon and oxygen isotopic 
composition for each kimberlite location. The 
error bars in this figure are standard deviations 
from the mean values. Each location is numbered, 

•xcept for the solid square and circle which 
represent respectively the mean isotopic 
composition of the carbonatite-kimberlite dikes 
(type 2) and the fragmental kimberlite (type 3) 
from the Premier Mine pipe. 

The mean carbon and oxygen isotopic compositions 
for the different types of kimberlite are 
presented in Table 2, The mean isotopic 
composition for 142 samples of kimberlitic 
carbonates from South Africa/Lesotho is 613C = 
-5.92%-, s = +2.42, and 6180 = 12.91%•, s = +3.23. 

This mean carbon isotopic composition is compat- 

ible with a mantle or•in of kimberlite and is 
similar to the mean 6 C of carbonatites (-5.1%.., 
s = +1.4) and diamonds (-5.8%•, s = +1.8) 
(Deines and Gold, 1973). The mean 6180 of the 
kimberlite carbonates of this study are enriched 
in 180 compared to primary igneous carbonatites 
(Deines and Gold, 1973). 

Statistical Analysis of the Data 

Introduction 

A compilation of the carbon and oxygen isotopic 
data of kimberlite carbonates from southern 

Africa reveals a considerable range for the.s• 
values (•13C from +0.24%.. to-11.76% and •œ•0 

from 6.62% to 23.93%:.• For •st kimberlite bodies the range of 61 • and • 0 values tend to 
overlap. Some localities have a limited isotopic 
range, but this may be due to a limited sample 
size. Figure 6 depicts the overlap of the 
carbon isotopic composition for kimberlites of 
this investigation by location and type, matrix 
or inclusion carbonate, and includes for 
comparison the 613C range for carbonatites and 
diamonds. 

Although the analytical reproducibility of 
isotope analysis is extremely good (approximately 
+0.15%.) single determinations and even sub- 

0 [] i%10'24 
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Fig. 4. Isotopic composition of South African and Lesothan kimberlite carbonates 

of this investigation. Symbols are for localities and represent : O = 
Benfontein Sill, X = DeBeers Mine, • = Wesselton, /l = Monastery Mine, 

• = National, O = Premier, •7 = Ngopetsou, •r = Star Mine, • = 
Pipe 200, K = Kao, • = Marakabei, (• = Roberts Victor. 
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TABLE 1. Mean Carbon and Oxygen Isotopic Composition of Kimberlite•. 

Location Mat fix Inclusion Tot al 

•)13C vs PDB Benfontein Sill -5.21 +0.54 (13) -4.91 +0.38 (12) -5.07 +0.48 (25) 
(ø/oo) DeBeers Pipe -5.99 +2.29 (7) -7.11 +3.45 (10) -6.65 +3.00 (17) 

Wesselton Pipe -4.88 +1.32 (6) -5.44 +0.65 (4) -5.12 +1.10 (10) 

Monastery Pipe -4.50 +2.30 (6) -4.03 +1.73 (8) -4.23 +1.92 (14) 

National Pipe -4.41 +1.17 (5) -2.90 +2.29 (9) -3.44 +2.05 (14) 

Premier Pipe -7.18 +1.86 (18) -9.10 +3.37 (8) -7.77 +2.52 (26) 

Ngopetsou Blow -4.60 +0.41 (3) -4.59 +0.86 (2) -4.59 +0.52 (5) 

Star Mine -7.61 +0.80 (6) -6.33 +0.04 (3) -7.18 +0.90 (9) 

Pipe 200 -6.84 +1.51 (5) -6.22 +2.29 (3) -6.61 +1.71 (8) 

Kao Pipes -8.89 +2.09 (5) - -8.89 +2.09 (5) 

MarakabeiDike -4.74 +0.41 (5) ~ -4.74 +0.41 (5) 

Roberts Victor •6.81 +0,89 (3) -11.20 (1) -7.91 +2.31 (4) 
******************************************************************************************* 

•180 vs SMOW Benfontein Sill 11.62 +2.86 9.42 +0.92 10.56 +2.39 
(ø/oo) DeBeers Pipe 12.82 +2.72 16.22 +2.23 14.82 +2.93 

Wesselton Pipe 10.62 +4.21 13.98 +1.85 11.97 +3.74 

Monastery Pipe 16.26 +1.29 12.96 +0.72 14.37 +1.94 

National Pipe 13.70 +3.47 15,70 +3.31 14.98 +3.38 

Premier Pipe 11.38 +2.11 13.87 +3.14 12.14 +2.68 

Ngopetsou Blow 11.40 +0.51 12.09 +0.46 11.68 +0.57 

Star Mine 11.04 +0.38 10.66 +0.32 10.91 +0.39 

Pipe 200 14.71 +1.95 13.14 +1.02 14.12 +1.77 

Kao Pipes 17.10 +6.56 - 17.10 +6.56 

Marakabei Dike 12.23 +0.39 - 12.23 +0.39 

Roberts Victor 12.23 +1.31 17.74 13.61 +2.95 

samples cannot be used as reliable criteria for 
distinguishing kimberlitic types. Many analyses 
are necessary, and it is essential to treat the 
results statistically. Several statistical 
procedures were utilized to determine (1) the 
frequency distribution and normality of the 
i•s•topic data, (2) the significance of 613C and 
•l•0 values respectively for geologic categories 
and geographic location (emplacement level), 
(3) the within sample variation. 

Analysis of the Carbon Isotope Data 

13C Distribution. Frequency distribution plots 
(histograms), means (•), standard deviations 
(s), skewhess ( b•-f, and kurtosis (b2), and tests 
for the normality of the data distribution were 
calculated using a NORMSTAT computer program 
available as a library program from the 
Pennsylvania State University Computer Center. 
These statistics, summarized in Table 3 and 
the frequency distributions (Figs., 7 & 9) 
of the various kimberlite groups are not 
significantly different from normal i.e., b/•-f = 
0, and b2 = 3, when tested against their 
appropriate standard error (Pearson and 
Hattie_z, 1954). The histogram of all 6'13C data 
(Fig. 7) shows an approximately normal 
distribution, with the class intervals of 
highest frequency limited to a small 613C 
range. 

The dolomite samples trend towards heavier 

carbon isotopic values. The histograms for 
matrix and inclusion categories (Fig. 8) test 
normal even though they appear bimodal. However, 
it is expected that these distributions will 

appear normal if a larger class interv• in 
the NORMSTAT program were used. The •'•C 
values for kimberlite carbonates by petrographic/ 
geologic criteria are given as the histogram 
plots of Figure 9. 

Analysis of Variance by Geol..ogic Type. It is 
apparent from Figure 5 that the mean carbon iso- 
topic composition of kimberlite carbonates varies 
with location. For a comparison between geo- 
graphic locations to have validity, only the 
carbon isotopic compositions for similar kimber- 
lite geologic types should be considered. The 
distinction of the kimberlite samples of this 
study into three general petrographic/geologic 
types suggests one test for discrimination. A 
comparison of kimberlite samples by location 
cannot be undertaken unless significant 
differences do not exist between these types. 
Generally, the mean 513C values of massive 
kimberlite (-5.41%. ) and fragmental kimberlite 
(7•.67 %•) appear to be different from the mean 
•13C value of the carbonatite-kimberlite (-7.42%=) 
at locations where both are sampled. 

An analysis of variance procedure becomes 
appropriate when comparing the means of more than 
two sets of data. Analysis of Variance (ANOVES) 
comprises the division of the total variation 
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Fig. 5. The mean isotopic composition for kimberlite carbonates by 
location. Numbers within circles represent: 1 = Benfontein Sill, 
2 = DeBeers Mine, 3 = Wesselton, 4 = Monastery Mine, 5 = National, 
6 = Premier Mine, 7 = Ngopetsou, 8 = Star Mine, 9 = Pipe 200, 
10 = Kao, 11 = Marakabei, 12 = Roberts Victor. 

into parts which can be assigned to the sources 
making up the variation (Griffiths, 1967). The 
test of significance is an F test; and if the 
means for the sets of data vary more than the 
observations within a set, their calculated 
variance ratio (F) will exceed the tabulated 
value of F and the null hypothesis is rejected 
at an appropriate level of significance 
(op. cit.). The analyses for the •13C data 
were calculated by an ANOVES/ANOVUM computer 
program provided by the Pennsylvania State 
University Computer Center. Where observations 
for a particular sample group or cell are equal, 
or if there is one factor of variation, the 
ANOVE$ program is used; while unequal cell 
frequencies are treated by the ANOVUM program. 

ANOVUM handles unequal cells by the u_nweighted 
means technique. Every cell total calculated 
is replaced by the mean for that cell and the 
number of observations is set to one. The 

Analysis of Variance is then performed on this 
adjusted data (Kahn, 1954). 

A comparison was made for the three geologic 
kimberlite types, the nature of carbonate within 
hand samples (matrix, inclusion), and the 
interaction of the geologic type and nature of 
carbonate. The results of an example of ANOVUM 
analysis is summarized in Table 4. These results 
indicate that a significant difference exists 
among the means of the three types of kimberlites 
when they are compared. The calculated F ratio 
of 8.20 is significant at the 1% probability 

TABLE 2. Mean Isotopic Composition of Kimberlites by Geologic Type (this study). 

Item Matrix Inclusion Total 

8 13C Type 1 
(ø/oo) Type 2 

Type 3 

8 180 Type 1 
(ø/oo) Type 2 

Type 3 

-5.67 + 1.46(29) 
-7.09 + 2.19(15) 
-6.01 + 2.08(38) 

11.98 + 2.11 
11.73 + 2.30 
13.40 + 4.40 

-4.84 + 0.44(13) 
-7.58 + 1.17(7) 
-5.38 + 3.00(39) 

9.64 + 1.18 

14.33 + 3.59 
14.39 + 2.68 

-5.41 + 1.29(42) 
-7.24 + 3.64(22) 
-5.67 + 2.59(77) 

11.26 + 2.16 

12.56 + 2.96 
13.90 + 3.43 
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Fig. 6. The overlap of the carbon isotopic comp- 
osition for kimberlite carbonates from the kimb- 

erlite localities of this study. Data for carb- 
onatites and diamonds were compiled by Deines 
and Gold (1973) from various works. 

level (F01 : 4.75). In order to determine which 
kimberlite type mean contributed the greatest 
part of this significance, subsequent computer 
analyses were performed. The comparisons of 
each kimberlite geologic type by an ANOVES F 
ratio test are given in Table 5. The large F 
ratios involving the comparisons of type 2 
kimberlite (carbonatite-kimberlite) indicate 

it is of a distinctly different carbon isotopic 
composition than either type 1 or 3 kimberlites. 
Type 1 and type 3 kimberlites, however, are 
alike with respect to •13C. The analysis of 
Table 4 also compared the mean •13C values of 
the nature of carbonate, and it appears that 
matrix and inclusion carbonates within a given 
kimberlite geologic type are not significantly 
different with respect to their carbon isotopic 
composition (F = 0.562). 

Analy•s•is of Variance by Kimberlite Location 
The •iJC data was compared, using the 

ANOVIIM procedure, to see if the average carbon 
isotopic composition of the different petro- 
graphic/geologic types varied with geographic 
location or elevation. Because the type 2 
kimberlite represents a very restricted group 
of carbonatite-like dikes that yield a distinct- 
ly different •13C values from the types 1 (mass- 
ive) and 3 (fragmental) kimberlites, they were 
excluded from the analysis. Thus only types 1 
and 3 kimberlite specimens were used from the 
nine best sampled kimberlite bodies. 

Statistics from a NORMSTAT program suggest 
that these samples are normally distributed. 
The Analysis of Variance by the ANOVUM program 
indicates that there are significant differences 
between kimberlite locations with respect to 
their mean isotopic composition. The calculated 
F ratio of 6.10 is significant at the 1% 
probability level (F01 = 2.72). 

Summary 
l) A range exists in the •13C of kimberlite 

carbonates from Southern Africa with the mean 

value being 613C = -5.84%. , s : +2.25 (141 
samples). 

2) Normal frequency distributions occur for 
the groups determined by kimberlite geology 
and petrography, and by the nature of carbonate 
material (matrix and inclusions). 
3) The dolomite samples appear enriched in 13C 

compared to calcite samples at the Benfontein 
Sill. This will be discussed in a later section. 

4) The values of •13C from type 2 carbonatite- 
kimberlites (-7.24%) at several locations appear 
isotopically distinct when compared to the mean 
•13C of type 1 (-5.41%-) and type 3 (-5.67%.) 
kimbe•lites. 

5) Type 1 (massive) and type 3 (fragmental) 

TABLE 3. Summary Statistics for the Carbon Isotopic Data. 
_ 2 Item (n) x s b/• b2 X (d.f.) P(X 2) 

All samples (141) -5.84 + 2.25 -0.262 3.29 36.88 (16)* .0022 
Matrix (82) -6.08 + 1.95 -0.435 2.81 28.96 (14) .0110 
Inclusion (59) -5.50 + 2.59 -0.329 3.28 22.48 (12) .0324 
Type 1 (42) -5.41 + 1.29 -0.938* 4.15' 29.61 (12)* .0032 
Type 2 (22) -7.24 + 1.91 -0.684 3.20 9.09 (8) .3349 
Type 3 (77) -5.67 + 1.59 -0.301 3.01 16.92 (14) .2603 

* Significant when tested against the appropriate standard error at the 1% probability level. 
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Fig. 7. Histogram of the carbon isotopic compositions of kimberlite 
carbonates from this study. The dotted area indicates dolomite samples, 
the remaining area-calcite samples. 

kimberlites are alike with respect to their 
carbon isotopic compositions. But no significant 
difference between the mean •13C of matrix and 
inclusion carbonate appears to exist. 

6) By deleting the type 2 kimberlite from the 
total distribution, a normal distribution for 
type 1 plus 3 kimberlite d13C data from nine 
well sampled kimberlites is found. There is a 
significant difference statistically of the 
mean •13C values from these kimberlites when 
compared by geographic location. For example, 
the mean carbon isotopic composition of the 
National Pipe (d13C = -3.44% , s = +2.05 is 
distinct from the Kao kimberlite (d13C =-8.89%-, 
s = +2.09). 

Analysis of Oxygen Isotopic Data 

The values of the 6180 data from the kimberlite 
carbonates studied range from 6%. to 24%•, a 
variation much greater than encountered with the 
•13C data. Frequency distributions constructed 
from various 6180 parameters are show•8in Figures 
10 to 12. For several groupings of • 0 data, 
the statistical tests for normality (particularly 
b/• and b2) using the NORMSTAT program, exceeded 
the calculated values of their appropriate stand- 
ard (Arkin and Colton, 1966). Therefore caution 

must be exercisõd in the analysis and interpret- ation of the 61 0 data. 

From the summary statistics given •õ Table 6, 
it is noted that although the mean 6 0 values 
are distinctive, their standard deviations are 
large and there is considerable overlap. 

An Analysis of Variance using the fINOVUM 
program was initially run to test for possible 
correlations in oxygen isotopic composition with 
geologic kimberlite type. This program is 
similar to that used for analysis of the 613C 
data, but the results summarized in Table 7 
yielded a much larger error term. The F ratio 
test showed the significance of the geologic 
type of kimberlite, and more importantly the 
significance of an interaction between geologic 
type and the nature of carbonate. Because this 
interaction is significant, no determinations 
can be conclusive. Some source of variation is 

contributing more to the total variation than 
the error source of variation. By then assuming 
that this interaction term is the error for 

testing the main effects of .variation, a calcul- 
ated F ratio of 1.592 was found to be not 

significant, that is, the geologic type means 
are not varying more than the interaction; which 
is disquieting as the interaction is large. 

The significance of geographic location was 
tested by ANOVUM for possible effects on the 
5180 variation. The type 2 kimberlites were 
deleted from the distribution and data from the 
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Fig. 8. Histograms of the carbon isotopic composition of matrix 
and inclusion corbonate from kimberlites in this study. 

, 

nine best sampled localities were utilized. The 
summary table (Table 8) reveals that geographic 
location is a significant factor when comparing 
mean 5180 values of the nine kimberlites. The 
eraplacement level of kimberlite pipes and sills 
may be reflected by this location factor. 

Summary 
1) The total 5180 variation for kimberlite 

carbonates is large; mean 6180 = 12.90%:, 
s = +3.23 (141 samples). 
2) Analysis of variance procedures for 5180 

data indicate that; a) conclusive results 
cannot be obtained when considering the data 
by geologic type of kimberlite, and b) the 
geographic location of the kimberlite, possibly 

reflecting level of emplacement •g a signific- ant factor when comparing mean •1 values. 
3) The results obtained by these methods should 

be interpreted with caution as error terms are 
large, and the histogram plots and some tests 
for normality do not support a normal population 
distribution. 

Calcite-Dolomite Relationships 

Previously, it had been noted that the freque- 
ncy distribution of all carbon isotopic composit- 
ions (Fig. 7) indicated that the dolomite samples 
trend towards heavier •!3C values compared to 
the calcites. This 13C enrichment in dolomites 
is a characteristic of many carbonatites'(Deines, 
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1970a), and it appears to be true f?• kimberlites 
as well. Table 9 summarizing the • •C and 
5180 of coexisting calcites and dolomites at the 
Benfontein Sill. 

In order to determine if these isotopic diff- 
erences were statistically significant, a small 
sample t-test was run (Griffiths, 1967). A t- 
value of 4.28 on 23 degrees of freedom was calc- 
ulated for the •13C data. As t01 = 2.81 (Arkin 
and Colton, 1966), this test indicates that 
there is less than one chance in 100 that such a 

value is due to chance. Apparently the observed 
enrichment of •13C in the dolomitic kimberlite 
carbonate samples is statistically valid for the 
Benfontein Sill. Some process has caused the 
concentration of •13C in the dolomite samples 
relative to the calcites. The carbonates at the 

Benfontein Sill are regarded as primary minerals 
(Hawthorne, 1968). It is envisioned that such 
a preferential enrichment of •13C in the dolomites 
occurred before or during the crystallization of 
the coexisting calcites. 

12' 
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Fig. 9. Histograms of the carbon isotopic composition of the three 
types of kimberlite classified in this study. 
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TABLE 4. Analysis of Variance Summary Table for 6 
Type Kimberlite. 

13C Data by Geologic/Petrographic 

Source of Variation Degrees of Sum of Mean 
Freedom Squares Square F Ratio F01 

Three Geologic Types of Kimberlite 
Nature of the Carbonate (Matrix or Inclusion) 
Geology by Nature Interaction 

Error 

Total Sum of Squares 
Correction Term 

Corrected Total Sum of Squares 

2 

1 

2 

135 

5518 

3578 

5296 

77. 773 38.886 8.20 ** 4.75 

2.667 2.667 0.56 NS 6.81 
8.229 4.115 0.87 NS 4.75 

640.292 4. 743 

** Significance at 1% probability level 
NS No significance at 1% probability level 

A calculated t-value of 0.44 on 23 degrees of 
freedom for the 6180 data (t50 = 0.685) from the 
carbonates at the Benfontein Sill indicates that 

the observed difference of the oxygen isotopic 
composition between calcites and dolomites is not 
significant. The only other kimberlite with 
calcite-dolomite pairs occurred at the DeBeers 
Mine, but the analyses (2) were too few for 

serious consideration. T•g dolomite of sample DB 1-a was enriched in by 1.55%. compared 
to coexisting calcite, but dolomite in sample 
DB 2a was depleted in 13C by 1.50%• compared 
to its calcite pair. None of the other kimberl- 
ite samples studied contained carbonate pairs. 

Petrographic Considerations and Isotopic 
Compositions 

There is no guarantee that the correct factors 
have been chosen for the statistical tests. This 

short-coming is not due to inefficiency of the 
statistical approach as much as to the inex- 
perience of geologists/petrologists in understand- 
ing non-equilibrium systems such as kimberlites. 
Even in a single hand specimen large isotopic 
variations can exist between different parts of 
the matrix and the inclusions (Deines, 1968), and 
equilibrium assemblages may be present only in 
small domains within the kimberlite body. To 
some extent the difficulty of addressing the 
problem of the kimberlite matrix is reflected by 

Table 5. ANOVES Comparison of 613C Values. 

Comparison n d.f. F 01 F [latio 
of Types Ca] culated 

1 vs. 2 64 62 7. 080 23.09 ** 
2 vs. 3 89 87 6.900 8.13 ** 
1 vs. 3 119 117 6.840 0.62 NS 

** Significant 1% probability level, NS = not 
significant 

the disproportionate amount of study on the 
xenoliths, xenocrysts, and discrete nodules. 

A number of hand specimens (27) were selected 
for detailed petrographic study and sampling 
in domains as small as 2-3 mm across. Although 
ANOVES/ANOVUM procedures considered only two 
morphological natures of carbonate (matrix and 
inclusions), additional petrographic distinct- 
ions can be made (e.g., replacement carbonate, 
ocelli, cognate xenoliths, veins, dikes, 
inclusions, etc.). Some of the carbon and 
oxygen isotopic variations can be rationalized 
to processes within these smaller petrographic 
domains. 

1) First, it should be realized that although 
the analysis of variance indicates no signifi- 
cant difference among mean 613C and 6180 values 
for matrix and inclusion samples, the isotopic 
variation within a hand specimen may be large, 

e.• the matrix in DeBeers sample DB-2-a has a 61 = -4.48%. , 6180 = 9.92•.%•. and an inclusion 
a 613C = -10.21%. , 6180 = 17.71%o . Obviously 
these two subsamples of DB-2-a have distinct 
isotopic compositions, and each may represent 
a different isotopic reservoir. Alteration 
zoning in the inclusion, and its angular form 
suggest it is crustal carbonate (sedimentary ?) 
incorporated during kimberlite emplacement. 
2) Carbonate nodules, such as those from the 

Monastery Mine (Mon 16-b, Mon 17, Mort 18), 
DeBeerf (7-b), Ngopetsou (Ngo 2, Ngo 6), and 
Premier Mine (Pr 3a) tend to be rounded and 
unzoned. These carbonates are interpreted as 
cognate xenoliths. Other well-formed carbonate 
crystals in the kimberlite matrix (Mort 16-a, 
Mon 19, Mon 20; DB 5a-b), most of which are 
coarse-grained, have been interpreted as prim- 

ary constituents o[ the kimberli• (Whitelock, 1973; Clement 1973 1975). The 
these inclusions are in close accord with the 

613C of the surrounding matrix carbonate, with 
differences between the subsamples usually less 
than 1% . The 6180 values of these inclusions 
are s]ightly more variable. 

3) Some carbonates appear milky or translucent 
even in thin section and may be interpreted as 
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Fig. 10. Histogram of the oxygen isotopic composition of 
kimberlite carbonates from this study. 

xenoc•'ysts because; a) they seldom exhibit cryst- 
al form, b) they may appear fragmental or sub- 
angular indicating some disruptive mode of 
transport, and c) they usually feature reaction 
rims indicating partial metasomatism by the 
surrounding kimberlite matrix. The xenocryst 
carbonates from the National Pipe •Nat l-a, 
Nat l-b, Nat l-c) are heavier in 6•C not only to 
surrounding matrix carbonate in hand sample, 
but also to other kimberlitic material studied 
in this investigation. Nat 1-c (3) with a 613C = 
+0.24% is isotopically heavy compared to its 
matrix, 613C = -4.59% . The 6180 values of 
these inclusions is highly variable. Possible 
interaction with substances of distinctly 
different isotopic compositions is suspected. 
This type of isotopic variation suggests that 
late fluids responsible for the serpentinization 
of the matrix were isotopically light compared 
to the material that was responsible for the 
xenocrysts. 

4) The carbonate ocelli, diapiric ocelli, and 
the carbonate layer near the top of the lower 
Benfontein Sill have been interpreted as the 
products of an immiscible carbonate liquid in 
the silicate + CO 2 kimberlite melt •awthorne, 
1968; Clement et al., 1973). The 61•C anai•es 
of subsamples in Ben 6-b and Ben 6-c 
show a less than 0.5 % difference between this 
ocelli material and the kimberlite matrix. 

Isotopic equilibrium is suggested by this finding. 

The maximum 6180 variations within and between 
hand samples are respectively less than 2 or 3% . 

5) The carbonate replacement of a number of 
primary kimberlite minerals (olivine, enstatite) 
may occur; a) during the crystallization of 
initial kimberlite, b) immediately after kimber- 
lite emplacement by hydrothermal fluids, or c) 
at a later time by ground water precipitation 
of carbonate (Clement, 1973, 1975; Shepp. ard and 
Dawson, 1975). Examples of carbonate replacement 
of olivine are found in DB 2-a, Pipe 200 12, 
Pr 3-b, Wes 5a, and Wes 10. The original form 
of the olivine is preserved and an alteration 
halo of serpentine, chlorite, and carbonate 
surrounds the coarse carbonate pseudomorphs. A 
carbonate replacement rim of an olivine in Pr 
3-b (2) has a 613C of -16.59%..., a value close 
to that of a fresh water limestone (Keith and 
Weber, 1964). Both the carbon and oxygen iso- 
topic compositions of these replacement carbon- 
ates are highly variable and distinctive from 
the matrix carbonate. 

6) Carbonates occurring as 'needles' in the Ben- 
fontein Sill samples have a mean 613C =-6% , about 
1% lighter than the carbonate ocelli. However, 
this carbon isotopic composition supports the 
primary cyrstallizing mineral theory of Mal'kov 

(•8975) for these quench crystals. But the mean 6 0 values for these carbonates is about 4%• 
heavier than the other primary forms of carbonate 
at Benfontein. 
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Fig. 11. Histograms of the oxygen isotopic composition of matrix 
and inclusion carbonates from kimberlites in this study. 

7) Pisolitic kimberlite samples from the Scar 
Mine are of interest because they indicate two 
generations of crystallization products. Rounded 
pisolites of previously consolidated kimberlite 
have been formed by a subsequent fluidization 
phase of a calcite-rich fluid. Surprisingly, the 
813C and 8180 values of the subsamples show the 
least variation of any hand sample studied in 
detail, and suggests that isotopic equilibrium 
was reached between the initial main phase 
kimberlite and the fluidization phase. 
8) Generally, there is an indication that 

kimberlites termed 'micaceous" are lighter in 
their carbon isotopic composition than the 
'basaltic' kimberlites. The average 813C of 13 
Star Mine and Roberts Victor micaceous kimber- 
lites is -7.40%•. 

Discussion of the Results 

Sampling Considerations 

An Analysis of Variance procedure assumes that 
(a) each parent population is normal, (b) each 

parent population has a similar variance, and (c) 
each combination of treatments is a random sample 

from a homogeneous population (Davis, 1973). 
Although the first two conditions are satisfied, 
a problem exists with the third because of the 
difficulty of establishing what a random sample 
is in practice (Griffiths, 1967). 

Variation of the Carbon and Oxygen Isotopic 
Composition 

Introduction. The wide range of values for 
81• (+0.24%• to-11.76%•) in kimberlite carbon- 
ates may be attributed to' 

1) contamination from country rock, incorporat- 
ed into the kimberlite during its ascent; 

2) fractionation process(s) that may preferen- 
tially concentrate or remove 13C; 
3) inhomogeneous isotopic composition of the 

source material of the kimberlite magma. 
Most values for the oxygen isotopic composition 
of kimberlite carbonates are enriched in 5180 
with respect to primary igneous carbonatites 
(Deines and Gold, 1973). Some of the following 
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Fig. 12. Histograms of the oxygen isotopic composition of the 3 
groups of kimberiite in this study. 

factors may contribute to the range of between 
!0 -18%. for 6180 measured in this study: 

1) loss of isotopically light water during the 
emplacement of the kimberlite (Deines and Gold, 
1973); 

2) influx of meteoric water (op. cit.); 
3) meteoric-hydrothermal fluid interaction with 

the kimberlite during or after emplacement 
(Sheppard and Dawson, 1975). This fluid inter- 
action may take greatest effect during the 
serpentinization process. A temperature from 
50oc to 200øC, calculated from calcite-serpentine 
and calcite-phlogopite temperature dependent 
fractionation factors appear to be the best 
range for fluid interaction effects; 

4) emplacement level of the kimberlite 
(Deines and Gold, 1973). 
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The similarity of the mean oxygen isotope ratios 
of ultramafic rocks (Taylor, 1968) suggest that 
the source areas in the mantle are homogeneous 
with regard to their oxygen isotope compositions. 

Causes for the •13C & 6180 Variations in 

Kimberlites. The type 2 kimberlites Jcarbonatite dikes) are isotopically lighter in 61 C by 
approximately 2%, compared to types 1 and 3 kimb- 
erlites. A possible cause is from assimilation 
or admixing of isotopically lighter country rock 
carbonates. The abundance or inclusions in some 

kimberlites indicates a mechanism, but the essen- 
ially cold emplacement and low reactivity of 
kimberlite magmas (Dawson, 1967a) are likely to 
produce heterogeneous mixtures with a greater 
range in isotope ratios than is indicated by our 
samples. In addition, it is doubtful that suff- 
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TABLE 6. Summary Statistics for the Oxygen Isotopic Data. 

- 2 Item (n) x s b/• b2 X (d.f.) p(x2) 
All samples (141) 12.90 +_ 3.23 0.706* 3.39 30.557 (16) 0.0153 
Matrix (82) 12.59 +- 3.23 0.923* 4.24* 13.470 (14) 0.4900 
Inclusion (59) 13.34 -+ 3.20 0.436* 2.46* 27. 786 (12) 0.0060 
Type 1 (42) 11.26 +- 2.16 0.399 2.40* 20.980 (12) 0.0507 
Type 2 (22) 12.56 +- 2.96 0.770 3.73 10.560 (8) 0.2280 
Type 3 (77) 13.90 + 3.43 0.435 2.99 25.600 (14) 0.0290 

* Significant when tested against appropriate standard error at the 1% probability level. 

icient isotopically light country rock could be 
incorporated into the carbonatite-kimberlite dikes 
to account for the observed 613C difference. The 
characteristic isotopic composition of the late 
carbonatite dikes in kimberlites of different 
terranes and age, suggests that the process(es) 
is more fundamental than chance contamination. 

An alternate hypothesis involves some type(s) 
of isotopic fractionation process(es). The 
kimberlite magma has been regarded as a two 
phase system, where liquid immiscibility exists 
between a silicate + C02 component and a 
carbonatite (CaC03) transporting fluid (Clement, 
1975). If theoretical computations of Bottinga 
(1969) are considered, the carbon in the C02 
of the silicate phase of the kimberlite magma 
will be isotopically heavier by up to 3%• than 
the later eruptive phase, the CaC03-rich 
carbonatite fluid. This would account for the 
observed differences in our data and some of the 
other •13C variations within these kimberlites. 

It may be argued that the samples of type 2 
carbonatite-kimberlite were collected from too 

few localities to warrant meaningful comparison 
with the other kimberlite types, and that any 
difference may be geographic. For Premier Mine 
samples a t-test comparison between fragmental 
kimberlite (-6.19%. (7)) and carbonatitic 
kimberlite (-8.32%. (17)) was found to be 
significant at the 1% probability level for a 

calculated t value of 2.84 on 22 degrees of 
freedom. 

If a fractionation process is solely responsible 
for the carbon isotopic composition variation of 
kimberlite carbonates, one would expect that the 
initial kimberlite phase would be heaviest and the 
final phase lightest with respect to •13C in any 
kimberlite type. At Kao, the initial 'Quarry' 
kimberlite has a heavier 613C (-6.53%) than the 
successive 'Fragmental' (-7.20%) and 'Transition- 
al' (-8.69%-) kimberlite phases. Of course, each 
value in this case represents only one sample and 
a more detailed study is needed to substantiate 
this finding. Also, at Pipe 200 the mean 613C of 
the initial kimberlite phase, -5.31%• (3), is 
isotopically heavier than the subsequent eruptive 
phases of kimberlite (-7.60%• (5)). 

However, with available data no clear trends 
in the variation of 6180 values by geologic 
type of kimberlite can be shown by a similar 
fractionation process. The 6180 variation within 
the types and from location to location is too 
large for the number of samples analyzed for 
critical appraisal. Very large oxygen isotopic 
variation is found at the hand sampled level as 
well. One should also give consideration to the 
6180 variation as being caused by the crystalliz- 
ation of various minerals from the initial melt 
(kimber!itic?). The changes in carbon isotopic 
composition of the melt are determined by cryst- 

TABLE 7. Analysis of Variance Summary Table for • 
Type Kimberlite 

180 Data by Geologic/Petrographic 

Source of Variation 
Degrees of Sum of Mean 

Freedom Squares Square 
F Ratio F 

01 

Three Geolgoic Types of Kimberlite 
Nature of the Carbonate (Matrix or Inclusion 
Geology by Nature Interaction 

Error 

Total Sum of Squares 
Correction Term 

Corrected Total Sum of Squares 

2 

1 

2 

135 

24942 

15278 

23993 

162.569 81.284 9.389 ** 4.75 
4.175 4.175 0.482 NS 6.81 

102. 132 51.066 5. 900 4.75 
1168.798 8.658 

** Significance at 1% probability level 
NS Not Signif icant 
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TABLE 8. Analysis of Variance Summary Table for 5180 Type 1 Plus 
Type 3 Kimberlite by Geographic Location. 

Degrees of Sum of Mean F Ratio F01 Freedom Squares Square 

Nine Kimberlite Locations 

Nature of Carbonate (Matrix or Inclusion) 
Location by Nature Interaction 

Error 

Total Sum of Squares 
Correction Term 

Corrected Total Sum of Squares 

8 

1 

8 

87 

18448 

11918 

15447 

185.010 23.126 4.320 ** 2.69 
3. 864 3. 864 0.721 NS 6.90 

95. 901 11.988 2.240 NS 2.69 
466.475 5.362 

** Significance at the 1% probability level 
NS Not significant 

allization of only one or two solid carbonate 
phases, while the changes in the oxygen isotopic 
composition of the melt are not only due to the 
crystallization of the carbonate phases, but 
silicates and oxides as well (Deines, 1970a). 

The interaction of the kimberlite with meteoric, 
ground, and hydrothermal waters, and the loss of 
isotopically heavy C02 + H20 during the degassing 
process after emplacement can be a substantial 
cause of isotopic variation ($hep?ard and Dawson, 
1975). The petrographic study of the carbonate 
mineralogy of the hand samples indicates that 
late-stage carbonate replacement is evident. The 
composition of this carbonate appears isotopically 
distinct when compared to samples believed to 
represent primary carbonate material. This is 
particularly true for the oxygen isotopic composi- 
tions which are substantially heavier than the 
mean 5180 of 12.91%.. If the oxygen isotopic 
compositions of these samples appear modified by 
late stage processes then there is reason to 
expect that the carbon isotopic compositions are 
modified as well. 

Although the degassing theory of carbon and 
oxygen isotopic variation is impossible to prove, 
it is feasible to postulate the opposite. If 
the isotopically heavy COo + H20 were retained, 
the observed •13C and •18• variation would be 
small. The Benfontein Sill kimberlite apparently 

Marakabei and Ngopetsou in Lesotho exhibit only 
a limited isotopic variation, but such a process 
does not explain why kimberlites at deep levels, 
such as a Premier and DeBeers, have considerable 
isotopic variation. 

Even though only type 1 plus type 3 kimberlites 
(similar mean •13C by geologic type) are consider- 
ed, one must also realize that all the other 
factors mentioned are possible causes of the •13C 
variation. The variation of mean •13C values of 
types 1 and 3 kimberlites with location also ref- 
lects depth of emplacement. The kimberlites of 
Lesotho are at fairly high levels of emplacement, 
whereas Kimberley and Premier area kimberlites 
have undergone considerable erosion and only the 
throats of the pipes are available for study 
(Hawthorne, 1975). The carbon isotopic composit- 
ion of kimberlite carbonates in Lesotho appear 
isotopically lighter than kimberlite carbonates of 
the Kimberley Area (cf. Fig. 5). But •13C values 
from the Premier Mine are similar to the Lesotho 
kimberlites. A temporal factor causing isotopic 
variation may be indicated here as not all of the 
kimberlites considered are of similar age. 

Although a'combined isotopic effect process'may 
account for observed carbon and perhaps oxygen 
isotopic variation in some kimberlite bodies it 
is difficult to envisage how such a process could 
account for the distinctly different isotopic corn- 

never actually reached the surface (Clement et al., positions for several of the kimberlites investi- 
1973); therefore one can assume that the C02 + H20 
phase was retained and accounts for the remarkable 
uniformity in •13C and 6180 values (cf. Fig. 5). 
In general small kimberlite bodies, e.g., 

Table 9. Mean Isotopic Values of Carbonates 
from Benfontein Sill 

_ 

Item x Calcite (n) x Dolomite (n) •Dol-•Ct 

6130% -5.35+0.42(14) -4.70+0.27(11) +0.65 

6180% 10.76+2.53(14) 10.31+2.29(11) -0.45 

gated (cf. Fig. 5). The stratification of carbon 
in the mantle has been suggested because not all 
kimberlites are generated from the same depths 
(Nixon et al., 1973). From a study of ultrabasic 
nodules, Nixon et al. (1973) infer an elevation 
of the continental plate shear zone beneath 
southeast Lesotho that caused a lowering in the 
depth of the graphite-diamond inversion field to 
the source regions of some kimberlite magmas 
and therefore preclude the development of 
diamonds. However, if the regional depths of 
kimberlite generation of 150 km for South-West 
Africa, 200 km for Kimberley, and 190 km for 
Lesotho, (McGregor, 1975) are correct and the 
mantle is stratified isotopically, then one 
would expect regional similarities in the carbon 
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isotopic composition. The mean 613C for 
Kimberley, Lesotho, and Premier areas are cal- 
culated respectively as-5.97% , -5.50% and 
-6.25% , which do not test significantly 
different in a t-test comparison. These data 
do not disprove any vertical 613C gradients 
in the mantle, but suggest that there may be 
relatively large horizontal inhomogeneities. 

Summary, Conclusions, and Recommendations 

Specimens of kimberlite matrix, some contain- 
ing fragments and nodules were collected from 
some diamond-bearing pipes and other kimberlite 
bodies visited on the field trips associated 
with the 1st International Kimberlite Confer- 

ence in 1973. These rocks were grouped into 
three types in a compound classification 
scheme based on, (a) descriptions in the 
literature, (b) textural, mineralogical and 
petrographic descriptions on the hand speci- 
mens and thin sections, and (c) field relation- 
ships within each kimberlite body. They are: 
Type 1 or massive kimberlite is characterized 

by a paucity of fragments and a dense, 
dark matrix composed of olivine, serpen- 
tine, ilmenite, small fibrous aggregates 
of phlogopite, and carbonates. The 
carbonates in the 42 samples analysed 
occur in one or more of the following 
habits: (a) segregations or ocelli; 
(b) serrated blades of carbonate crys- 
tals that look like a quench product; 
(c) disseminated anhedral grains; (d) 
replacement products in sub- or an- 
hedral olivine grains. 

Type 2 group, represented by 23 samples, occurs 
generally in tabular bodies composed 
predominantly (>60%) of anhedral carbon- 
ate, with minor magnetite or ilmentite 
and serpentine, and accessory 
phlogopite in a medium to fine-grained 
hypautomorphic granular textured rock. 
These "dikes" differ in color (grey) 
and texture (granular and locally 
poikilitic) from the adjacent kimberlite, 
and they are considered to be "late stage" 
carbonatite-kimberlites. Carbonate meta- 

somatism of the host rock has produced the 
"piebald kimberlite" at Premier Mine. 

Type 3 group (77 samples) is termed fragmental 
kimberlite due to their brecciated appear- 
ance. Phenocrysts of "rounded" olivine, 
serpentinized olivine, pyroxene, pyrope 
garnet, and angular fragments of country 
rocks may occur in a dense matrix of 
serpentine, phlogopite, and carbonates. 
Lapilli of earlier generated kimberlite are 
an important but rare autolithic component. 
The carbonate minerals occur in the follow- 

ing habits: (a) large "rounded" nodules 
of coarsely crystalline limestone; (b) 
angular limestone fragments (sedimentary); 
(c) small aggregates of carbonates in the 

matrix; (d) finely dispersed grains in the 
mat r ix. 

Angular carbonate xenoliths have similar 613C 
values as matrix carbonate. Xenocrystic carbon- 
ates tend to be enriched in 613C with respect to 
the matrix. Unzoned and "rounded" carbonate 

nodules yield similar isotopic values to matrix 
carbonates, and are interpreted as cognate xeno- 

liths. Oc•«li in the Benfontein sills have a 
similar 6 C value to the matrix carbonates, but 
are heavier by about 1% than early "quench" car- 
conate needles. Pisolitic kimberlite lapilli 

and the carbonate matrix, that occur •3Pipe-like habit in the Star Mine, have similar C values, 
suggesting they orizinated from the same source. 
Both the 613C and 6•80 values of "replacement" 
carbonates are highly variable and distinctive 
from those of the matrix. 

There are limitations in the sampling program 
that could be improved by: (a) more isotopic 
analyses to establish a more precise range for 
the isotopic variation of kimberlite carbonates; 
(b) sampling other kimberlite localities and 
provinces, including barren pipes; (c) a detail- 
ed study of carbon and oxygen variation in a 
deep diamond mine where grid sampling can be 
attempted; (d) the isotopic characterization of 
the different forms of carbon (elemental, dia- 
mond, graphite, carbonates) in a single pipe; 
(e) a rigorous statistical analysis of the 
isotopic data and an integration with other 
geochemical data. 

Application of the Central-Limit Theorem to 
the 613C and 6180 means for both matrix and 
inclusions of the types 1, 2, and 3 kimberlites 
shows that the samples analysed are good esti- 

mates of the population for 613C •õta from the 
types 1, 2, and 3 matrices. The 6 • C means of 
types 1 and 3 are similar, and therefore are 
valid for comparison by geographic locality and 
emplacement level; type 2 is a distinctive 
population. The populations for 6180 data in 
type 1 inclusions and type 2 matrix are not 
homogeneous. The 6180 data for the types 1 and 
3 means may not be representative of the entire 
population. 

Statistical treatments of the data were 

utilized to construct frequency distributions 
and to test the various categories for normality. 
Each of the several groups of kimberlites were 
analysed with regard to their mean carbon 
isotopic composition by an Analysis of Variance 
procedure (ANOVES/ANOVUM). The mean 613C of 
type 2 (carbonatite-kimberlite) was found to 
test significantly different from the others, 

and the types 1 and 3 kimberlites were •und 
to be similar isotopically. The mean • •C 
of the three general groups are: 

Type 1 = -5.41% , +1.29; 
Type 2 = -7.24% , +3.64; 
Type 3 = -5.67% , +2.59. 

Another test (ANOVUM) showed that the mean 613C 
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of isotopically similar kimberlite types (e.g., 
1 & 3) may be significantly different with 
locality. A similar analysis of the 5180 data 
yielded inconclusive results. However, a 
comparison of the mean 5180 values of kimberlites 
by their geographic location reveals a possible 
significant difference. 

A fractionation model evolving towards lighter 
carbon isotopes is used to explain (a) the 
relatively lower values for the carbonatite- 
kimberlite dikes (-8.32) intruding the fragmental 

k•berlite (-6.19) at Premier Mine; (b) at Kao 
• •C values are lower in the successive "fragm- 
ental" (-7.20%ø) and "transitional" (-8.69%..) 
kimberlite phases than in the initial "Quarry" 
kimberlite phase (-6.53%•); (c) in Pipe 200 the 
mean •13C of the initial phase (-5.31%•) is 
heavier than the subsequent eruptive phases; 
(d) dolomite samples from the Benfontein sills 
were found to be significantly heavier in 13C 
(+0.65%.•) than coexisting calcites. However, 
the enrichment of 813C in dolomites also is 
characteristic of carbonatites. 

A comparison between sub-samples with dif- 
ferent habits of carbonate indicates there is 

a high "in sample" variability, and that steep 
isotopic gradients can occur between different 

phases. This comparison, t• statistical tests of the •13C and the • •0 data, and a 
search of the recent literature suggests that 
the observed isotopic variation may be due to a 
number of factors, the most likely being: 

1) Carbon isotopic fractionation process 
between an initial "heavy" silicate + C02 
kimberlite phase, and a later "light" carbonatite 
phase; 
2) Meteoric-hydrothermal fluid interaction with 

the kimberlite after emplacement, evidenced by 
isotopically distinctive replacement carbonates 
within the kimberlite. The variable nature and 

trend to 5180 enrichment in kimberlites 
(12.91%.) with respect to plutonic carbonatites 
(6 to 8%7 ) and other ultramafic rocks (5.5 to 77•) 
probably is due to interaction with metamorphic 
or meteoric water during or after emplacement; 
3) a degassing process of the isotopically 

heavy C02 - H20 phase during emplacement; 
4) isotopic inhomogeneities due to geography 

and elevation, which may be a function of, (a) 
a "combined isotopic effect" of all the above 
factors, (b) isotopic inhomogeneity of the 
kimberlite magmas, and (c) isotopic inhomogeneity 
of carbon in the mantle. 
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ABUNDANCES OF PALLADIUM, IRIDIUM AND GOLD IN KIMBERLITES AND ASSOCIATED NODULES 
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Abstract. A suite of eleven kimberlites and on these nodules to understand the nature and corn- 

eleven ultrabasic nodules,mainly garnet lherzolites, position of the upper mantle. From these studies 
were analysed for Pd, Ir and Au by neutron 
activation. Most of the samples were from Lesotho 
and South Africa except for four kimberlites from 
India. The following average noble metal contents 
were obtained: 

Pd Ir Au (ppb) 
Kimberli res •.1 •.0 1-• 
Nodules 3.8 18 6.2 

Pd and Au are enriched in kimberlites relative to 

nodules by a factor of approximately two in con- 
trast to Ir which is depleted in kimberlite by a 
factor of six. The most consistent metal ratio, 
Pd/Ir, is significantly different in both kimber- 
lites and nodule from the chondritic Pd/Ir ratio 
of 1.1. The average Pd/Ir of the nodules, 0.56, 
is unusual as sulfur-poor silicate rocks with 
Pd/Ir < 1 are rare. The average Ir content of the 
nodules, 18ppb, is very high in comparison with 
other sulfur-poor ultrabasic rocks. 

No correlation of kimberlite-noble metal con- 

tent with chemical parometers sensitive to kimber- 
lite fractionation was found. Presumably partial 
melting of a peridotite source modelled by the 
nodules governs the noble metal content of the 
kimberlites. The opposite partition trends of 
Ir relative to Pd and Au tentatively suggest Ir 
is hosted by a different and more refractory 
phase than Pd or Au. 

There is no simple correlation of noble metal 
content of the nodules with mantle depth. There 
is some evidence however that the deepest and 
relatively undepleted nodules have the most chon- 
dritic Pd/Ir ratios. 

Introduction 

Garnet peridotite nodules found in kimberlites 
are accepted as direct samples of the mantle. Ex- 
tensive geochemical studies have been undertaken 

the upper mantle has been found to be geochemi- 
cally heterogeneous, the scale of the hetero- 
geneity ranging from mineral to regional. The 
study of kimberlite geochemistry has also received 
attention in recent years, and the geochemical 
characteristics of different types of kimberlite 
have been established. Noble metal abundances in 

kimberlites and associated nodules are, however, 
poorly known. Some data have been obtained from 
the Russian occurrences by spectrochemical and 
neutron activation methods (Yashko-Zakarova and 
Ilupin, 1973). Direct comparison of noble metal 
data obtained by different analytical procedures 
is difficult as much of the variation may result 
from the analytical procedures. 

Based on the variable distribution of Au in ig- 
neous rocks (Tilling et al., 1973) and Au and Ir 
in basalts (Gottfried and Greenland, 1972), it has 
been concluded that the source region in the man- 
tle may be heterogeneous in respect to these me- 
tals. The main aim of the present work is to pro- 
vide noble metal abundance data on ultramafic no- 

dules and to relate these to their source region 
in the upper mantle. Secondly, it is argued that 
the distribution of the noble metals in kimber- 

lites and, particularly, their partition between 
kimberlites and nodules, provide some insight in- 
to the behavior of these metals during melting in 
a mantle environment. 

Samples Analysed 

This work reports abundances of Pd, Ir and Au 
in twenty-two kimberlites and associated nodules 
from India and Southern Africa. The Indian kim- 

berlite samples are from two separate petrographic 
provinces of central and south India. Nodules 
have not yet been reported from the Indian kim- 
berlites. The samples from southern Africa were 
selected from widely separated regions represent- 
ing variable composition and environmental set- 
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I I Cluster of K•rnberl•tes 

Fig. 1 Location map for Southern African kimberlite and nodule 
occurrences sampled in this study. 

ting (location map, Fig. 1). Detailed petrology 
and chemistry of the kimberlites and nodules ana- 
lysed here have been published elsewhere (Nixon 
and Boyd, 1975; Paul et al., 1975). A short 
description of the samples is given in the Appen- 
dix. 

Analytical Method 

A radiochemical neutron activation method des- 

cribed by Crocket et al. (1968) was used. App- 
roximately 150 mg of rock powder together with 
appropriate chemical standards were irradiated 
in the McMaster University Nuclear Reactor. The 
samples were subsequently dissolved together 
with noble metal carriers by an alkali peroxide 
fusion, and individual noble metals separated 
and purified by ion exchange and solvent extrac- 
tion. Metal concentrations were determined by 
counting the following induced radiations: 

Metal 

198 109 192 

Radiation 2.69 Au 13.5 hour Pd 74 day Ir 

Counted 412 KeV¾ 960 KeV8 316 KeV¾ 

Results 

The contents of Pd, Ir and Au in individual 
samples are given in Table 1. The range and aver- 
age noble metal contents in kimberlites and nodu- 
les together with abundances in Type I carbonace- 
ous chondrites, and in some ultrabasic and basic 
rocks are given in Table 2. Rozhkov eta!., 
(1973) reported gold contents ranging from 1.2 
to 18 ppb ( mean 3.9 ppb ) in Siberian kimber- 
lites. The Au content of associated nodules was 

similar with a mean of 4.8 ppb. These results 
compare most closely with our Au values on south- 
ern African kimber!ites and nodules which average 
7.0 and 6.2 ppb respectively ( sample PHN 2829 is 
not included in the nodule average ). The Indian 
kimberlites which average 22 ppb Au are signifi- 
cantly higher. Kaminskiy et al. (1974) deter- 
mined the platinum metal contents in some Siber- 
ian kimberlites and nodules by a spectrophotomet- 
ric method, and found average Pt, Pd and Ir con- 
tents of 187, 53 and 7.6 ppb respectively. Cor- 
responding averages for ultramafic inclusions 
were 35, 80 and 70 ppb. These values are consid- 
erably higher than the averages obtained in this 
study. Other relevant results are those of Eh- 
mann et al. (1970) who obtained values of 0.8- 
2.6 ppb Au and 1.8 ppb Ir for two samples of • 
garnet peridotite and one kimberlite. 
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Discussion 

Geochemical characteristics of noble metals 

Fig. 2 is a plot of the Pd, Ir and Au propor- 
tions in kimberlites and nodules. For the major- 

ity of samples kimberlites and nodules lie in dis- 
tinctly separate fields in Pd-Ir-Au coordinates. 
The following generalizations are noted. 

1) The gold-rich character of the Indian kim- 
berlites is evident. 

2) The Pd/Ir ratios of the kimberlites average 
2.7 + 1.4 and are more consistent than those of 
the nodules which average 0.56 _+ 0.85. Both aver- 
ages are significantly different from the chondri- 
tic Pd/Ir average of 1.1. The kimberlite average 
is similar to that of an alpine peridotite al- 
though lower than that of komatiitic peridotites 
(Table 2). The average Pd/Ir ratio of the nodules 
is unusual as, to our knowledge, sulfur-poor sil- 
icate rocks with Pd/Ir<l are rare. 

3) Ratios of Pd or Ir with respect to gold are 
highly variable due to the great range in gold 
contents of both nodules and kimberlites. 

The average concentrations of noble metals in 
kimberlites and nodules (Table 2) are also of some 
interest. Thus the average Ir content of the nod- 
ules is approximately six times that of the kim- 
berlites whereas the reverse is true for Pd and Au 
in that these metals are lower by a factor of two 
in the nodules (omitting PHN 2829). A similar 

pattern emerges in the Siberian kimberlites, es- 
pecially for Ir, although the Ir contents are 
apparently higher (Kaminskiy et al., 1974). Fur- 
ther, the Ir contents of the nodules are very high 
by comparison with sulfur-poor basic or ultrabasic 
rocks. Exceptions to this generalization include 
chromitite cumulates in layered basic-ultrabasic 
plutons such as the Stillwater Complex (Page 
et al., Table !, 1975). However, in our nodule 
suite Ir does not correlate with Cr nor is spinel 
more than a minor phase, and it is unlikely that 
spinel is a major host for Ir in the nodules. 

The Ir contents of the kimberlites are sig- 
nificantly more uniform than either Pd or Au. A 
petrographic study of the kimberlites indicates 
that there is a variable degree of serpentiniza- 
tion. One explanation of the higher Pd and Au 
variability in the kimberlites is that these ele- 
ments were remobilized during serpentinization. 
This conclusion was reached by Crocket and Chyi 
(1972) for peridotites and dunites of the Mount 
Albert Pluton. A less extensive redistribution 

of Ir perhaps reflects the stability of the Ir- 
bearing phase with respect to serpentinization. 

Contamination of nodules by kimberlite 
It has been shown that nodules may be contamin- 

ated by introduction of K, Rb, Cs, U and Th from 
the host kimberlite (Gurney et al., 1966). The 
distribution pattern of the noble metals, however, 
indicates that contamination of the nodules by 

TABLE 1. Pd, Ir and Au contents in kimberlites and associated nodules. 

Sample No. Locality Pd Ir Au Pd/Ir 
in ppb 

Kimberlite 

UG 84 Majhgawan, Central India 4.1 5.9 24 0.7 
MG 6 Majhgawan, Central India 4.3 1.5 2.3 2.9 
LM 4/9 Lattavaram, South India 2.3 1.5 43 1.5 
WK 2/9 Wajraharur, South India 1.3 0.49 17 2.7 
PHN 1598 Thaba Putsoa, Lesotho 7.7 3.5 11 2.2 
PHN 1334 Kolo, Lesotho 5.0 2.0 5.2 2.5 
PHN 1725 Ramatseliso, Lesotho 15 5.0 6.4 3.0 
PHN 1867 Monastery, South Africa 3.5 2.2 0.34 1.6 
PHN 3249 Frank Smith, South Africa 19 5.9 0.14 3.3 
PHN 2811 Jagersfontein, South Africa 8.9 2.6 10 3.4 
PHN 2732 Wessleton, South Africa 18 2.8 16 6.4 

Nodules 

PHN 2848 Thaba Putsoa, Lesotho 0.27 33 
PHN 1569 Thaba Putsoa, Lesotho 1.0 
PHN 2823 Liqhobong, Lesotho 1.0 
PHN 2860 Matsoku, Lesotho 1.3 
PHN 2829 Kao No. 2, Lesotho 11 
PHN 2771 Monastery, South Africa 3.4 
PHN 2782 Frank Smith, South Africa 1.2 
PHN 2814 Jagersfontein, South Africa 4.6 
PHN 2759 Bultfontein, South Africa 0.7 
PHN 2764 Bultfontein, South Africa 7.1 
PHN 3040 Abbotsford, South Africa 9.3 

16 0.008 

32 4.1 0.03 

6.3 12 0.16 

5.5 4.1 0.24 

4.9 103 2.3 
21 0.28 0.16 

13.5 8.9 0.09 
53 5.3 0.09 

12 9.6 0.06 

7.8 2.0 0.9 

4.5 0.16 2.1 
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Au Kimberlite 
© S. AFRICA 
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Nodule 
[] DEEP 
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o 
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/, 

UJ 
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1569m 
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Fig. 2 Proportions of Pd, Ir and Au in kimberlites and ultramafic nodules. Kimber]ite 
(circles) and nodule (squares) fields drawn from visual inspection of data. Diagram il]ustrates 
a) relatively consistent Pd/lr ratios of both kimberlites and nodules, particularly the former, 
b) large variation in Au relative to either Pd or It, c) gold-rich character of the Indian 
kimberlites relative to those from Sot•thern African, d) It-rich and Pd-poor character ot the 
nodules relative to kimberlites, c) genes'el lack of corrclaL•n of noble metal content with 
inferred nodule depth. 

host kimberlite would not affect the abundances of 
I r and Au in the nodules. 

Fractionation durin8 kimberlite emplacement 
The fractionation of noble metals during mag- 

matic differentiation has been investigated by 
various workers. Vincent and Crocket (1960) and 
Gottfried and Greenland (1972) observed that Au 
abundances are not significantly affected by low 
pressure crystal fractionation processes. On the 
other hand, Ir seems to be depleted as a result of 
effective removal at a very early stage of differ- 
entiation of basaltic magma (Gottfried and Green- 
land, op. cit.). 

In the kimberlites 1/S Si02+3K20-•g0-•e0- 
Ca0 has been found a good indicator of the degree 
of evolution, and significant correlations between 
this index and total rare earth concentration has 

been observed (Paul et el., 1975). The distribu- 
tion of the noble metals in the kimberlites (Table 
1) does not show any correlation with this index 
nor with Fe, P, Ni and Ti despite the tendency of 
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kimberlite to fractionate to a Ti-rich liquid 
(Haggerry, 1975). This suggests that the noble 
metals have not been affected by fractionation 
during emp lacement. 

Partition of noble metals durin• partial melt- 
in.• 
Recent studies indicate that kimberlites are 

products of small amounts of partial melting in 
the mantle (Paul at el., 1975). Theoretical par- 
tial melting models using various trace elements 
have been applied to petrogenetic problems in re- 
cent years (Gast, 1968; Shaw, 1970). The concen- 
trations of trace elements in a liquid derived by 
partial melting depend on crystal-liquid partition 
coefficients, the degree of partial melting and 
the composition of the source. Abundances of 
noble metals in mantle minerals are not well 

known. Rozhkov at al. (1973) found that the Au 
content of the major mantle minerals was equal to 
that of the whole rock. The partition coeffici- 
ents of Ir in some relevant minerals can be cal- 
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culated from published data (Gijbels et al., relationship would not exist. The Ir and Pd con- 
1976; Crocket et al., 1976; Gottfried and Green- tents in the garnet peridotite nodules (Table 1) 
land, 1972). Assuming an equilibrium partial do not, in general, correlate with the abundances 
melting case ( without fractional melting ) the of easily extractable elements (unpublished data, 
abundance levels of Ir in a hypothetical melt from P.H. Nixon). This suggests that the Ir and Pd 
a mantle composition, 01700. Px20Cpx Gnt, can be 5 • 
calculated. The mineralog•cai constraints outlin- 
ed earlier (Paul et al., 1975) and the following 
partition coefficients have been used in the cal- 

Ir Ir _ 
culations' Kcpx_liq = 1.5, KGnt_li q- 112 and 
Ir = 1.5. Assuming a mantle Ir abundance of Kopx-liq 

15 ppb (as found in some unaltered garnet perido- 
tite nodules), the Ir content of a hypothetical 
melt would range from 2.6 ppb (1% melt) to 6.3 ppb 
(10% melt). This range is similar to those found 
in the kimberlites (Table 1). 

The possibility that minor phases are carriers 
of noble metals cannot be excluded as Fe-Ni-Cu 

sulfides and metallic phases including Fe, Ni-Fe 
and Cu are widespread in kimberlitic ultramafic 
nodules (Bishop et al., 1975; Haggerty, 1975). 
These phases, normally efficient concentrators of 
noble metals, should be significant contributors 
to partial melts produced at low percentages of 
melting. A preferential partition of Pd and Au 
into kimberlite relative to the nodules would re- 

suit if a significant fraction of these metals 
were hosted in such early melting phases. It must 
be noted, however, that the partition trend of Ir 
is opposite to that of Pd and Au. This suggests 
that a significant portion of the Ir is hosted by 
a phase of relatively refractory nature, and in- 
dicates that all noble metals are apparently not 
hosted by the same mineral phases in mantle source 
rock. 

Noble metal variability in the mantle 
Textural and mineralogical data on the nodules 

indicate that they are samples of the mantle from 
depths of up to 200 km. A complex series of events MG 6 
during the evolution of the Kaapvaal craton has 
produced varying degrees of depletion ( of basal- 
tic constituents ? ) in the mantle (Nixon and 
Boyd, 1975). Thus in Lesotho and westward to 
Jagersfontein the deepest nodules are relatively 
undepleted whereas in Bultfontein in the older 
part of the craton the deepest nodules are high- 
ly depleted. Hence the compositional variation of 
the nodules is not strictly depth dependent. In- 
deed, differing igneous events in various parts of 
the craton may have caused depletion effects over- 
riding those due simply to depth of origin. 

Iridium, a refractory element, is apparently 
concentrated in the residua when liquid is ex- 
tracted from mantle peridotite. In contrast, Pd 
partitions into the liquid resulting in depletion 
in the source region. Thus the iridium content of 
the nodules would increase while palladium would 
decrese in the source region with higher degrees 
of partial melting, provided their distribution in 
the source was uniform. However, if the nodules 
were samples of a heterogeneous mantle, a simple 

contents in the mantle source region were varia- 
ble, although extraction of melt may have accentu- 
ated the variation. A similar conclusion was 

reached by Gottfried and Greenland (1972) who in- 
terpreted the regional variations in Au and Ir be- 
tween 1ow-KA0 tholeiites from the ocean ridges and 
from North •arolina as reflecting heterogeneity in 
the upper mantle. 

There is, however, some evidence that noble 
metal ratios may be a guide to the degree of de- 
pletion of fusible constituents from mantle per- 
idotite. In general Pd/Ir ratios of the nodules 
are much less than the chondritic value of 1.1. 

However, the Pd/Ir ratio of three garnet lher- 
zolite nodules, PHN 2829, PHN 2764 and PHN 3040 
are within a factor of two of the chondritic ratio. 

PHN 2829 is the deepest (200 kin) and least de- 
pleted nodule, PHN 3040 (high A1 and Ca) is rela- 
tively undepleted and PHN 2764 is from a depth of 
approximately 170 km but is depleted. Thus in two 
of three cases undepleted nodules are character- 
ized by Pd/Ir ratios much closer to chondritic 
values than the Pd/Ir values of the nodules in 
general. This suggest that nodules with Pd/Ir 
ratios near the chondritic value (1 to 2) may be 
relatively undepleted of basaltic constituents. 

Appendix 

Petrog_raphic description 
Kimberlites 

UG 84 - Pale greenish black kimberlite from 
a 100 m deep shaft, agglomeratic in 
nature. Composed of completely ser- 
pentinised o!ivine with minor phlo- 
gopite, magnetite, chromite, calcite. 

- As above and from the same pipe but 
collected from an open cast mine. 

LM 4/9 - Bluish grey kimberlite with abundant 
inclusions of crustal rock. Altered 

olivine set in a matrix of phlogo- 
pite, calcite, perovskite, magne- 
tite, chromite, occasional pyroxene. 

WK 2/9 - Tough dark grey, aphanitic kimber- 
lite with fresh olivine pheno- 
crysts up to 5mm across. 

PHN 1598 - Dark blue- green rock consisting of 
small ( < lmm) magnetite- carbonate 
matrix. 

PHN 1334 - Fine porphyritic hardebank consist- 
ing of partially altered olivine 
phenocrysts ( 15% of rock ) in a 
carbonate and serpentine matrix. 

PHN 1725 - Hardebank with xenocrysts of altered 
olivine and minor garnet, pyroxene 
and ilmentite occurring in an aphan- 
itic matrix consisting of calcite, 
magnetite, perovskite, talc (?) and 
ap atite. 
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PHN 1867 - Pale bluish grey, composed of ser- 
pentinised olivine and later cal- 
cite. Occasional fresh olivine 
and ilmeni te. 

PHN 3249 - Bluish grey hardebank with auto- 
liths. 

PHN 2811 - Fine grained with 10- 15% olivine, 
orthopyroxene phenocrysts and rare 
garne t. 

PHN 2732 - Kimberlite with olivine phenocrysts 
and occasional ilmenite and phlo- 
gopite. 

Ultrabasic nodules 

PHN 2848 - Coarse grained rock with olivine, 
sparse purple garnet and traces of 
spinel. 

PHN 1569 - Coarse grained garnet lherzolite, 
olivine slightly serpentinised, 
abundant enstatite, sporadic garnet, 
chromium diopside and chromite. 

PHN 2823 - Green garnet lherzolite with coarse 
grained to tabular texture. Coarse, 
macroscopic, rectangular ortho- 
pyroxene and rounded garnet. Ac- 
cessory chromium diopside and 
phlogopite. 

PHI• 2829 - Highly 'sheared' nodule with garnet 
(up to 4 mm across) and clino- 
pyroxene together making up more 
than 20% of the rock in a fine 
matrix of olivine and clino- 

pyroxene. 

PHN 2771 - Phlogopite rich wehrlite with 
abundant clinopyroxene and olivine 
porphyroclasts. No garnet but 
ilmenite and secondary rutile. 

PHN 2782 - Rock with rounded purple garnets 
and clinopyroxene porphyroclasts 
in a dark olivine mosaic. 

PHN 2814 - Slightly serpentinised coarse 
grained rock with minor clino- 
pyroxene and garnet. 

PHN 2759 - Slightly deformed garnet lherzolite. 
Olivine and enstatite show peri- 
pheral recrystallisation, and garnet 
(4 mm across) mantied by secondary 
phlogopite and spinal. Coarse phlo- 
gopite has granulated margins. 

PHN 2764 - Porphyroclastic garnet lherzolite 
with recrystallised olivine forming 
overgrowths, enstatite is deformed. 

PHN 3040 - Fresh dark grey garnet lherzolite 
with coarse grained texture. Appro- 

ximate mode is 0160,0t•e 2 ,Cpxs,Gt10 Serpentine and magne ø 5 . veinñets. 

Garnet is subangular, olivine is 
coarse (1 cm). 
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SIGNIFICANCE OF URANIUM ABUNDANCE IN UNITED STATES KIMBElLLITES 

Douglas G. Brookins, Richard S. Della Valle and Stephen L. Bolivar 

Department of Geology, University of New Mexico, Albuquerque, New Mexico 87131 

Abstract. The uranium content of some 150 kim- 

betlite samples from United States occurrences has 
been determined by delayed neutron activation 
analysis (DNAA). The DNAA method is much more ac- 
curate and precise than gamma ray scintillation 
techniques; the latter method commonly yields 
equivalent Uranium (eU) values which are 10 to 300 
percent too high. Our U data (by DNAA) combined 
with Th and K data (by DNAA and wet methods) for 
fewer samples yield results in agreement with 
those of investigators who have reported on non- 
United States kimberlites. In general, the U 
abundances in kimberlites are significantly higher 
than for other ultramafic rocks, potassium is 
usually higher, and thorium data are extremely 
variable. U/Th ratios far in excess of 4 are 
C ommoI1. 

Kresten (1974) reported on U abundances in 
some 80 basaltic kimberlites (% = 2.35) and 30 
micaceous kimberlites (• = 4.91 ppm) from non- 
United States occurrences. The U content in the 

former exhibited a positive correlation with 
perovskite. Our study of United States kimber- 
lites indicates that perovskite can only be a 
plausible host for U in kimberlites containing 
little or no carbonatitic calcite. When carbona- 

titic material is present a positive correlation 
between U and several trace elements typical of 
carbonatities is evident although correlation be- 
tween U and 87Sr/86Sr ratios is clear in only 
about 50 percent of the samples. By using com- 
bined 87Sr/86Sr and U data, however, it is pos- 
sible to estimate sedimentary carbonate contamina- 
tion of kimberlites and associated, mantle-derived 
inclusions. 

Data for the Elliott County, KY •f = 2.34 ppm), 
Prairie Creek, AK (• = 21.0 ppm for basaltic 
kimb.; 3.90 ppm for mic. kimb.), Norris Lake TN 
[% = 2.6 ppm), Riley County, KS (• = 4.80 ppm: 
mic. kimb.), Larimer County, WY CO (4.9 ppm: mic. 
kimb.), Elk Creek, NB (11.5 ppm: carb. -kimb.) 
for uncontaminated samples indicate heterogeneous 
and high-U source regions in the mantle and ex- 
treme U/Th segregation prior to final emplacement. 

Introduction 

The uranium content of some 150 kimberlite and 

other ultramafic rock samples from United States 

occurrences has been determined by delayed neutron 
activation analysis (DNAA). The kimberlites in 
particular are enriched in uranium relative to 
ultramafic rock with no apparent kimberlitic 
affinities. Further, there is usually a positive 
correlation between uranium content and the pres- 
ence of carbonatitic material within kimberlites. 

Our data support Kresten's (1974) proposed posi- 
tive correlation between perovskite content and 
uranium abundance only for those kimberlites with 
little or no carbonatitic calcite. When such 

carbonatitic material is present, then any contri- 
bution from perovskite is masked. High uranium 
abundances due to contamination from included or 

host rock material from surrounding host rocks to 
the kimberlite are apparently of local importance 
only for the following reasons: (1) High uranium 
content commonly correlates with carbonatitic 
87-Sr/86-Sr ratios (0.703 to 0.705). (2) The 
mean uranium content for many kimberlites is 
commonly significantly higher than the uranium 
content of the host rocks. (3) Where sedimen- 
tary (or other) contamination is obvious, uranium 
contents are lower than for uncontaminated parts 
of the kimberlites and more or less correlate with 

sedimentary carbonate 87-Sr/86-Sr ratios (0.708 + 
0.002). 

Kresten (1974) has reported on the uranium 
abundances in some 80 basaltic kimberlites •: 
2.35 ppm) and 30 micaceous kimberlites (/•: 4.91 
ppm) from locations outside the United States. 
For the basaltic kimberlites, he reported a posi- 
tive correlation between uranium abundance and 

perovskite content and proposed that uranium sub- 
stituted for calcium in the perovskite. No such 
correlation was apparent for the micaceous kim- 
berlites. Brookins et el. (1976) reported on some 
United States kimberlites and showed that uranium 

commonly correlated with carbonatitic calcite for 
both basaltic and micaceous kimberlites. The 

amount of carbonatitic calcite was identified by 
petrography, distinctive trace element suites, or 
87-Sr/86-Sr ratios in the range 0.703- 0.705. 
Correlation of high total Sr content and low 
87-Sr/86-Sr ratios was noted in only about 50 per- 
cent of the samples studied, however. 

Both Kresten (1974) and Brookins et el. (1976) 
used DNAA for uranium determinations because this 

method is superior to uranium determinations by 
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TABLE 1. Total Uranium and 87Sr/86Sr Data. 

Sample U (ppm•) 87sr./S6sr Sr (ppm)_*. 
A. Elk Creek, Nebraska Location 

ST 936.5 7.30 0.7045 
ST 944 11.42 0.7048 
ST 946 9.12 0.7055 
ST 938.5 5.45 O. 7051 
ST 905 12.12 0.7039 
ST 943A 17.44 0.7040 
ST 952 11.85 0.7032 
ST 929.5A 11.64 0.7030 
ST 921.5 8.19 0.7035 
ST 929 12.58 0.7040 
ST 936 12.40 0. 7055 
ST 916 13.94 0.7067 
ST 913 12.49 0.7085 
ST 943B 15.18 0.7056 
ST 929.5B 12.59 0.7043 
ST 950 10.91 0. 7043 

2940 

1140 

870 
2440 
1490 

1670 

3500 

535 

1020 

1290 

1440 
252 

40 

685 

286 
565 

(*Brookins et al., 1975) 

B. Elliott County, Kentucky* kimberlites 

EL 100 2.73 0.7053 
EL 107 1.63 0.7078 
EL 107-1each 0. 7035 
EL 110 1.84 0.7056 
EL 121 2.15 O. 7025 
EL 225-1 2.61 0.7063 
EL 225-2 2.77 0.7053 
EL 301 2.35 0.7040 
EL 30 4-WR 2.03 0.7059 
EL 30 4-xen. 2.40 O. 7075 

679 

307 

358 

7O8 

796 

603 

(*See Bolivar, 1977; and Bolivar et al., this volume, for more details) 

C. Wyoming-Colorado Diatremes* 

1. kimb erlites 

SD 53a 2.62 0.7061 
SD 53b 2.85 0.7058 
SD 54 5.67 0.7076 
SD 55a 4.69 0. 7185 
SD 55b 5.02 

SD 56a 6.04 0.7156 
SD 56b 6.15 
$D 57a 8.02 0.7059 
SD 57b 8.22 0.7055 

2. inclusions (with kimberlite) 

3-23 cl 1.82 
3-23 c2 1.95 
3-24 d 2.65 
3-25 dl 3.60 
3-25 d2 5.06 

(*See McCallurn, this volume, for more details). 

0.7062 
0. 7048 
0.7053 

1740 

867 

1860 

480 

620 

1530 

1760 
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TABLE 1. (Continued). 

D. Riley County, Kansas kimberlites 

BlO46a 5.32 O. 7040 2200 
BlO46b 4.89 O. 7039 1980 
B1060 4.08 .... 
R1048 3.32 0. 7033 2400 
R1044 3.75 O. 7036 1950 
R1043 7.45 

E. Prairie Creek, Arkansas location* 

Sample U (ppm) 
Ark-A 1.37 

Ark-B 1•.13 
AA 2.70 

BB 1.82 

CC 1.35 
DD 1.76 

FF 1.58 

HH 0.82 

II 2.38 

JJ 1.43 
KK 1.43 

LL 2.62 
MM 1.71 

O0 1.78 

PP 1.61 

QQ 2.09 
RR 1.62 
SS 1.81 

TT 1.49 

UU 1.80 
VV 1.93 

XX 2.21 

ZZ 1.99 

B-5 3.21 

3-1a 1.47 

3-1c 2.45 

3-3b 1.76 

3-9b 1.80 

3-10b 1.25 

3-12 1.36 

3-13 1.19 

3-16 1.73 

3-21 1.65 
3-23b 2.14 

3-29 3.44 

3-34b 1.48 

3-36 2.57 

2-CH 3.41 
2-Crib 3.41 

4-2 1.51 
4-4 2.42 

Brief Description 

kimberlite breccia (YG), weathered 
kimberlite breccia (YG), weathered 
tuff 

kimberlite breccia (YG) 
kimberlite hreccia (blue) 
kimberlite breccia (YG) 
kimberlite breccia (D+H) 
micaceous sandstone (reworked tuff) 
kimberlite breccia (blue) weathered 
kimberlite breccia (blue) weathered 
kimberlite breccia (YG) 
kimberlite breccia (D+H) 
kimberlite breccia (YG) 
kimberlite breccia (blue) 
kimberlite breccia (YG) 
kimberlite breccia (YG, weathered) 
kimberlite breccia (blue) 
kimberlite breccia (D+H) 
kimberlite breccia (YG) 
kimberlite breccia (D+H) 
fine-grained green micaceous breccia, 

weathered 

fine-grained green micaceous breccia 
massive-yellow soil 
fine-grained green micaceous breccia 
kimberlite breccia (YG), surface 

soil sample 
kimberlite breccia, very green, 

sample taken 4' deep 
kimberlite breccia (YG), different 

aliquot of 3-1 
kimberlite breccia (YG), weathered 
kimberlite breccia (YG), weathered 

soil sample 
kimberlite breccia (YG) 
kimberlite breccia (grn. YG), weathered 
kimberlite breccia (YG), weathered 
kimberlite breccia (green YG), weathered 
micaceous peridotite, relatively fresh 

aliquot of sample 3-23 
tuff-float 

kimberlite breccia (YG) 
micaceous peridotite, exterior sand 

fractures filled with CaCO 

fine-grained green micaceous3breccia 
soil sample from Canary Hill 
kimberlite breccia (YG) 
massive yellow soil, probable alteration 

of peridotite 
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TABLE 1. (Continued). 

4-7 2.54 

4-8 3.74 

4-10 1.96 

4-12b 2.32 

4-15 2.58 
4-17 3.30 

4-19b 2.21 

4-20 4.66 

4-20ssa 1.78 

4-20ssb 1.02 

4-21 4.46 

4-22 1.71 
4-23 4.92 
4-24 3.16 

4-25 1.40 

4-26 1.45 
4-27 1.27 

4-28 2.60 

4-29 3.13 

4-30 1.89 

4-31 3.43 

4-32 1.23 

4-34 6.25 
4-36 2.81 
4-B-1 2.78 
4-B-2 2.49 
4-B-3 3.56 
4-MH 2.35 

massive yellow soil, probable alteration 
of peridotire 

massive yellow soil, alteration of 
peridotire taken near creek 

massive yellow soil, alteration of 
peridotite 

micaceous peridotite, fresh but exterior 

and fractures filled with CaCO 3, differemt 
aliquot of 4-12a 

same as ab ore 

massive yellow soil, alteration of 
peridotite 

"fresh" green xenolith out of tuff 
(muds tone? ) 

tuff 

sandstone xenolith from tuff 

as above 

tuff, weathered 
kimberlite breccia (blue) 
tuff, weathered 
massive yellow soil - could be breccia 

or peridotite alteration 
as above 

kimberlite breccia (YG) 
fine-grained green micaceous breccia 
massive yellow soil- probable alteration 

of breccia 

as above, alteration of peridotite 
kimberlite breccia (blue-YG) 
kimberlite breccia (green-YG) 
kimberlite breccia (YG) 
kimberlite breccia (blue) 
kimberlite breccia (blue) 
black soil- surface sample 
as above 

as above 

micaceous peridotire, relatively fresh 

(*See Bolivar, 1977; and Bolivar and Brookins, this volume, for more details) 

other methods. For limited thorium and potassium 
data wide variation for U/Th are noted and K con- 
tents do not correlate well with either U or Th 
although all three elements are higher than in 
ultramafic rocks not associated with kimberlites. 

Analytical Methods 

The analytical methods for the Sr data reported 
in Table One are given by Brookins (1967). For 
uranium analyses, we have chosen the delayed 
neutron activation analysis (DNAA) method as de- 
scribed by Gale (1967) and Cumming (1974) and 
modified for the present study as described by 
Balestrini et al. (1977). The Omega West Reactor 
at the Los Alamos Scientific Laboratory was made 
available for this study. 

The DNAA method is superior to most other 
methods for uranium analyses as pointed out by 
Stuckless et al. (1977). X-ray fluorescence 
methods are not sensitive enough for uranium 
contents in the low ppm range and gamma scintil- 

lation counting is subject to very large uncer- 
tainties even in the presence of small amounts of 
K and Th (Stuckless et al., 1977). The DNAA 
method as used for t•s-•tudy is both accurate and 
precise. Our precision in the 2 to 20 ppm range 
is • 3 p•rcent (2•), • 5 percent in the 2 to 0.5 
ppm range, and • 15 percent in the 0.1 to 0.5 ppm 
range. For samples containing less than 0.1 ppm 
preliminary results indicates our precision to be 
+ 20-25 percent in the 30 to 100 ppb range. Since 
most of our errors result from counting statis- 
tics, increased sample size normally improves the 
precision. Thus while one gram samples are ade- 
quate for most analyses, two- to three-gram 
sa•les are used for samples containing less than 
one ppm. 

Background Information on the Sites 
Chosen for Study 

As part of an on-going study of kimberlites and 
other ultramafic rocks and their cognate xeno- 
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Fig. 1. Calibration Curve for Llranium Analysis 
by Delayed Neutron Activation Analysis CDNAA). 
Standards used include U.S.G.S. samples plus 
standards prepared at the Los Alamos Scientific 
Laboratory where uranium content was determined 
by isotope dilution. 

liths of the mid-Continental and United States we 

have been systematically analyzing samples for 
their Rb, Sr systematics in conjunction with de- 
tailed mapping and geophysical studies plus 
petrography for several years. The present study 
integrates some previously reported Sr data with 
U data. Th, REE and related data are in progress. 

The Prairie Creeks. Arkansas and Elliott County, 
Kentucky locations have been described thoroughly 
by Bolivar (1977) and elsewhere in this volume 
(Bolivar and Brookins) and the Larimer County, 
Wyoming and Colorado diatremes are also described 
in this volume (McCallurn and Eggler). 

The Riley County, Kansas kimberlites are lo- 
cated along the southwesternmost extention of the 
mid-continent gravity high extending from the 
Lake Superior region. The kimberlites exhibit 
magnetic characteristics indicating structural 
control by the northeast trending, basement tec- 
tonic elements (Brookins and Meyer, 1974); they 
are in close proximity to both the Nemaha and 
Abilene anticlines of the north-central Kansas. 

They are not located on the east-west trending 
"38th Parallel" lineament described by .Sny. der and 
Gerdemann (1965) (Re: popular misconceptions on 
this point). The Riley County kimberlites contain 
a typical suite of forsteritic olivine, chrome 
diopsides, pyropic garnet (and knorringite?), Mg- 
ilmenite, perovskite, phlogopite plus abundant 
carbonatite. Xenoliths from these kimberlites 

have been studied by Brookins (1970; 1971), Meyer 
and Brookins (1971; 1965), Brookins and Wood 
(1970). 

The Elk Creek, Nebraska carbonatite also lies 
close to the axial trace of the mid-continent 

gravity high (Brookins et al., 1975; Treves et al., 
1972a,b). It is not exposed at the surface but 
inspection of drill cores and isotopic and other 
geochemical studies (Brbokins et al., 1975; 
Treves, 1972) have shown it to be a carbonatite 
with minor kimberlitic material mixed with it. 
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The diatremes near Avon, Missouri have been the 
subject of controversy for some time; recently 
Mansker et al. (1976) have summarized earlier work 
on the eighty or so diatremes, dikes and breccias 
known from southeastern Missouri. They report 
that, while many of the ultramafics are more 
typical of mica peridotites than other ultramafic 
rocks, some do possess kimberlitic affinities. 
The Avon diatreme, in particular, has been shown 

to contain two generations of forsteritic olivine, 
phlogopite, minor ilmenite, clinopyroxene, Cr- 
spinel, Ti-magnetite, and a suite of xenoliths 
including carbonatites, pyroxenites, serpentinized 
dunite (?) and others. Garnet has not been ob- 
served, however. The serpentine-olivine relations 
indicate that serpentinization occurred at depth, 
as serpentine and magnetite veinlets within ser- 
pentine after olivine are offset by kink bands 
assumed to accompany shock processes before and/or 
during emplacement. Some of the carbonate-rich 
xenoliths are interpreted as carbonatitic based on 
low 87Sr/86Sr ratios from 0.7033 to 0.7049. These 
carbonatitic nodules were highly reactive with the 
ultramafic silicate host and yielded xonotlitic + 
salitic pyroxene + phlogopite in places. Fluid 
inclusion temperatures for the carbonatitic nod- 
ules vary from 291øC to 306øC (Mansker et al., 
1976) which agrees with the local thermal meta- 
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Fig. 2. Prairie Creek, Arkansas Location; 
frequency versus uranium content for various 
rock types. Symbols: K = kimberlite, Y = 
yellow, W = white, Mic. = micaceous, B1. = 
blue, Br. = breccia, mas. = massive, Per. = 
peridotire, Kim. soil = soil developed in 
situ over kimberlite, car. = carbonatit•, 
d'un. = dunite. 
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Fig. 3. Frequency plot of uranium content in 
rocks from several locations. Symbols: KS. = 
Kansas, kim. = kimberlite, Ls- limestone, 
KY- Kentucky, NL = Norris Lake (Tennessee), 
W-C = l{yoming-Colorado, inc. = inclusion. 

morphism of the intruded country rock. 
Preliminary results show that calcite-rich 

samples yield U = 2.5- 5.5 ppm while serpentine 
yields 0.5- 1.3 ppm (unpub. data). 

Discussion 

Kresten (1974) and Brookins et al. (1976) have 
pointed out that many ultramafic nodules from kim- 
berlites and related rocks are uranium poor; 
uranium contents in the 10 to 100 ppm range are 
not unusual. Many of these ultramafic nodules 
have been proposed to be genetically linked to the 
host kimberlite, and it should therefore be possi- 
ble to predict not only uranium but many other 
trace element contents in kimberlite formed as a 

partial melt product of garnet peridotites, 
eclogites, etc. However, considering the ex- 
tremely high partition coefficients between some 
of the typical uranium-rich accessory minerals in 
kimberlites such as zircon (e.g., Uzircon/Uliquid 
= 100; Kresten, 1974) plus the preferential en- 
richment of uranium in the liquid relative to 

clinopyroxene (e.g., Ucpx/Uliquid = 0. 012; 
Kleeman and Lovering., 1973), the high uranium con- 
tent of xenoliths of kimberlite is attributed to 

enrichment due to the presence of a 'special' 
vapor or fluid phase not necessarily linked 
directly to the kimberlite. 

Even many continental basalts, for example, 
contain less than 1 ppm uranium (a range from 400 
ppb to 1.3 ppm for sixty Quaternary basalts has 
been obtained by the author; report in progress). 

For basaltic kimberlites, Kresten (1974) makes 
a strong case for U:Ca diadochy in perovskite to 
account for the uranium content noted. His argu- 
ments are based on the facts that there simply is 
not enough high-U zircon present and high-U 
apatites are not only scarce but clearly due to 
late stage processes such that the source of 

uranium must be due to other minerals. Since 

olivines and pyroxenes (and their serpentinized 
products) are notoriously U-poor, then the uranium 
must be, in the absence of any carbonate phases, 
due to some ubiquitous accessory mineral such as 
perovskite. By careful size analysis and correla- 
tion of high uranium content with the perovskite- 
rich fraction, Kresten (1974) is able to demon- 
strate that, for Lesotho kimberlites, perovskite 
must be the source of most of the kimberlitic 

uranium. At the same time, however, perovskite 
as the essential carrier for uranium in micaceous 

kimberlites (many of which are carbonatitic) is 
not demonstrated and the source of the higher 
uranium contents is unknown. 

A convenient explanation for the enrichment of 
any (or many) trace elements in kimberlites is 
that of contamination, although the suspected con- 
taminant is usually left oat of the ensuing dis- 
cussions unless easily recognizable. For our 
studies we have commonly chosen to attempt to 
monitor contamination from suspected sedimentary 
crustal material by inspection of both total Sr 
and 87Sr/865r ratios. Earlier work (Brookins, 
1970; Brookins et al., 1976) has shown, however, 
that while many carbonatites possess high total 
$r and low (i.e., 0.703 - 0.705) 87Sr/865r ratios 
and Phanerozoic sedimentary carbonate-rich rocks 
possess lower (150 to 660 ppm) total Sr and higher 
(0.7065 - 0.7100) 87Sr/86Sr, the carbonate frac- 
tions of many kimberlites do not always reflect 
such a clear distinction of source of their car- 

bonates on a basis of material balance between 

carbonatite and sedimentary carbonates. Indeed, 
very high 87Sr/86Sr (i.e., to 0.72) ratios, even 
in the presence of total Sr in excess of 1000 ppm, 
are occasionally noted. It must be emphasized, 
however, that such exceptions are relatively rare. 
When carbonatitic material is obviously evident 
based on petrography, chemical studies, etc., then 
there is usually a clear distinction between car- 
bonatitic material (high Sr, low 87Sr/86Sr) and 
sedimentary carbonate material (lower Sr, higher 
87Sr/86Sr) with intermediate Sr and 875r/86Sr 
values usually explainable in terms of simple 
mixing of carbonatitic and sedimentary carbonate 
material such as noted in groundmass carbonates of 
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Fig. 4. Frequency plot of uranium content for samples 
from the Elk Creek, Nebraska location. 
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TABLE 2. Uranium Content of Kimberlites 

Lo cali ty_ 

Elliott Co., 
Kentucky 

U (ppm) Number of 
Range Mean Samples 

1.5 - 3.1 2.33 11 

Prairie Creek, 
Arkansas: 

a) mic. peridotite 1.6 - 2.8 
b) kimb. breccia 0.9 - 2.3 
c) tuff and kimb. soil 2.2 - 5.9 
d) carb. kimb. 5.0 - 6.2 

Norris Lake 

Tennessee 2.0 - 2.9 

Riley Co., 
Kansas 4.2 - 5.7 

2.35 14 
1.97 75 
3.58 17 
5.62 6 

2.52 4 

4.80 6 

Larimer Co., 
Wyoming Colorado 
a) inclusions 
b ) kimb erlite 

Elk Creek, 
Nebraska 

1.8- 2.6 
2.6 - 8.0 

1.35 5 

5.25 11 

5.1 - 17.9 11.54 

Non-U. $. 

a) bas. kimb. 0.5 - 4.5 2o35 
b) mic. kimb. 2.5- 12.5 4o91 

References 

This study 

This study 
This study 
This study 
This study 

This study 

Brookins et al. 

(•) 

ibid. 

ibid. 

16 ibid. 

82 Kresten (1974) 
89 ibid. 

the Riley County, Kansas kimberlites (Brookins, 
1967). 

Attempts at monitoring contamination by carbon 
and oxygen stable isotopic variations have been 
only partly successful. Deines and Gold (1973) 
have shown that while the carbon in carbonatites 

in association with kimberlites is commonly due 
to deep sources, the oxygen isotopic variations 
are so extreme as to preclude use of this param- 
eter alone for attempting quantitative material 
balance between carbonatitic and sedimentary car- 
bonate materials. 

In our (Bolivar and Brookins, this volume) 
study of the Prairie Creek, Arkansas ultramafic 
rocks, another complexity results from the fact 
that when only small amounts of carbonatitic cal- 
cite are present, 87Sr/86Sr ratios are difficult 
to use in conjunction with other trace element 
studies. During leaching of serpentinized samples 
(Bolivar, 1977) with dilute HC1, for examples, it 
was found that leaching with 0.1 N HC1 for fifteen 
minutes released Sr with 87Sr/86Sr in the range 
0. 704-0. 706 whereas continued leaching with 2 N 
HC1 for an additional 30 minutes released Sr with 

87Sr/86Sr ranging from 0.705 to 0.711 (mean for 
thirty samples: 0. 7073). This was interpreted 
to indicate that the 2 N HC1 released non-carbon- 

ate Sr of higher 87Sr/86Sr from relatively loose- 
bonded sites in silicates. Significantly, the 
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0.1 N HC1 did not leach Rb whereas the 2 N HC1 

did. A further implication from this study was 
that the first leached, carbonatitic material was 
probably mixed in some mechanical fashion, without 
homogenization with the silicate material. This 
is important when discussing the trace element 
contents of kimberlites. 

Our data for basaltic kimberlites do not con- 

tradict Kresten's (1974) findings. Although we 
cannot unequivocally equate uranium content with 
perovskite, high perovskite is noted in thin sec- 
tion for samples with high uranium contents in 
some cases (Bolivar, 1977). Often, however, the 
altered nature of the samples makes such a corre- 
lation difficult to impossible. It must be empha- 
sized, however, that the nature of the alterations 
suggests pre-emplacement processes such that con- 
tamination form surrounding surface rocks is not 
suspect. Where data are available (Bolivar , 1977; 
Brookins, unpub. data), the country rocks commonly 
contain lower uranium contents than the kimber- 

lites. Further, for fractures in Riley County, 
Kansas kimberlites filled with sedimentary-derived 
calcite, the uranium content varies from 0.8 to 
1.5 ppm. 

A close correlation between phlogopite-bearing 
kimberlites and suspected carbonatitic material is 
common. In such occurrences, there also exists 
close correlation between uranium and carbonate 
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content. That this is the case is clearly shown 
in the data presented in Table One. For those 
occurrences where abundant carbonatitic material 
has been documented such as at Elk Creek, Nebras- 
ka, Riley County, Kansas, some of the Larimer 
County, Wyoming-Colorado sites, etc., high uranium 
contents are noted. Even when the suspected car- 
bonatitic material content is lower (i.e., Elliott 
County, Kentucky, Prairie Creek, Arkansas, Norris 
Lake, Tennessee, Avon, Missouri) the uranium con- 
tent varies as the ratio of carbonatite/kimberlite 
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GEOPHYSICAL AND Rb-Sr STUDY OF THE PRAIRIE CREEK, AK KIFfBERLITE 

Stephen L. Bolivar 

Los Alamos Scientific Laboratories, Los Alamos, New Mexico 87545 

Douglas G. Brookins 

Department of Geology, University of New Mexico, Albuquerque, New Mexico 87131 

Abstract. Whole-rock and mineral-separate 
chem•ical analyses, uranium whole-rock analyses, 
and Rb-Sr systematics have been determined for 
the Prairie Creek, Arkansas intrusion. In addi- 
tion, petrologic data and detailed field investi- 
gations, completed as part of a joint University 
of NM:Purdue University study of mid-continental 
USA kimberlites, allow the following interpreta- 
tion. The Prairie Creek intrusion is character- 

ized by three rock types: micaceous peridotite, 
clearly distinguishable by magnetic data, and 
kimberlite breccia and associated tuff, not 
distinguishable by magnetic data. Detailed 
mapping and geophysical data suggest the sequence 
of intrusion to be' kimberlite breccia, charac- 
terized by a 'typical' diatreme shape; micaceous 
peridotite, a shallow vertical intrusion of 
variable thickness; and scattered patches of tuff 
containing fragments of reworked breccia and 
peridotite. 

Sixty-five Prairie Creek analyses range from 
0.7058 to 0.7132 with an arithmetic mean of 

0.7094. Variability of 87Sr/86Sr total Sr and 
Rb is attributed to both sample inhomogenity and 
heterogeneous source regions. The rocks are un- 
dateable by the Rb-Sr whole rock method and 
leaching treatment with 0.1N HC1 does not resolve 
this problem. Preliminary data for Prairie 
Creek montmorillonite samples suggest that the 
age of intrusion for this complex may be suc- 
cessfully determined by analyses of clay minerals. 

Introduction 

In the continental United States, kimberlites 
occur in at least 12 states (Meyer., 1976). Un- 
fortunately, the available literature is insig- 
nificant for most midcontinental occurrences. For 

example, there are very few geochemical, geo- 
physical or isotopic data for the best known 
kimberlite in the United States, the diamond- 
bearing kimberlite at Prairie Creek, Arkansas. 
Our study provides details of the geology, geo- 

physics, geochemistry and Rb and Sr systematics 
of the Prairie Creek intrusion. 

Location 

The Prairie Creek intrusion, near Murfreesboro, 
Arkansas is the only commercial diamond-bearing 
kimberlite in North America. After diamonds were 

discovered in 1906, several mining ventures were 
undertaken but all ended in failure. Today the 
area is a state park and tourists are allowed to 
look for diamonds for a modest fee and several 

hundred are reported found each year (J. Cannon, 
personal communication, 1976). 

The study area lies on the northern edge of the 
Gulf Coastal Plain, just south of the Ouachita 
Mountain region. The rocks in this area are sedi- 
mentary and dip gently to the south, with very 
little surface structure observed. A strati- 

graphic column is given in Table 1. The intrusion 
has been dated from field relationships as mid 
Cretaceous (Miser and Ross, 1923; Bolivar, 1977). 

Petrology and Mineralogy 

The igneous intrusion, covering 0 3 km 2 at 
Prairie Creek, Arkansas is characterized by three 
rock types; a kimberlite breccia, a micaceous 
peridotite, and an associated tuff (Fig. 1). The 
kimberlite breccia covers the eastern part of the 
study area, comprising about 40% of the total 
intrusion. The shape of this unit is oval-like 
over 480 m long in a northeast-southeast direction 
and about 240 m wide. The breccia is an extremely 
variable porphyritic rock that weathers through 
blue-green-yellow decomposition products to a 
black gumbo soil. Veins of quartz (some amethyst), 
fluorite, and barite cut this unit. The breccia 
is extremely weathered and serpentinized to at 
least 70 m and its true mineralogy is unknown 
(Thoenen et al., 1949). The breccia was divided 
into 6 subunits: 1) a yellow-green unit which 
represents the majority of the breccia exposed, 
2) a blue-green unit that occurs in scattered 
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TABLE 1. Comparison of Igneous Rock Types for the Prairie Creek Intrusion 

$tratig. raphic .Column Igneous Intrusions 

Qua tern ary A1 luvi um 

Terrace Deposits 

unconformity 

Tuff and reworked tuff 

Upper 

Cretaceous Tokio Fm. 

IGNEOUS INTRUSIONS Micaceous Peridotite 

Lower 

Cretaceous Trinity Fm. 

Carboniferous 

unconformity 

Jackfork sandstone 

a) massive yellow clay 

Kimberlite breccia 

a) fine-grained green micaceous 
b) massive yellow clay 
c) yellow-green 
d) b lue-green 
e) D &H 

patches, 3) a green unit, very difficult to dis- ultimately weathers through a massive yellow-clay 
tinguish from yellow and blue varieties, 4) a to a black gumbo soil (very similar to the breccia 
relatively indurated breccia, designated D&H, yellow-clay). Secondary coatings of carbonate, 
5) a massive yellow clay soil, which is an obvious kerolite, barite and serpentine veins are found. 
decomposition product of breccia and 6) a fine- 
grained, green, micaceous breccia, which appears 
to be a transitional unit between breccias and 

tuff. The blue-green may represent "fresher" 
material that ultimately weathers to a yellow 
breccia although blue-green units (as do other 
subunits) grade laterally into each other. This 
suggests, in addition to chemical variations, the 
possibility of multiple intrusions (pulses) over 
a short period of time. In thin section the 
breccia is characterized by serpentinized olivine 
phenocrysts in a groundmass of serpentinized 
olivine and phlogopite with minor amounts of 
spinel, perovskite, secondary biotite, chlorite, 
and secondary calcite. The lack of magnesian 
ilmenite, enstatite, and chrome diopside and the 
rarity of garnet suggest that this rock is not a 

In thin section the peridotite has a porphyritic 
texture with phenocrysts of subhedral, partially 
serpentinized olivine (Fo 92) in a groundmass of 
phlogopite, serpentine and diopside with minor 
amounts of perovskite, pyrite, amphibole and 
magnetite. Phlogopite, which alters to chlorite, 
may reach a maximum dimension of I mm and 
polikilitically encloses opaques, olivine and 
small, acicular needles of diopsi•e. Spinels are 
rimmed by magnetite. 

The tuff, an extremely variable unit blue-gray 
in color, occurs in scattered patches throughout 
the study area but the major exposure is confined 
to West Hill. The tuff probably formed by frag- 
mentation of peridotite or breccia or both after 
the initial intrusion, with tuffaceous material 
from the intrusion washing back into the crater, 

true kimberlite in the "strictest sense" (Mitchel• forming sedimentary features such as flow textures 
1970); however, the observed mineralogy is not 
believed to be representative of the original 
composition because of the extreme alteration of 
the breccia. 

The micaceous peridotite crops out in the 
northwestern half of the study area, comprising 
Middle and East Hills. This unit occurs in an 

oval-like pattern, about 600 m long in a north- 
east-southwest direction, about 240 m wide, com- 
prising about half of the total intrusive exposed. 
Small intrusions of peridotite were also noted 
intruding the breccia in the southwest part. The 
peridotite is a hard, black to dull brown, 
porphyritic rock containing olivine phenocrysts 
that occur as altered black grains. This rock 

and graded bedding. In thin section the tuff 
contains quartz, potassic feldspar and biotite in 
a groundmass of chlorite, serpentine and clay 
material. Reworked tuff contains up to 50% 
quartz. 

All three rock types contain xenoliths of 
sandstone and shale but the tuff contains the 

majority of inclusions, including rare xenoliths 
of kimberlite breccia and peridotire. 

Chemistry 

The whole rock and uranium chemistry have been 
discussed by Bolivar (1977) and Brookins et al. 
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TABLE 2. Chemical analyses and CIPW norms for selected Prairie Creek rocks 

A. Tuffs 1 2 3 4 

SiO2 60.24 62.73 54.52 44.77 
A1203 5.40 6.01 4.85 4.34 
Fe203 3.24 2.44 3.70 4.29 
FeO 1.64 1.82 1.88 1.59 

MgO 7.10 6.35 8.95 15.40 
CaO 5.48 3.54 6.33 6.59 

Na20 1.52 1.52 1.96 0.74 
K20 5.82 7.50 5.84 5.50 
H20+ 0.39 1.47 0.28 1.96 
H20- 0.56 0.88 1.06 1.39 
TiO 2 1.81 1.30 2.32 2.16 
P205 2.15 2.30 3.50 1.21 
MnO 0.13 0.11 0.13 0.16 

CO 2 4.46 2.22 5.00 9.90 
SrO 0.07 0.05 0.13 0.10 
S 0.16 

Total 100.17 100.24 100.45 100.10 

Q 21.90 24.84 15.04 0 
Or 31.54 34.73 28.34 26.71 
Ab 0 0 0 0 

An 0 0 0 0 
Lc 0 0 0 0 
Ne 0 0 0 0 

Kp 0 0 0 0 
Si 11.33 2.26 7.36 21.94 

Hy 15.38 18.58 22.77 25.44 
O1 0 0 0 8.65 

Ac 9.70 7.20 11.04 5.99 
Mt 0 0 0 0 

I1 2.65 1.92 3.34 3.06 
Hm 0 0 0 1.87 

Ap 4.83 5.09 7.83 2.85 

CaTiSiO 4 0.09 0 0.19 0.50 
Pr .15 0 0 0 

Ru 0 0 0 0 

Ks 1.58 3.65 2.58 2.98 

Ns 0.76 1.63 1.51 0 
Cs 0 0 0 0 

Mg/Mg+Fe .74 .74 .75 .83 
Total Fe as FeO 4.56 4.02 5.21 5.45 

1. P.C. 3-33 Tuff 

2. P.C. 2-W4 (BBB) Tuff 
3. P.C. 4-!9 Tuff 

4. P.C. 4-#5 Tuff 

(1977) and will only be briefly discussed. Whole 
rock analyses and CIPW norms are listed in 
Table 2. 

Kimberlite breccia, micaceous peridotite and 
tuff are distinguished from each other by their 
SiO 2 contents (%): 44, 40, and 55, respectively. 
All rock types show considerable variations in 
the major oxides, but the peridotite contains 
greater FeO, CaO, TiO 2 and MgO than the breccia 
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and the tuff contains greater CaO, K20, Na20 and 
A1203 than the breccia. 

The kimberlite breccia is hypersthene normative, 
the micaceous peridotite is olivine normatire and 
the tuff is quartz normative. The breccia is 
classified as lamprophyric (Brookins, 1970). 

The relationship between the micaceous perido- 
tite and kimberlite breccia is not fully under- 
stood, although their similar whole rock chemistry 
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B. Breccias 1 2 3 4 5 6 

SiO 2 44.32 44.30 46.50 43.45 43.59 44.04 
A1203 3.80 3.65 4.20 3.67 4.10 4.52 
Fe203 5.95 5.26 5.82 7.18 7.43 6.10 
FeO 1.15 1.04 1.18 0.81 0.57 0.82 
MgO 20.00 22.40 19.20 21.70 20.85 16.90 
CaO 4.15 3.60 3.70 2.95 2.76 5.24 
Na20 0.50 0.16 0.23 0.13 0.20 0.14 
K20 3.07 1.66 2.75 1.48 1.77 1.02 
H2 O+ 0.30 3.36 0.58 2.76 0.74 1.70 
H20- 3.62 6.25 5.44 6.49 5.02 4.70 
TiO 2 2.22 2.20 2.12 2.38 2.44 1.70 
P205 1.85 1.45 0.95 1.15 1.06 2.94 
M_nO 0.11 0.05 0.12 0.11 0.08 0.20 
CO 2 8.85 4.22 7.27 5.15 9.01 10.02 
SrO O. 07 0.09 0.06 0.09 0.09 .08 
Total 99.96 99.69 100.12 99.50 99.21 100.12 

Q 0 0.87 2.99 
Or 20.24 11.02 18.29 
Ab 2.91 1.61 2.33 
An 0 4.88 2.60 
Lc 0 0 0 
Ne 0 0 0 

Kp 0 0 0 
Di 5.22 0.77 6.90 
Hy 52.33 69.11 56.23 
O1 5.01 0 0 
Ac 1.68 0 0 

Mt 0 0 0 

I1 2.18 1.90 2.27 
Hm 4.21 4.12 4.57 

Ap 4.32 3.41 2.24 
CaTiSiO 4 1.91 2.32 1.58 
Pr 0 0 0 

Ru 0 0 0 

Ks 0 0 0 

Ns 0 0 0 

Cs 0 0 0 

Mg/Mg+Fe .85 .87 .84 
Total Fe 

as FeO 6.50 5.77 6.42 
, 

1. P.C. 3-9 Blue Kimberlite breccia 

2. P.C. 3-18 Blue Kimberlite breccia 

3. P.C. 3-8 Yellow green Kimberlite breccia 
4. P.C. Ark CYellow green Kimberlite breccia 
5. P.C. 3-7 Yellow green Kimberlite breccia 
6. P.C. 3-1 Yellow green Kimberlite breccia 

2.12 2.10 12.21 

10.0 12.01 7.15 
1.33 2.06 1.49 
5.79 5.81 8.31 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

68.51 66.10 55.35 

0 0 0 

0 0 0 

0 0 0 

1.63 1.16 1.88 
5.72 5.95 5.04 
2.75 2.55 7.29 

1.58 1.34 0 

0 0 0 

0.55 0.93 0.47 

0 0 0 

0 0 0 

0 0 0 

.84 .84 .83 

7.27 7.26 6.31 
, , , 

implies a genetic relationship. Harker variation 
diagrams (Bolivar, 1977) suggest that the kimber- 
lite may be a differentiated product of the peri- 
dotite, although field relationships suggest that 
the kimberlite intrusion occurred before the 

peridotite intrusion which is in conflict with 
interpretations of previous workers. The sequence 
of intrusion is believed to be (supported by geo- 
physical data) kimberlite breccia, micaceous 
peridotite and then tuff. 

Geophysical Study 

Because of limited field exposure and the 
extremely weathered nature of the kimberlite, 
magnetic and gravity surveys were undertaken. A 
total of 120 permanent stations were surveyed for 
location and elevation at 30 to 150 m spacings. 
Temporary stations were then set up at 15 to 30 m 
intervals. Magnetic measurements were taken at 
all stations, gravity was taken at permanent 
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C. Miscellaneous Rocks 

1 2 3 4 5 6 7 8 

SiO 2 38.34 40.33 39.26 
A1203 5.10 4.00 3.97 
Fe203 7.37 5.31 6.48 
FeO 5.40 2.65 1.81 

MgO 18.70 26.00 24.55 
CaO 3.19 4.61 5.32 

Na20 0.24 0.48 0.36 
K20 1.42 2.80 2.41 
H2 O+ 2.25 0.40 1.02 
H20- 4.95 0.48 2.59 
TiO 2 3.80 2.47 2.68 
P205 0.85 0.40 .21 
MnO 0.15 0.12 .12 

CO 2 8.16 9.32 8.86 
SrO .14 0.09 .12 

S .O9 O.09 

Total 100.15 99.55 99.75 

38.78 42.90 41.48 38.04 37.09 
3.38 3.75 3.72 3.84 3.69 
7.03 3.48 7.47 5.01 4.61 
1.34 4.25 0.88 4.52 8.36 

28.00 27.50 22.25 27.80 26.50 
5.04 4.20 3.63 4.68 5.10 
0.22 0.28 0.84 0.23 0.19 
2.13 4.00 1.80 3.40 2.30 
0.43 0.54 0.12 0.33 3.18 
1.59 0.48 3.01 1.45 1.52 
2.61 2.48 2.92 2.10 2.50 
0.38 1.01 1.22 0.40 0.28 
0.13 .12 0.10 0.14 0.16 
9.38 5.00 9.94 7.43 4.33 
0.12 .11 0.13 0.11 0.11 

.09 

100.56 100.19 99.51 99.48 99.92 

Q 0 
Or 9.87 

Ab 2.54 

An 10.17 

Lc 0 

Ne 0 

•p 0 
Di 1.89 

Hy 57.50 
O1 1.72 

Ac 0 

Mt 5.56 
I1 6.23 

Hm 2.34 

Ap 2.09 
CaTiSi04 0 
?r .09 
Ru 0 

Ks 0 

Ns 0 

Cs 0 

Mg/Mg+Fe .74 
Total Fe 

as FeO 12.03 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

0 0 

17.55 15.57 

4.57 3.53 

0.52 2.30 

0 0 

0 0 

0 0 

16.98 18.71 

2.96 5.72 

48.51 44.27 
0 0 

1.11 0 

3.65 3.27 

3.19 4.94 

0.89 0.48 

0 1.22 

0.08 0 

0 0 

0 0 

0 0 

0 0 

.86 .85 

7.43 7.64 

0 0 0 0 0 
13.33 20.56 11.89 4.32 6.77 

2.09 0 8.43 0 0 
2.06 0 1.19 0 2.55 
0 0 0 13.32 6.04 
0 0 0 0.55 1.08 
0 0 0 0 0 

14.84 11.68 2.64 17.45 17.99 
4.86 9.96 42.79 0 0 

52.21 46.26 18.41 54.35 56.20 
0 2.02 0 1.00 0 
0 2.90 0 5.09 5.08 
2.42 3.47 1.70 3.05 3.67 
5.19 0 5.82 0 0 
0.84 2.12 2.85 0.87 0.62 
2.16 0 4.27 0 0 
0 .08 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 

.87 .87 .84 .85 . 79 

7.67 7.38 7.60 9.03 12.51 

P.C. R Massive yellow clay soil 
P.C. 3-25 Micaceous Peridotite 

P.C. B-11 Micaceous Peridotite 

P.C. 4-16 Micaceous Peridotire 

P.C. 3-23 Micaceous Peridotite 
P.C. 3-20 D+H kimberlite breccia 
P.C. 4-12 Micaceous Peridotire 

P.C. 4-18 Micaceous Peridotite 

stations only. All magnetic observations were 
made in a total field intensity Geometric Portable 
Proton Precision Magnetometer (• 1 gamma). Diur- 
nal corrections were made hourly. 

Gravity measurements were made with a Worden 
Gravity Meter Model 125-Pioneer (• 0.01 mgal). 
Instrumental, tidal, free air and Bouguer correc- 
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tions were made, terrain corrections were not. 
A regional Bouguer gravity map and regional 

total field intensity magnetic map (covering about 
10 km 2 each) did not indicate any regional anoma- 
lies associated with the Prairie Creek intrusion 

(Bolivar, 1977). The total gravity anomaly over 
the Prairie Creek intrusion was only 0.5 mgal, 
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Fig. 2. Total magnetic field map of the Prairie Creek Intrusive. 

suggesting the intrusion is very shallow. The 
gravity data will not be further discussed in 
this paper. 

The detailed total magnetic intensity map 
(Fig. 2) is dominated by several highs in the 
northwestern half that reach a maximum of 900 + 

gammas. Magnetic profiles were examined and 
showed that magnetic highs occur only over the 
micaceous peridotite. 

Discussion 

A detailed geologic map combining geophysical 
data and field relationships is given in Fig. 1. 

Magnefic anomalies are generally caused by 
differences in magnetic susceptibility which, in 
general, reflect the magnetite content of the 
rock. Igneous rocks are commonly more magnetic 
than sedimentary rocks. Magnetic intensity is an 
inverse square function; therefore the distance of 
any magnetic body from a magnetometer affects the 
size of the anomaly. Consequently, the intrusion 
of basic igneous rock into sedimentary rock would 
be expected to produce an anomaly. 

Qualitative interpretation of magnetic and 
gravity data suggest the micaceous peridotite is 
a shallow, almost vertical, intrusion of slightly 
variable thickness, dipping slightly to the south. 
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klmberlite 

Fig. 3. Hypothetical schematic cross section of the Prairie Creek intrusion (scale exaggerated). 

Small intrusions of peridotite in the southeast 
(Fig. 2) are believed to represent small apophyses 
of the large peridotite intrusion. Magnetic and 
gravity readings for one anomaly were taken at 3 m 
intervals for 30 m traverses for north-south, 
east-west, northeast-southwest, northwest-south- 
east legs, respectively. The gravity data reveal 
no anomaly but the magnetic data confirm the above 
interpretation. 

with a dual electrometer and a strip chart re- 
corder. The 87Sr/86Sr ratios were determined on 
all samples; total Rb and Sr were determined by 
isotope dilution using 84Sr and 87Rb enriched 
spikes. Detailed analytical procedures and 

theories are •iven in Bolivar (1977). The preci- 
sion in 87Sr/•6Sr is gen-•-•rally + 0.01% (1•) or 
better. The accuracy of the data was established 
by Eimer and Amend standards (87Sr/86Sr = 0.7080 

Boundaries of the peridotite define (Fig. 1) an + .0003, 1•) and U.S.G.S. standard determinations 
elongated oval shape, about 600 m long (northeast- (+_ 1%). 
southwest) and 240 m wide. By comparison, the 
kimberlite breccia is not clearly distinguishable 
by magnetic data but field relationships suggest a 
similar oval shape, southeast of the peridotite, 
about 480 m long (northeast-southwest) and 240 m 
wide. The tuff is indistinguishable from the 
breccia and country rock and has been mapped by 
field occurrence only. The relative magnetite 
content of the breccia, tuff and country rock 
(alluvium and Cretaceous conglomerates, sandstones 
and clays) apparently is very similar explaining 
why these rocks were indistinguishable using 
magnetic data. Using the above data and field 
relationships, a hypothetical schematic cross 
section of the Prairie Creek has been constructed 

(Fig. 3). 

Rb-Sr Isotopy 

Ana.lyt ical Methods 

Before analyses were conducted on selected 
whole rock samples, thin sections were examined 
for "freshness" on the basis of the criteria of 

Barrett and Berg (1975), independent of isotopic 
results. 

All mass-spectrometric measurements were made 
using a 12 inch 90 degree sector, solid source, 
single filament Nuclide mass spectrometer equipped 

Re s ult s 

Prairie Creek whole rock 87Sr/86Sr ratios for 
all rock units average 0.7094 as shown in Figure 
4. Kimberlite breccia (not including micaceous 
varieties) yield an average of 0.7092, with total 
Sr 1515-1253 ppm and total Rb 95-196 ppm and 
micaceous peridotite averages slightly lower 
(0.7089) with total $r = 1015-1241 ppm and total 
Rb = 155-204 ppm. The D&H kimberlite breccia 
averages 0.7076 for the five freshest samples. 
Rb/$r values for kimberlite breccia vary from 0.11 
to 0.29, micaceous peridotite vary from 0.13 to 
0.19 and tuff from 0.09 to 0.21. Ratios for fine- 

grained micaceous breccia vary from 0.31 to 0.36. 
Plots of Sr versus Rb, 87Sr/86Sr versus $r, 

87Sr/865r versus Rb, Rb versus K20 , and 875r/865r 
versus SiO 2 were made and there does not appear 
to be any relationship between total Sr and total 
Rb. The plot of 87Sr/86Sr versus $r showed a 
faint suggestion of an inverse hyperbolic re- 
lationship between the two parameters, the highest 
ratios corresponding to the lowest Sr content for 
the kimberlite breccia and tuff, but not for the 
peridotite. If 87Sr/86Sr versus 1/Sr is plotted, 
there is a vague positive slope correlation. For 
87Sr/86Sr versus $i02 only the plot of the tuff 
samples (a total of 4) suggest a positive corre- 
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Fig. 4. Histogram-frequency plot of Sr/ Sr, from Prairie Creek rocks. 
The peridotite total for eight samples (*) does not include two extremely 
weathered samples with 0.7120 and 0.7132 ratios. The D+H breccia total 
for five samples (**) does not include two extremely weathered samples 
with 0.7102 and 0. 7104 ratios. The average for 52 samples (not including 
* and **) is 0.7094. 

lation. Kudo et al. (1971) and Faure and Powell 
(1972) state that these relationships (i.e., a 
positive correlation for 87Sr/86Sr versus Si02 and 
an inverse hyperbolic correlation for 87Sr/86Sr 
versus St) suggest, but do not prove, contamina- 
tion. Samples highest in 87Sr/86Sr and low in 
total Sr support this hypothesis. There does not 
appear to be any definite relationship between 
87Sr/86Sr and Rb for any of the samples analyzed. 
If there has been no loss or gain of Rb one would 
expect a linear relationship for Rb versus K20, 
but such a relationship is absent for the samples 
analyzed. 

Leach Studies 

An extensive leach program using dilute HC1 
was undertaken to try to reduce the isotopic 

scatter. Unfortunately, 14 samples analyzed 
showed variable results for leachates and residues 

(Table 3). This variability probably results from 
sample inhomogeneity and possible ground water 
exchange. 

Discussion 

Two problems inherent in working with kimber- 
lites are the extremely weathered nature and the 
heterogeneity of the samples; this is especially 
applicable to the Prairie Creek samples as all 
isochron whole-rock plots showed extreme scatter. 

Several samples were analyzed in replicate. 
Laboratory analyses run in duplicate or repeated 
on the same aliquot produced results within re- 
ported error limits; but different aliquots of the 

297 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



TABLE $. Rb-Sr Data for Leach Studies* 

Whole Rock 

Sample - 87Sr/86Sr 
87Sr/86Sr of Residue 

Relative to Whole Rock Residue 87Sr/86Sr 

Ark C (YG kimberlite breccia) 
3-7 (YG kimberlite breccia) 
•-8 (YG kimberlite breccia) 
3-9 (blue kimberlite breccia) 
4-1 (D+H kimberlite breccia) 
3-11 (D+H kimberlite breccia) 
3-24 (blue kimberlite breccia) 
3-27 (micaceous kimberlite 

breccia) 
3-33 (tuff) 
3-23 (peridotite) 
3-25 (peridotire) 
4-16 (peridotire) 
B-11 (peridotite) 
4-18 (peridotite) 

.7094 - 

.7093 A 

.7089 A 

.7115 V 

.7081 A 

.7074 V 

.7077 A 

.7114 V 

.7097 A 

.7066 A 

.7099 V 

.7132 V 

.7094 n.d. 

.7020 V 

.7094 

ß 7108 

ß 7104 

ß7078 

ß7163 

ß7070 

ß 7093 

ß 7095 

ß 7117 

ß 7069 

ß 7084 

.7083 

n.d. 

ß 7096 

% Residue 
lower than Rb Residue Rb Whole Rock 

Sample Whole Rock (ppm) (ppm) 
Filtrate 87Sr/86Sr 

(leach .iN HCl-15 min.) 

87Sr/86Sr of 
Filtrate Relative 

to Whole Rock 

Ark C 98 93 95 
3-7 100+ 115 112 

3-8 96 141 147 
3-9 100+ 148 147 
4-1 n.d. n.d. n.d. 

3-11 99 161 163 
3-24 99 81 82 
3-27 100+ 135 132 

3-33 100+ 112 87 

3-23 100+ 182 155 

3-25 91 174 191 
4-16 98 174 178 
B-11 n.d. n.d. 193 

4-18 96 196 204 

.7055 

ß 7060 

.7079 

.7092 

ß 7069 

.7073 

.7093 

.7066 

.7103 

.7079 

ß 7089 

.7093 

ß 7067 

.7103 

Sr Whole Rock Sr Residue 

Sample (ppm) (ppm) 
% Residue 

lower than whole rock 
Rb/Sr 

Whole Rock 
Rb/Sr 

Residue 

Ark C 860 413 48 

3-7 892 447 50 
3-8 515 222 43 

3-9 548 241 44 
4-1 583 322 55 
3-11 957 487 51 

3-24 753 275 37 
3-27 432 145 36 

3-33 699 242 35 

3-23 1151 580 50 
3-25 1079 673 62 

4-16 1131 765 68 
B-11 1201 n.d. n.d. 

4-18 1241 811 62 

.11 

.13 

.29 

.29 
-- 

.17 

.11 

.31 

.13 

.14 

.18 

.16 

.16 

.23 

.26 

.64 

.61 
-- 

.33 

.29 

.93 

.46 

.31 

.26 

.23 

.24 

*87Sr/86Sr ratios precise to + .0003 (1•) 
n.d. = not determined 
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same sample resulted in variable results (i.e., 
sample inhomogeneity). Minute calcite stringers 
suggest ground water interaction for many of the 
samples. There is a faint correlation between 
87Sr/86Sr and (K20/K20 + Na20 ) for kimberlite 
breccia and tuff, but not for peridotite. This 
correlation would be expected because source 
regions rich in potassium will also be rich in 
Rb and, in time, rich in 87Sr (Peterman and Hedge, 
1971). If not due to contamination, this corre- 
lation suggests, due to the low Rb/Sr ratios, that 
the upper mantle is heterogeneous (Faure and 
Powell, 1972). 

Clay Analyses 

Questionable field relationships (Miser and 
Ross, 1923) bracket an age between Lower Creta- 
ceous and Carboniferous (i.e., probable age of 
130 m.y. ). Five clay samples yield an isochron 
age of 108 m.y., but three samples give an age of 
235 m.y. (Bolivar, 1977). Two samples can be ex- 
cluded because they contain abnormal amounts of 
carbonate which was not removed by leach treat- 
ment. The other three samples contain abundant 
montmorillonite with minor chlorite and kaolinite. 

These age data are not reliable until more data 
are available although these preliminary results 
are encouraging for future studies. 

Summary 

Based on reproducibility of U.S.G.S. and E & A 
standards, the variations in 87Sr/86Sr, total Sr 
and total Rb are not due to analytical procedures. 
Variability is predominantly attributed to inter- 
action with ground water (causing isotopic dis- 
equilibrium), sample inhomogeneity, and hetero- 
geneous source regions. Extreme care in selecting 
'fresh' samples and tedious handpicking to remove 
xenoliths and megacrysts may (or may not) help 
to eliminate this scatter. The data were not 

amenable to isochron treatment. 
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THE CHEMICAL COMPOSITION OF KIMBERLITES 

COMPARED WITH THE AVERAGE COMPOSITION OF THREE BASALTIC MAG/WzA TYPES 

K. H. Wedepohl and Y. Muramatsu 

Geochemical Institute, University of Goettingen, Fed. Rep. Germany 

Abstract. New data on Li, F, S, V, Cr, Mn, Co, 
Mi, Cu, Z•[ Rb, Sr, Y, Zr, Nb, Cd, Ba, Hg, T1, Pb, 
Bi and the major elements in 11 South African 
kimberlites do not scatter much about their 

arithmetic means (exceptions: alkali elements 
and S). Olivine, serpentine, pyroxene, phlogo- 
pite, perovskite, spinel, magnetite and Fe- 
Ni-Cu-S ores from selected kimberlites have 

been analyzed by microprobe. Native copper 
occurs in one sample. Data on about 70 elements 
in kimberlites, nephelinites, alkali olivine 
basalts and tholeiitic basalts have been compiled 
from the literature. These rocks formed from 

magmas which are thought to be partial melting 
products of the upper mantle. Therefore, they 
have been compared chemically with ultramafics. 
There exist surprising similarities and specific 
differences between the 4 magma series in the 
degree of element accumulations or depletions. 
Cr, Ni, Mg, Co are incorporated in the residual 
ultramafic material and are increasingly depleted 
from kimberlites to tholeiites. Mn, Fe, Sc 
must have bulk distribution coefficients close 
to one between ultramafics and basaltic melts. 
A1, Ga and the heavy REE have a tendency towards 
the residual minerals garnet and orthopyroxene 
and are low in kimberlites exclusively. Sodium 
might be specifically transported from kimber- 
litic magmas to country rocks by C02 vapor 
(fenitization). The so-called incompatible 
elements Th, U, light REE, Nb, Ta, etc. are 
almost consistently increasing from tholeiites 
to kimberlites followed by the heavy alkalies, 
alkaline earths, Pb, T1 and Li. Regularities 
in element distribution can be easily explained 
if magmas represent increasing fractions of 
partially melted mantle rocks from kimberlites 
to tholeiitic basalts. Alkali basalts and 

nephelinites being intermediate between tholeiitic 
basalts and kimberlites. A constant increase 

of the heavy sulfur isotope and of the Fe3+/ 
Fe 2+ ratio from tholeiitic basalts (834S-0.3ø•o; 
Fe203/Fe0 = 0.32) to kimberlites (834S+4.6 ø•o; 
Fe203/Fe0 = 1.3) must be due to losses of light 
sulfur and of hydrogen from magmas approaching 
the earth's surface. 

Kimberlites 

The minor elements Li, F, S (plus S isotopes), 
V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, 
Cd, Ba, Hg, T1, Pb, Bi and major elements were 
determined in ll South African kimberlites from 

the Kimberley area (column A of Table 1) o Most 
elemental concentrations scatter little about 

the arithmetic mean (•). Exceptions are the 
alkali elements and sulfur. The majority of 
values range from •/2 to 2•. The detailed 
information on procedures and separate samples 
has been published by Muramatsu (1977). Addition- 
al data (column B of Table 1) on 60 elements in 
bulk kimberlites have been compiled from the 
literature (for references see Muramatsu, 1977). 
The averages for 44 elements are computed of 
more than 40 values each and those for 20 ele- 

ments are based on more than 500 separate values. 
Averages for geographic subgroups scatter about 
the total average in ranges of different size. 
For example, the subgroup means for Li, S, Sc, 
V, Cr, Co, Ni, Cu, Gd and Lu occur in the range 
from •/2 to 2R. For the subgroup averages of 
Be, Zn, Y, Zr, Nb, Sm, Tb, Yb, Hf, Pb and Th 
the range is •3 to 3• and for B, F, Rb, La, Ce 
and Nd it is •/4 to 4•. These ranges generally 
increase with the absolute abundance in kimber- 

lites. A large scattering of subgroup means 
has been observed for Sn, Cs, Ba and Eu. Good 
correlations between Cr-Ni-Co and K-Rb have been 

observed in the South African kimberlites but 

correlations between Pb-T1-K which might have 
been expected for crystal chemical reasons, do 
not exist. 

The composition of olivine, serpentine, 
pyroxene, garnet, spinel, magnetite, ilmenite, 
perovskite, rutile, and Fe-Ni-Cu-S ores from 
selected South African kimberlites has been 

investigated by microprobe (see averages in 
Table 3). The olivine is very close in composi- 
tion (except Ca, Sr) to olivine from "average" 
ultramafic rocks as listed in Table 2. The A1 

content of kimberlitic pyroxenes is less than a 
fifth of that from ultramafic pyroxenes (Table 2), 
but sodium and potassium are higher in kimber- 
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TABLE 2. "Average" elemental abundances (in ppm) in minerals of ultramafic rocks of potential 
mantle origin (sources of data in footnote). 

Garnet Parga- 
Clino- Ortho- Cr (p yr ope- P h lo go- s i tic 

Olivine pyroxene pyroxene spinel rich) pite amphibole 

Na 150 8160 556 n.d. 300 5490 25 200 
Mg 300000 102500 205700 97200 126700 138700 115800 
A1 • 530 21170 16410 164800 112700 66690 70000 
Si 188670 245200 258500 3740 195400 193000 204300 
K 7 380 25 n.d. <30 77710 5800 
Ca 500 145100 6075 n.d. 32160 145 80000 
Ti 210 1750 420 14690 1510 1920 b 4320 
V 5 200 60 530 •150 n.d. 200 
Cr 176 75 30 a 2320 177900 31760 48200 11840 
Mn 1000 775 853 1000 2640 190 850 
Fe 70700 27620 48950 173000 55190 20440 27800 
Co 183 40 50 •150 100 n.d. 70 
Ni 2800 330 700 ~1000 160 1900 70 
Cu 50 45 30 n.d. 5 n.d. 7 

Zn 65 80 60 (1000) n.d. (440) (350) 
Rb 0.03 1 0.3 n.d. 3 255 l0 
Sr 0.5 ~100 7 n.d. 10 18 ~400 

Ba 0.5 84 14 n.d. 17 1400 260 
La 0.06 2.5 0.006 0.62 0.018 225 39 
Ce 0.18 6.3 0.019 1.1 1.7 •400 32 
Pr 0.015 1.3 0.004 0.14 0.29 68 3.9 

Nd 0.08 7.0 0.047 0.54 2.9 222 11 
Sm 0.013 1.8 0.05 0.093 1.6 48 2.5 
Eu 0.0025 0.75 0.03 0.017 0.73 0.36 0.66 

Gd 0.02 3.0 0.15 0.10 2.5 n.d. 2.4 
Tb 0.003 0.45 0.04 0.014 0.7 7.3 0.58 

Er 0.02 1.5 0.36 0.08 1.5 n.d. 1.2 
Yb 0.03 1.0 0.5 0.07 1.5 22 0.9 
Lu 0.007 0.19 0. 085 0. 013 0.48 2.7 0.1 
U 0.007 0.12 0.06 n.d. n.d. 0.24 n.d. 

n.d.: no data. 

a: in garnet peridotite often higher (Carswell, 1973, etc.). 
b: in mica garnet peridotite from Lashaine (Tanzania): 54800 ppm Ti (Dawson, et al., 1970). 

Most values from compilation in Wedepohl (1975) except: Ni in phlogopite (Aoki, 1975), Rb in 
olivine, pyroxenes and garnet, Sr and Ba in olivine (Griffin and Murthy, 1969), several RE in garnet 
(Shimizu, 1975), RE in phlogopite (Herrmann, 1970), U in olivine, pyroxenes, phlogopite (Dostal and 
Caperdri, 1975), Cr in garnet (Boyd, et al., 1976). 

litic clinopyroxene. Ca and Cr are lower in 
kimberlitic orthopyroxene. Except for the low 
Ti and Ca content of kimberlitic garnet from 
Newland (South Africa) its composition is 
comparable to garnets from ultarmafics. The 
kimberlitic phlogopites are appreciably higher 
in Fe and Ti than those from the reference 

peridotites. Cr and Na are lower in kimberlitic 
phlogopite. Perovskite containing 0.5 to 1.9% 
La203 and 1.5 to 5.1% Ce203 occurs as a major 
host of the REE in kimberlite. The spinels 
can be very heterogeneous with respect to their 
Ti content. They contain twice the Cr and a 

quarter of the A1 content of the reference 
in Table 2. The ore of kimberlite from the 

De Beers mine (Excursion Stop 4) contains pent- 
landite, heazlewoodite and native copper. In 
kimberlite from Loxtondal there is more than 2% 

pyrite and in Koffyfontein less than 0.1%. 
Rutile from the De Beers mine contains as much 

as 2.8% Cr203. 
Magmas of kimberlites, nephelinites and 

basalts (tholeiites and alkali olivine basalts) 
are thought to be partial melting products of 
mantle rocks. Therefore, they are compared 
chemically with ultramafics from the upper 
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TABLE $. Elemental abundances (in ppm) in minerals of kimberlites from the Kimberley area 
(S. Africa) (Muramatsu, 1977). 

Olivine Clinopyroxene Orthopyroxene Garnet Phlogopit e 
(N: 2) a (N: 1) a (N: 1) a (N: 1) a (N: 2-5) a 

Spinel 
(N:5) a 

Li <1 <2 •3 <1 6 
F n.d. n.d. n.d. n.d. 4,800 
Na 88 12,700 1,200 340 1,980 
Mg 299,000 100,000 216,000 138,000 154,000 
A1 160 4,900 1,060 92,200 61,900 
Si 191,000 258,000 273,000 198,000 190,000 
S 90 n.d. n.d. n.d. 250 

K 53 b 1,300 1,490 b 1,100b 81,300 
Ca 140 141,000 1,800 22,500 (1,300) 
Ti 150 1,100 600 360 7,850 
V 5 305 20 200 65 

Cr 230 8,350 1,200 40,000 2,100 
Mn 1,000 540 930 2,400 n.d. 
Fe 77,000 24,900 48,400 53,100 42,700 
Co 130 24 58 44 73 

Ni 3,080 440 800 135 1,450 
Cu 20 23 20 20 51 

Zn 66 49 61 80 150 
Rb <10 <10 <10 <10 550 
Sr 10 460 32 40 71 
Cd 0.059 0o010 0.028 0.10 0. 022 

Ba 18 135 58 b 90 b 1,140 
T1 0. 016 0. 016 0. 015 0. 095 b 0.78 
Pb <0.5 1.4 0.8 1o0 2.9 
Bi 0.007 < 0ø007 < 0.005 <0.007 < 0.010 

n.d. 

n.d. 

n.d. 

75,600 
38,100 

n.d. 

n.d. 

n.d. 

n.d. 

15,500 
n.d. 

382,000 
6,300 

170,000 
n.d. 

n.d. 

n.d. 

n.d. 

nod. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

a Number of specimens investigated. 
Potential contamination from phlogopite. 
no data 

mantle. Accumulations or depletions of several 
incompatible and refractory elements in kimber- 
lites and basalts relative to ultramafic rocks 

indicate certain processes of melting and the 
contribution of specific mantle minerals to 
kimberlitic and basaltic magmas. 

Basaltic Rocks 

Analytical data have been compiled for 
nephelinites, alkali olivine basalts and tholeiitic 
basalts as for kimberlites. They are listed in 
columns C, D, E of Table 1. With the exception 

TABLE 4. Distribution coefficients (D) for several phases in equilibrium with liquid: basalt or 
peridotite magma (according to Shaw, 1972) (except U and Zn). 

Dcpx-liq Dopx-liq Dol-liq Dgar-liq Damp-liq Dphl-liq DSp-liq 
(x 100) (x 100) (x 100) (x 100) (x 100) (x 100) (x 100) 

K 6 1 0.8 2.5 261 150 

Ni 222 296 1350 85 404 (1000) b 1000 
Zn 50 a (86) b 86 a 
Rb 5 1 0.8 3 115 150 
$r 20 1 2 1.5 25 8 
Ba 8 1 1 4 800 280 
La 2 0.1 0.8 2 75 10 10 
½e 1.7 0.2 0.9 35 10 10 10 
Yb 60 14 2 4000 45 10 5 
U 4.1 c 0.6 c 0.25 c 
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a Bougault and Hekinian (1974). 
b estimated. 

c Dostal and Capedri (1975). 
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TABLE S. Relative contributions of mantle minerals at the beginning of melting, if the mantle 
contains 56% olivine, 32.5% orthopyroxene, 5% clinopyroxene, 6% garnet and 0.3% phlogopite. 
Tentatively computed from elemental abundances of Table 2 and distribution coefficients 
of Table 4 (Shaw, 1972, etc.). 

0 livine Or thopyr oxene C linopyr oxene Garnet Phlogopi t e 
Element % % % % % 

K 27 44 17 4 8.4 
Ni 55 36 3.5 5.3 <0.3 
Zn • 58 -<31 -< 11 ? ? 
Rb 11 51 5.2 31 2.6 
Sr 4.6 74 8.1 13 0.2 
Ba 5 81 9.3 4.5 0.3 
La 22 10 33 0.3 35 
Ce 25 6.9 41 0.7 27 
Yb 31 42 3 0.1 24 
U <- 32 -<66 • 2.8 ? • 

of Sr, Cd and Hg in alkali olivine basalts data 
and references are the same as reported by 
Wedepohl (1975). The Sr value is from Faure 
(1978) and Cd, Hg from Heinrichs (1975). The 
data on major elements in nephelinites are from 

publications by Gehnes and Wimmenauer (1975), 
Hawkins and Natland (1975), Kesson (1973), Lohmann 
(1964), Nockolds (1954), Varne (1968), Wedepohl 
(1968), Wilkinson (1975), and Wood (1968). The 
minor element averages for nephelinites are 

Kimbcrtit½ Ncphctinite Ark. Otiv. Basart Thot½iit. Bosatt 
Ultramo. fic Rock Uttromafic Rock Uttramafic Rock UttramQfic Rock 

1000 - 

Cs 

C., La 
U 

•oo- (?)To CNõ c• 
Nd Pr 

Pb•Bo Rb Nd 
r, Sm W, Sm 

K 
T[ 

Zr, Ti Eu P Gd Z r,Y, Tm,'Dy 
10 -- Hf Gd Ho, No 

Tb s½,Y Li Lu, Yb 
B. Bi(Pd) 

Tm Ho G'øEr CI. 
C•', Cvt Yb, Pt Be, Mo, Lu Bi 
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Zn Cu F½, Mn 
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Fig. 1. Abundance of about 60 elements in kimberlites, nephelinites, alkali olivine basalts 
and tholeiitic basalts relative to their abundance in ultramafic rocks. 
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computed from results published by Agiorgitis 
(1967), Borodin and Gladkikh (1967), Brooks 
(1970), Gehnes and Wimmenauer (1975), Gladkikh 
and Viktorova (1967), Gottfried, et al. (1972), 
Gottfried (1977, personal comm.), Hawkins and 
Natland (1975), Heinrichs (1975), Herrmann 
(1968), Kay and Gast (1973), Kesson (1973), 
Lipman, et al. (1973), Lohmann (1964), MacDonald 
(1968), Mengel (1977), Pourmoafi (1977), Prinz 
(1967), Schilling and Winchester (1969), Schulz- 
Dobrick (1971), Wedepohl (1961) and various 
authors of the Handbook of Geochemistry Vol. II. 
The number of individual values used for element 

averages in nephelinites is indicated in column 
C of Table 1. For alkali olivine basalts (column 
D) and especially for tholeiitic basalts (column 
E) even larger sets of data were available. 

It might be attractive to discriminate even 
between subgroups of the three basaltic magma 
types listed in Table 1 as Velde and Yoder (1976) 
have recently compiled analyses of melilite- 
bearing nephelinites. Sufficient data are 

available for oceanic tholeiitic basalts which 

are even more depleted in several incompatible 
elements than tholeiites. 

Ultramafic Rocks 

Magmas of kimberlites, nephelinites and 
basalts are thought to be melting products of 
mantle rocks. Therefore their chemical composi- 
tion has been compared with that of ultramafic 
rocks from the upper mantle. For this comparison 
data on spinel lherzolites and garnet peridotites 
from the compilation published by Wedepohl 
(1975) are used. Revised figures on S, Zr, 
and Ta have been taken from the following 
references: S: Shima and Naldrett, 1975; 
Zr: Erlank, et al., 1978; Ta: Wedepohl, 1978. 

The average mineral composition of upper mantle 
rocks has been estimated from lherzolites, 
harzburgites, etc. of worldwide sampling to be 
67% olivine, 24% orthopyroxene, 8% clinopyroxene 
and 1.5% spinel in case of spinel lherzolites, 
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Fig. lb. Abundance of related elements in kimberlites, nephelinites, alkali olivine basalts and 
tholeiitic basalts relative to their abundance in ultramafic rocks. Incompatible elements. 

and 56% olivine, 32.5% orthopyroxene, 5% clino- 
pyroxene, 6% garnet and 0.3% phlogopite in case 
of garnet peridotites. Nodules and masses of 
similar composition are apparently abundant in 
alkali basalts, kimberlites or occur as peridotite 
intrusions. It is likely that several of the 
ultramafic rocks used for analytical investiga- 
tions and data compilations are residual material 
from partial melting. 

No minerals of ultramafic rocks nor their 

combinations have the chemical composition of 
any abundant magma. Therefore element fractiona- 
tion during partial melting of several mantle 
minerals must be assumed to be an important 
process of magma generation. 

Origin of Basalt and Kimberlite Magmas 

If one knows elemental distribution coeffic- 
ients (D) between mantle minerals and melts 
(Table 4), the composition and abundance of 
mantle minerals (Table 2) and the degree of 
partial melting, the composition of magmas can 
be calculated. Such computations have been 

published by several authors. But the success 
is usually limited by the quality and availability 
of distribution coefficients. For our purposes 
we have used distribution coefficients as com- 

piled by Shaw (1972) and supplemented by values 
on U from Dostal and Capedri (1975) and on Zn 
by Bougault and Hekinian (1974). In using these 
distribution coefficients for genetic considera- 
tions one must be aware of their dependence on 
temperature, pressure and sample composition. 

In order to obtain tentative information on 

relative contributions of mantle minerals at 

incipient melting we have computed values for 
10 elements from data of Tables 2 and 4 and the 

average garnet peridotite composition mentioned 
earlier. The formula used for the calculation 
of the contribution of each mineral fraction 

at incipient melting is: 

c n = (XCs)D-1 (1) 

where c L and c S are elemental concentrations 
in melt and mantle minerals respectively and x 
is the mineral fraction in average mantle rocks. 
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For 10 elements and incipient melting we have 
calculated the percentage contribution from 
individual minerals of a 5-phase garnet peridot- 
ite. These data are presented in Table 5. 
Because of the change of the mineral composition 
during partial melting or complete reaction of 
individual minerals our values of individual 

contributions were restricted to incipient 
melting. 

All elements with low distribution coefficients 

(D) in major mantle minerals are good candidates 
to be accumulated in magmas. They can even 
effectively be contributed to magmas by incipient 
partial melting of orthopyroxene which crystal 
chemically is an unfavored host for the large 
ions of K, Rb, Ba, Sr and U. Relatively high 
concentrations as those of RE elements in 

phlogopite combined with a low distribution 
coefficient make this accessory mineral a good 
contributor to magmas. If an element has a 
high distribution coefficient like Ni in olivine, 
it must be combined with a high Ni concentration 
and a large abundance of that mineral to influ- 
ence the magma composition. 

For comparison of typical element accumulations 
and depletions in basalts and kimberlites ratios 
of element concentrations in the four magmatic 
rock types relative to those in ultramafic 
rocks are plotted in Figure 1 (plus la, lb, 
lc, ld). 

There are at least six different patterns 
of element distribution. The following groups 
can be observed: 

1. Elements almost as abundant in basalts 

and kimberlites as in ultramafic rocks: Fe, 
Mn, Si (Fig. la). 

2. Elements almost equally accumulated in 
all basalts and kimberlites: Ca, Zn, Cu (Figs. 
1 and la). 

3. Elements increasingly accumulated from 
tholeiitic basalts to kimberlites: U, Th, Nb, 
Ta (Zr, Hf), P, Cs, Li, Rb, Pb, Ba, light REE 
(Figs. lb, !c, ld, 1). 

4. Elements accumulated almost equally in 
basalts, but only to a minor degree in kimber- 
lites: Na, A1, heavy REE (Ga, Sc, V) (Figs. ld, 
la, lc, 1). 

5. Elements with a maximum accumulation 
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Fig. ld. Abundance of related elements in kimberlites, nephelinites, alkali olivine basalts 
and tholeiitic basalts relative to their abundance in ultramafic rocks. Alkali elements and Pb. 

exclusively in alkali olivine basalts and 
nephelinites: Eu to Ho, Sr (K) (Ti) (Figs. lc, 
1). 

6. Elements being increasingly depleted from 
kimberlites to tholeiitic basalts: Ni, Cr, Co, 
Mg (Figs. la, 1). 

The characteristic properties in the composi- 
tion of kimberlites and basalts can be explained 
by differences in the degree of partial melting, 
in mantle composition, in total pressure, partial 
C02 and H20 pressure, and temperature of the 
mantle environment. Pattern 1 and 2 are probably 
controlled by distribution coefficients close 
to one and slightly less than one respectively 
for the major mantle minerals. A decreasing 
fraction of partial melting of the major minerals 
in a homogeneous mantle probably forms pattern 3. 
A reaction olivine + clinopyroxene + H20 + 
C02 = garnet + orthopyroxene + melt + vapor 
could be assumed to have caused pattern 4 except 
for Na. Melting experiments of olivine melilit- 
ires under high C02 + H20 pressure (30 kb) 
have demonstrated the persistence of garnet and 

orthopyroxene as near liquidus phases at in- 
creasing vapor proportions (Brey and Green, 
1977). Sodium could have been lost from kimber- 
litic magmas to country rocks by means of C02 
transport (fenitization). Pattern 5 could be 
explained by partial melting or complete reaction 
of phlogopite. A reaction of olivine into melt 
according to the equation listed for pattern 4 
can cause the relative increase of Mg, Ni and 
Co from tholeiitic basalt to kimberlite (pattern 
6). 

Some authors expect that unidentified accessory 
mantle minerals are hosts of several of the minor 
elements which increase in magmas at decreasing 
fractions of partial melting. Fesq, et al. 
(1975), assume that carbonate phosphate minerals 
may have contributed Th, U, Sr, P and C02 from 
upper mantle assemblages to melts. Newton and 
Sharp (1975), Kushiro, et al. (1975), Wyllie 
and Huang (1976) as well as Brey and Green (1976) 
have presented experimental evidence for the 
existence of dolomite and magnesite at high C02 
pressures (above 20 kb). 
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TABLE 6. 

Tholeiitic 

basalts 

Alkali olivine 

basalts 

Olivine Kimberlites 

nephelinites (this publication) 

ppm S subaerial' 

65 a 

submarine: 

780 a 

2200 

634S o/oo -0.3 a +1.3 a +3.0 a +4.6 

0.36 0.68 1.3 Fe203/Fe0 0.32 

a Schneider (1970, 1978) 

An increase in the average ratio of ferric 
to ferrous iron from 0.3 to 0.7 and to 1.3 can 

be observed from tholeiitic basalts to nephelin- 
ites and to kimberlites (Table 6). The change 
in oxygen fugacity from very low values could 
be explained as a near-surface phenomenon in 
magmas which have slightly higher water contents 
from small degrees of partial melting. Water 
dissociation at temperatures of magmas controls 
a higher oxygen fugacity if the system becomes 
open with respect to hydrogen as a magma approach- 
es the earth's surface. Another indication 

for a partially open system process is the 
gradient in sulfur isotopic composition as 
listed in Table 6. If the mantle is almost 

homogeneous in sulfur 634S the increase in 
heavy sulfur from tholeiitic basalt to kimber- 
lite may be explained by an increasing loss of 
isotopically light S02 and H2S. 

It can be concluded from our observations 

that many chemical data on kimberlites, basaltic 
rock series and ultramafic materials can be 

explained by genetic models in which mantle 
magmas derived from partial melting. The 
degree of partial melting of the upper mantle 
which probably is not very heterogeneous in 
composition, has mainly controlled the chemical 
characteristics of the magmas. 

References 

Agiorgitis, G., Zur Geochemie einiger seltener 
Elemente in basaltischen Gesteinen, Tschermaks 

Mineral. Petr. Mitt., 12, 204, 1967. 
Aoki, K. I., Origin of phlogopite and potassic 

richterite bearing peridotite xenoliths 
from South Africa, Contrib. Mineral. Petrol., 
53, 145, 1975. 

Borodin, L. S. and V. S. Gladkikh, Geochemistry 
of zirconium in differentiated alkali basalt 

series, Geochem. Intern., •, 925, 1967. 
Bougault, H. and R. Hekinian, Rift valley in 

the Atlantic Ocean near 36 ø 50' N: Petrology 

310 

and geochemistry of basaltic rocks, Earth 
Planet. Sci. L., 24, 249, 1974. 

Boyd, F. R., T. Fujii and R. V. Danchin, A 
noninflected geotherm for the Udachnaya 
kimberlite pipe, USSR, Carnegie Inst. Annual 
Rep. Geophys. Lab. Yearbook, 75, 523, 1976. 

Brey, G. P. and D. H. Green, Solubility of C0 2 
in olivine melilitite at high pressures and 
role of CO 2 in the earth's upper mantle, 
Contrib. Mineral. Petrol., 55, 217, 1976. 

Brey, G. and D. H. Green, Systematic study of 
liquidus phase relations in olivine melilitite 
+ H20 + C02 at high pressures and petro- 
genesis of an olivine melilite magma, Contrib. 
Mineral. Petrol., 61, 141, 1977. 

Brooks, C. K., The concentrations of zirconium 
and hafnium in some igneous and metamorphic 
rocks and minerals, Geochim. Cosmochim. Acta, 
34, 411, 1970. 

Carswell, D. A., Primary and secondary phlogopites 
and c!inopyroxenes in garnet lherzolite 
xenoliths, Enternat. Conf. Kimberlites, 
Extended Abstr., Rondebosch, 59, 1973. 

Dawson, J. B., D. G. Powell and A.M. Reid, 
Ultrabasic xeno!iths and lava from the Lashaine 

volcano, Northern Tanzania, J. Petrol., 11, 
519, 1970. 

Dostal, J. and S. Capedri, Partition coefficients 
of uranium for some rock-forming minerals, 
Chem...Geology, 1__5, 285, 1975. 

Erla nk, A. J., H. S. Smith, J. W. Marchant, 
M.P. Cardosa and L. H. Aherns, Section 40-E. 
Abundance in common igneous rock types; 
crustal abundance, Handbook of Geochemistry• 
Vol. II, Springer, Berlin, Heidelberg, New 
York, 1978. 

Faure, G., Section 38-E. Abundance in common 
igneous rock types, Handbook of Geochemistry, 
Vol. II, Springer, Berlin, Heidelberg, New 
York, 19 78. 

Fesq, H. W., E. J. D. Kable and J. J. Gurney, 
Aspects of geochemistry of kimber!ites from 
the Premier Mine, and other selected South 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



African occurrences with particular reference 
to the rare earth elements, P..hysics Chemistry 
of the Earth, 9, 687, 1975. 

Gehnes, P. and W. Wimmenauer, Geochemical studies 
on igneous rocks of the Rhine graben region 
(Germany), N. Jahrb. Miner. Mh., 2, 49, 1975. 

Gladkikh, V. S. and M. Y. Victorova, Distribution 
of niobium and tantalum in the volcanic rocks 
of the Kuznetskiy Alatan and Maymecha-Kotuy 
province, Geochem. Intern., 4, 321, 1967. 

Gottfried, D., J. J. Rowe and R. I. Tilling, 
Distribution of gold in igneous rocks, U.S. 
Geol. Surv. Prof. Pap., 727, 1972. 

Gottfried, D., U and Th in 3 nephelinites from 
0ahu, Hawaii, Personal communication, 1977. 

Griffin, W. L. and V. R. Murthy, Distribution of 
K, Rb, Sr and Ba in some minerals relevant 
to basalt genesis, Geochim. Cosmochim. Acta, 

Hawkins, J. W. and J. H. Natland, Nephelinites 
and basanites of the Samoan linear volcanic 

chain: their possible tectonic significance, 
Earth Planet• Sci. L., 24, 427, 1975. 

Heinrichs, H., Die Untersuchung von Gesteinen und 
Gew•'ssern auf Cd, Sb, Hg, T1, Pb und Bi mit 
der flammenlosen Atom-Absorptions-Spektral- 
photometrie, Dissertation, G•ttingen, 1975. 

Herrmann, A. G., Die Verteilung der Lanthaniden 
in basaltischen Gesteinen, Contrib. Mineral. 
Petrol., 17, 275, 1968. 

Herrmann, A. G., Section 57-D. Minerals of 
yttrium and the lanthanides; abundance in 
rock-forming minerals, Handbook of Geochemistry, 
Vol. II, Springer, Berlin, Heidelberg, 1970. 

Kay, R. W. and P. W. Gast, The rare earth 
content and origin of alkali-rich basalts, 
J. Geol., 81, 653, 1973. 

Kesson, S. E., The primary geochemistry of the 
Monaro alkaline volcanics, southeastern 
Australia - evidence for upper mantle heter- 
ogeneity, Contrib. Mineral. Petrol., 42, 93, 
1973. 

Kushiro, I., H. Satake and S. Akimoto, Carbonate- 
silicate reactions at high pressures and 
possible presence of dolomite and magnesite 
in the upper mantle, Earth Planet. Sci. L., 
28, 116, 1975. 

Lipman, P. W., C. M. Bunker and C. A. Bush, 
Potassium, thorium and uranium contents of 
Upper Cenozoic basalts of the southern Rocky 
Mountain region and their relation to the 
Rio Grande depression, J. Res. U.S. Geol. 
Surv__•., _1, 387, 1973. 

Lohmann, L., Ein Beitrag zur Petrographie 
,, 

Melilith-fuhrender Olivin-nephelinite aus 
dem Gebiet Fritzlar-Naumburg (Nordhessen), 
Beitr. Miner. Petrog.r., _9, 533, 1964. 

MacDonald G. A., Composition and origin of 
Hawaiian lavas, Geol. Soc. Am. Mem., 116, 
477, 1968. 

Mengel, K., Alkali-und Erdalkali-Elemente in 
ausgew'•hlten Basalten der n•rdlichen hessis- 
chen Senke, Dipl.-Arbeit, G•ttingen, 1977. 

Muramatsu, Y., Geochemische Untersuchungen an 
Kimberliten, einem Granat-peridotit und 

einem Eklogit-Einschlu •aus Kimberley, 
Sudafrika, PhD-thesis, Gottingen, 1977. 

Newton, R. C., and W. E. Sharp, Stability of 
forsterite + C02 and its bearing on the role 
of C02 in the mantle, Earth Planet. Sci. L., 

Nockolds, $. R., Average chemical composition 
of some igneous rocks, Bull. Geol. Soc. Am., 
65, 1007, 1954. 

., 

Pourmoafi, M., Ubergangselemente .(.3-d Periode) 
in ausgewahlten Basalten der nordlichen 

.o 

hessischen Senke, Dip1.-Arbeit, Gottingen, 
1977. 

Prinz, M. Geochemistry of basaltic rocks: trace 
elements, in, Hess, H. H., and A Poldervaart 
(eds.), Basalts' The Poldervaart Treatise 
on Rocks of Basaltic Composition , Vol. 1, 
Interscience, New York, 1967. 

Schilling, J. G. and J. W. Winchester, Rare 
earth contribution to the origin of Hawaiian 
lavas, Contrib. Mineral. Petrol., 23, 27, 
1969. 

Schneider, A., The sulfur isotope composition 
of basaltic rocks, Contrib. Mineral. Petrol., 

Schneider, A., Section 16-E. Abundance in 
common igneous rocks, Handbook of Geochemistry, 
Vol. II, Springer, Berlin, Heidelberg, New 
York, 19 78. 

$chulz-Dobrick, B., Die Verteilung des Vanadium 
in basaltischen Gesteinen aus Nordhessen und 

.. 

S•dniedersachsen, Dip1.-Arbeit, Gottingen, 
1971. 

Shaw, D. M., Development of the early continental 
crust, Part 1, Use of trace element distribu- 
tion coeffieient models for the Protoarchean 

crust, Canad. J. Earth Sci., 9, 1577, 1972. 
$hima, H. and A. J. Naldrett, Solubility of sulfur 

in an ultramafic melt and the relevance of 

the system Fe-$-O, Econ. Geol., 70, 960, 
1975. 

Shimizu, N., Rare earth elements in garnets and 
clinopyroxenes from garnet lherzolite nodules 
in kimberlites, Earth Planet Sci L , 25 , . ß 

26, 1975. 
Varne, R., The petrology of Moroto Mountain, 

eastern Uganda and the origin of nephelinites, 
Jo Petrol., 9, 169, 1968. 

Velde•,D., and H. S. Yoder, Jr., The chemical 
composition of melilite-bearing eruptive rocks, 
Annual Rep. Carnegie Inst.• Geophys. Lab. 
Yearbook, 75, 574, 1976. 

Wedepohl, K. H., Geochemische und petrographische 
Untersuchungen an einigen jungen Eruptivgestein- 
en Nordwestdeutschlands, Fortschr. Miner., 39, 
142, 1961. 

Wedepohl, K. H., Die terti•ren basaltischen 
Gesteine im n•'rdlichen Hessen und s6'dlichen 

Niedersachsen, Der Aufschlu.•,_ Sonderheft, 17, 
112, 1968. 

Wedepohl, K. H., The contribution of chemical 
data to assumptions about the origin of magmas 
from the mantle, Fortschr. Miner., 5__2, 141, 1975. 

Wedepohl, K. H., Section 73-E. Abundance in 
common igneous rock types, crustal abundance, 

311 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



Handbook of Geochemistry, Vol. II, Springer, 
Berlin, Heidelberg, New York, 1978. 

Wilkinson, J. F. G., Ultramafic inclusions and 
high pressure megacrysts from a nephelinite 
sill, Nandewar Mountains, Northeastern New 
South Wales, and their bearing on the origin 
of certain ultramafic inclusions in alkaline 

volcanic rocks, Contrib. Mineral. Petrol., 
51, 235, 1975. 

Wood, C. P., A geochemical study of E. African 
alkaline lavas and its relevance to the petro- 
genesis of nephelinites, PhD-thesis, Leeds, 
1968. 

Wyllie, P. J. and Wo L. Huang, Carbonation and 
melting reactions in the system Ca0-Mg0- 
Si02-C02 at mantle pressures with geophysical 
and petrological applications, Contrib. 
Mineral. Petrol., 54, 79, 1976. 

312 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



EXPERIMENTAL STUDIES 

A MODEL OF PHASE RELATIONS IN THE SYSTEM Mg0-Si02-H20-C02 AND PREDICTION OF THE 

COMPOSITIONS OF LIQUIDS COEXISTING WITH FORSTERITE AND ENSTATITE 

David E. Ellis and Peter J. Wyllie 

Department of Geophysical Sciences, University of Chicago, Chicago, Illinois 60637 

Abstract. A comprehensive model has been 

developed for the system Mg0-Si02-H20-C02 on the 
basis of experimental studies, Schreinemaker's 
rules, and thermodynamic data. The assemblage 
forsterite plus enstatite is predicted to melt 
in the presence of vapor of any H20/C02 ratio at 
low pressures, in the presence of vapor whose 
H20/C02 ratio is buffered by the presence of 
magnesite at intermediate pressures, and at a 
vapor-absent eutectic with brucite and magne.•ite 
at high pressures. The composition of the 
liquid at the solidus for a bulk composition of 
forsterite plus enstatite plus a small amount of 
volatiles with a 3/1 H20/C02 ratio changes from 
enstatite-quartz normative at 20 kbar, to peri- 
clase-forsterite normative at 50 kbar, to 
forsterite-enstatite normative at 90 kbar and 

greater pressures. Forsterite cannot coexist 
with H20-C02 vapor at pressures greater than 
90 kbar. Thus all melting in the earth's 
mantle at higher pressures must be vapor-absent. 

Introduction 

In the Proceedings of the First International 
Kimberlite Conference Eggler (1975) reported on 
experimental studies in the system Mg0-Si02-H20- 
C02 at 20 kbar and Mysen and Boettcher (1975) 
discussed experimental results on the effects of 
H20 and C02 on the melting of peridotite at 20 
kbar. We have combined their contributions with 

other phase equilibrium studies 'to construct a 
model of phase equilibria in the system Mg0-Si02- 
H20-C02 at pressures up to 100 kbar, where the 
relationships described at 20 kbar are replaced 
by more complex phase equilibria involving stable 
hydrates and carbonates. The model outlined 
here is described in detail in the papers of 
Ellis and Wyllie (1978a,b,c). The salient 
features of phase relations in the ternary 
systems Mg0-H20-C02, Mg0-Si02-C02, and Mg0-Si02- 
H20 will be discussed, followed by a summary of 
the quaternary phase relations and the processes 
of melting and crystallization. 

The System Mg0-H20-C02 

The phase relations of brucite in the system 
Mg0-H20 are analogous to those determined by 
Huang and Wyllie (1976) for magnesite in the 
system Mg0-C02 (see Figure 1). The position of 
the reaction 

Brucite + Periclase + H20 (i) 

has been predicted on the basis of the experi- 
mental studies of Walter et al. (1962), Barnes 
and Ernst (1963), and Irving et al. (1977), 
thermochemical data, and water fugacities pre- 
dicted by the modified Redlich-Kwong equation of 
state (Holloway, 1•77). We estimate that 
reaction 1 maintains a positive P-T slope until 
brucite melts at the invariant point (MC), at 
which brucite, periclase, liquid, and vapor 
coexist. The invariant point (MC) is located 
near 58 kbar and 1310øC. At pressures greater 
than or equal to that of point I, where the 
reaction 

Magnesite + Brucite + Periclase + Vapor (2) 

meets the solidus, brucite and magnesite melt 
together at a eutectic. The melting model de- 
rived by Bradley (1962) for the system Ca(OH) 2- 
CaC03 has been used to predict that the com- 
position of the eutectic liquid is 73 mole 
percent Mg(OH) 2 plus 27 mole percent MgC03. At 
temperatures below the solidus the composition 
of vapor coexisting with magnesite-bearing assem- 
blages is buffered. 

_T. he System Mg0-Si02-H20 

The topology for the system Mg0-Si02-H20 shown 
in Figure 2 was derived on the basis of numerous 
studies of subsolidus reactions, (especially 
those of Bowen and Tuttle (1949), Chernosky 
(1976), Evans et al. (1976), Greenwood (1963, 
1971), Johannes (1968), Kitahara et al. (1966), 
and Scarfe and Wyllie (1967)), and from studies 
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Figure 1. P-T net for the system Mg0-H20-C02. 
Abbreviations used in Figures are Pe TM Mg0, 
Br = Mg(OH) 2, MC = MgC0 3, Q = Si02, En = MgSi03, 
Fo = Mg2Si04, L TM liquid, V = mixed H20-C02 
vapor, H20 = pure H20 vapor, C02 = pure C02 
vapor. 

of melting relations in this system and related 
systems (by Egglet (1975), Hodges (1973), 
Kushiro et al. (1968), Mysen and Boettcher 
(1975a,b), and Nakumura and Kushiro (1974)). The 
subsolidus reactions 1 and 

Brucite + Enstatite + Forsterite + H20 (3) 

intersect the solidus respectively at the in- 
variant point (En,Q) at about 45 kbar and 1250øC, 
and the invariant point (Pe,Q) at about 1200øC 
and 90 kbar. The work of Yamamoto and Akimoto 

(1977) indicates that the hydrous magnesium 
silicates, particularly hydroxyl-clinohumite, 
are not stable at the temperature of the solidus 
in this system, and thus need not be considered. 
We assume that the hydrous melting reactions 
maintain a slight negative slope throughout the 
range of pressure considered. Near the solidus 
forsterite plus enstatite coexist with water 
vapor at low pressures and with brucite at high 
pressures. At high temperatures water is dis- 
solved in the silicate liquid coexisting with 
forsterite plus enstatite. If sufficient H20 
is available at pressures greater than 90 kbar, 
all forsterite will react to form enstatite 

plus brucite. The assemblage forsterite plus 
enstatite can not coexist with H20 at pressures 
greater than that of the invariant point (Pe,Q). 

The System M8;0-Si02-C02 

The phase equilibria of this system were 
modeled by Wyllie and Huang (1976). The sub- 
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solidus and melting reactions involving 
magnesite in the system Mg0-Si02-C02 take place 
at higher temperatures and lower pressures than 
the analogous reactions involving brucite in the 
system Mg0-Si02-H20. The solidus has a positive 
P-T slope above 25 kbar. Near the solidus of 
this system, forsterite plus enstatite coexist 
with C02 vapor at low pressure, with magnesite 
at high pressure, and with silicate liquids 
containing dissolved C02 at temperatures above 
the solidus. In analogy to the system Mg0-$i02- 
H20, C0 2 may exist as a vapor at high pressures 
only if all forsterite has been reacted to 
enstatite plus magnesite. 

The, ' S. ystem M80-$i02-•20-C02 

A model for the system Mg0-Si02-H20-C02 has 
been derived from the ternary systems described 
above. Those reactions which involve the assem- 

blage forsterite plus enstatite are shown in 
Figure 4. The assemblage forsterite plus 
enstatite may coexist with a vapor phase only in 
the low P-T region enclosed by heavy lines. The 
composition of the vapor phase in the univariant 
reaction 

Magnesite+Forsterite+Vapor + Enstatite+Liquid (4) 

is buffered by the intersection of the divariant 
subsolidus reaction surface 

Magnesite + Enstatite + Forsterite + Vapor (5) 

P-T-X C calculations with the solidus surface. 02 
for reaction 5 show that the vapor present at the 
solidus must be rich in H20 at all pressures 
significantly greater than that of the invariant 
point labeled A in Figure 4. At pressures 
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Figure 2. P-T net for the system Mg0-Si02-H20. 
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greater than 90 kbar forsterite is not stable 
in the presence of vapor of any composition. 
Forsterite will react with vapor to form ensta- 
tite plus magnesite plus brucite until either 
the vapor or the forsterite is consumed. 

The temperature maximum on the solidus surface, 
shown in Figure 4 as a dashed line, is the locus 
of isobaric thermal maxima on the reaction 

Forsterite + Enstatite + Vapor + Liquid. (6) 

It does not exist at pressures below 35 kbar. 
The temperature maximum originates in the system 
Mg0-Si02-C02 when the rapidly increasing solu- 
bility of C02 in the silicate liquid which 
coexists with forsterite and enstatite, asso- 
ciated with the intersection of the subsolidus 
reaction 5 with the solidus, causes a rapid 
decrease in the temperature of reaction 6. The 
thermal maximum on the solidus surface which 
corresponds to the forsterite-vapor join then 
begins to migrate away from the C02 edge of the 
Mg0-Si02-H20-C02 system with increasing pressure. 
Associated with the thermal maximum on the 

forsterite-vapor solidus there is a thermal 
ridge on the vapor-saturated liquidus surface. 
The forsterite-enstatite boundary on the vapor- 
saturated liquidus surface traverses this ridge 
passing through a thermal maximum that chemo- 
graphic relations show must be located between 
the forsterite-vapor and the enstatite-vapor 
joins. As the liquidus ridge retreats from the 
side forsterite-C02 with increasing pressure the 
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Figure 3. P-T net showing vapor-present uni- 
variant reactions in the system Mg0-Si02-C02 
(Wyllie and Huang, 1976). 
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Figure 4. Partial P-T net for the system Mg0- 
$i02-H20-C02. Only reactions involving the 
assemblage forsterite plus enstatite are shown. 
Vapor may coexist with forsterite plus enstatite 
only in the P-T region enclosed by the heavy 
lines. The heavy dashed line shows the position 
of the thermal maximum on reaction 6. 

thermal maximum on the forsterite-enstatite 
field boundary and the coexisting vapor phase 
becomes richer in H20. 

In the presence of mixed H20-C02 vapor all 
vapor-present reactions shown in Figure 4 become 
divariant rather than univariant. Thus the pair 
of reactions 

Enstatite + H20 + Forsterite + Liquid 

and 

Forsterite + Enstatite + C02 + Liquid 

shown in Figure 4 simply represent the two ex- 
treme ends of one divariant surface in this 

system. In order to illustrate how quickly the 
vapor present along each divariant surface be- 
comes water-rich, the contour for X C 2 = 0.2 on three intersecting divariant surfaces ¸ has been 
plotted in Figure 4. 

The transition with increasing pressure from 
vapor-present to vapor-absent melting in this 
system is illustrated by a series of isobaric 
sections through Figure 4. These are given in 
simplified form in Figure 5. The lines shown 
are the isobaric traces of the divariant 
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Figure 5. Isobaric sections through the system 
Mg0-Si02-H20-C02 at 20, 50, and 90 kbar. The 
range of vapor compositions which may coexist 
with forsterite plus enstatite becomes smaller 
as pressure increases, until at 90 kbar forsterite 
plus enstatite can no longer coexist with vapor. 

surfaces discussed above. Figure 5A shows that 
at 20 kbar forsterite plus enstatite may coexist 
with vapor of any XC02' At 20 kbar C02 is 
relatively insoluble in the silicate liquid, and 
does not lower the melting point of the assem- 
blage forsterite plus enstatite nearly as much 
as H20. Eggler (1975) concluded, in agreement 
with Mysen and Boettcher (1975a,b), that at 20 
kbar the vapor-saturated liquid changes from 
quartz-normative to forsterite-normative as the 

XC02 of vapor becomes greater than 0.45. 
The thermal maximum shown on reaction 6 at 50 

kbar in Figure 5B is the same as that denoted by 
the heavy dashed line in Figure 4. The compo- 
sition of the vapor at the thermal maximum 
changes rapidly from C02-rich at 40 kbar to H20- 
rich at 50 kbar. Figure 5B shows that forsterite 
plus enstatite cannot coexist with vapor richer 
in C02 than that at the isobaric invariant point 
schematically illustrated, where the subsolidus 
carbonation reaction intersects the solidus. At 

temperatures below the solidus the composition 
of the vapor coexisting with forsterire plus 
enstatite is buffered by the subsolidus reaction. 
At the solidus the compositions of both liquid 
and vapor are fixed. Above the solidus the com- 
position of vapor coexisting with forsterite 
plus enstatite is buffered by reaction 6, until 
the temperature of the thermal maximum on that 
reaction is exceeded. At higher temperatures all 
vapor is dissolved in the liquid. 

Figure 5C illustrates that at 90 kbar and 
temperatures below the solidus all volatiles are 
tied up in brucite and magnesite, in the presence 
of forsterite plus enstatite. A vapor phase is 
not stable in the presence of the assemblage 
forsterite plus enstatite. The first melting 
takes place at a quaternary eutectic involving 
forsterite, enstatite, brucite, and magnesite. 

The P-T net constructed for the system Mg0- 
Si02-H20-C02 provides the information necessary 
to construct isobaric liquidus diagrams, and 
from them to estimate geometrically the compo- 
sitions of liquids formed at the solidus. The 
position of the surface of liquid compositions 
which coexist with forsterite and enstatite is 

shown at 20, 40, 70, and 90 kbar in Figure 6. 
The great change in the position of this surface 
is due to the increased solubility of C02 in the 
liquid associated with the intersection of reac- 
tion 5 with the solidus at about 42 kbar. 

The estimated compositions of liquids formed 
at the solidus at pressures of 20, 50, and 90 
kbar are listed in Table 1.' These were esti- 

mated for a bulk composition consisting of 
forsterite plus enstatite plus a small amount of 
volatiles with a 3/1 H20/C02 ratio. At 20 kbar 
the first liquid is estimated to be quartz- 
normative, in agreement with the conclusions of 
Eggler (1975) and of Mysen and Boettcher (1975a, 
b). However, at a pressure of 50 kbar the fact 
that magnesite coexists with forsterite plus 
enstatite at the solidus causes the first liquid 
to be highly undersaturated with respect to 
silica, in fact periclase-forsterite normative. 
The involvement of magnesite in the melting 
reaction prevents the Si02-enrichment caused 
at low pressures by vapor with high H20/C0 2. 
At 90 kbar the first liquid coexisting with 
forsterite plus enstatite is estimated to be 
enstatite-forsterite normative. The existence of 

the quaternary eutectic relationship between 
forsterite, enstatite, brucite, and magnesite at 
pressures greater than 90 kbar requires that the 
compositions of the first liquids will be essen- 
tially constant at higher pressures, becoming 
slightly richer in Mg0 with increasing pressure. 

S,02 

mole per = 0 kb B. P: 40 kb 

H20 C02 H•O CO• 

S•O• S•02 

= 70 kb = 5 kb 

H20 CO• H•O CO• 

Figure 6. Partial isobaric liquidus diagrams 
for the system Mg0-Si02-H20-C02. Heavy lines 
show liquidus field boundaries on the vapor- 
saturated liquidus surface. The surface of 
liquid compositions coexisting with forsterite 
plus enstatite is stippled. This is vapor absent, 
but reaches the vapor-saturated liquidus surface 
in Figures 6A, 6B, and 6C. As pressure increases 
the volatile-rich parts of the surface become 
increas ingly s il ica-undersa turated. 
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TABLE 1. Geometrically estimated compositions of first liquids coexisting 
with forsterite plus enstatite in a bulk composition 

with an H20/C02 ratio of 3/1. 

Pressure 
Mole Percent 

Mg0 Si02 H20 C02 
Weight Percent 

Mg0 Si02 H20 C02 

20 kbar 12 17 70 1 18 37 45 0.x 

50 kbar 34 10 31 25 38 17 15 30 

90 kbar 32 18 39 11 36 31 19 14 

$umma r y 

The model developed for the system Mg0-Si02- 
H20-C02 requires that in successively higher 
pressure ranges, three different types of melting 
processes characterize the melting of forsterite 
plus enstatite in the presence of H20-C02 vapor. 

(1) At low pressures the melting reaction is 
either 

Enstatite + Vapor + Forsterite + Liquid 

at low XC02, or 
Forsterite + Enstatite + Vapor + Liquid 

at high Xc02 . The composition of the liquids 
produced varies from quartz-normative in the 
presence of H20 to forsterite-normative in the 
presence of C02. This a•rees with the conclu- 
sions of Egglet (1975) and Mysen and Boettcher 
(1975a,b). At 20 kbar H20 is partitioned toward 
silicate liquids, and C02 is partitioned toward 
the coexisting vapor. 

(2) At pressures between 42 and 80 kbar the 
important melting reaction is 4. The composition 
of the vapor phase taking part in this reaction 
is buffered by the subsolidus reaction 5. At 
temperatures above the solidus for the assem- 
blage forsterite plus enstatite, a thermal max- 
imum exists on the reaction 

Forsterite + Enstatite + Vapor + Liquid. 

The XC02 of the vapor at this thermal maximum 
becomes rapidly smaller as pressure increases. 

(3) At pressures above 90 kiloba.rs forsterite 
plus enstatite melt at a quaternary eutectic with 
brucite and magnesite, with no vapor present. 
H20/C02 of the liquid is fixed at about 3/1 by 
the eutectic between Mg(OH) 2 and MgC03. 

The composition of the first liquid formed in 
bulk compositions of forsterite plus enstatite 
and a small amount of volatiles with a 3/1 H20/ 
C92 ratio changes from quartz-normative to peri- 
clase-forsterite normative to enstatite-forsterite 
normarive as pressure increases. 

These three kinds of melting reaction must 
also occur in peridotite, where H20 and C02 are 

present as vapor, or are stored in amphibole, 
phlogopite, and carbonate. The distribution of 
H20 and C02 among liquid crystals and vapor in 
the simple system Mg0-Si02-H20-Si02 provides a 
guide for interpretation of the phase relation- 
ships in the complex peridotite-H20-C02 system 
(Wyllie, this volume). 
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KIMBERLITE MAG•IAS FROM THE SYSTEM PERIDOTITE-C02-H20 

Peter J. Wyllie 

Department of Geophysical Sciences, University of Chicago, Chicago, Illinois 60637 

Abstract. Phlogopit e-do lomite-peridotite is 
the most promising source .rock for kimberlites 
and related magmas. At pressures above about 
30 kb, very little C02 (low C02/H20 in vapor) is 
required to produce dolomite in mantle peridotite. 
If oxygen fugacity is too low, however, C02 and 
carbonate are reduced to carbon, and dolomite is 
unable to exert its distinctive influence on 

magma compositions. The oxygen fugacity at 
various depths in the mantle is a critical 
factor. Rare diamonds and even rarer carbonates 

occur in peridotite nodules from kimberlite, and 
C02 is brought to the surface in mantle-derived 
minerals and lavas. Phase relationships in 
peridotite-C02-H20 provide a first step for 
evaluation of the behavior of components C-H-0 
at depth. Experimental and theoretical data 
from various sources have been combined for 

analysis of the near-solidus phase relationships 
in peridotite-C02-H2 ¸. The divariant solidus 
surface is traversed by a series of univariant 
lines where the vapor phase is buffered by 
amphibole, dolomite (magnesite at higher pres- 
sures), phlogopite, or combinations of these. 
The lines limit the range of vapor-phase com- 
positions that can coexist with peridotite at 
various pressures. The buffering capacity of 
dolomite is far greater than that of the hydrous 
minerals. The buffered curves for partly car- 
bonated peridotite, with and without phlogopite, 
extend to lower temperatures and higher pres- 
sures from an invariant point near 26 kb and 
1200øC. Near this line there is a temperature- 
maximum (a ridge) on the solidus surface, 
separating the low-pressure surface, where C02/ 
H20 in vapor is higher than in liquid, from the 
high-pressure surface, where C02/H20 in vapor is 
lower than in liquid. Enrichment of the high- 
pressure liquids in C02 is associated with the 
generation of dolomite and low-Si02 liquids. 
Because of this maximum on the solidus, near- 

solidus magmas rising along an adiabat would 
evolve volatile components in the depth interval 
100-80 km, which could contribute to the explo- 
sive eruption of kimberlites. The subcontinen- 
tal upper mantle is probably heterogeneous with 
respect to incompatible elements, because local 
melting due to sparsely distributed C02 and H20 

(dolomite and phlogopite) is followed by magmatic 
flushes, as the melt migrates upwards. 

Introduction 

Petrological and experimental data appear to 
be consistent with the conclusion that kimberlite 

magmas are generated bv a small degree of partial 
melting of mantle peridotire containing H20 and 
C02, or perhaps other species in the subsystem 
H-C-O, at depths greater than about 100 kilo- 
meters. The evidence that minerals and magmas 
derived from the upper mantle contain H20 and C0 2 
has been reviewed by Wyllie (1977a) and Eggler 
(1978). The presence of C02 in minerals (Green 
and Radcliffa, 1975) and basalts (Moore et al., 
1977) is established, but carbonates in mantle- 
derived peridotites are rare (McGetchin and 
Besancon, 1973). The presence of diamonds and 
graphite in peridotire and eclogite nodules from 
kimberlites shows that the oxygen fugacity at 
depth is not high enough to oxidize all carbon, 
but there is probably a depth interval within 
which carbon and carbonate coexist (M. Sato, 
personal communication, 1977; see also 
Rosenhauer et al., 1977; Woermann et al., 1977). 
Evaluation of the system peridotite-C02-H20 is a 
first step for evaluation of the behavior of 
components C-H-0 in the mantle at depth. At 
some level, these components assume a form in 
which H20+C02 are dominant. 

The only comprehensive experimental investi- 
gation of the effect of C02-H20 on the melting of 
natural peridotites (with controlled oxygen 
fugaciti•s) is that of Mysen and Boettcher 
(1975). Eggler (1975) studied the effect of 
C02+H20 on the melting of forsterite+enstatite 
at 20 kb. These results were presented at the 
First Kimberlite Conference. Since then, Wyllie 
and Huang (1975) and Eggler (1976) independently 
discovered a carbonation reaction which produces 
striking changes in near-solidus phase relation- 
ships between about 20 and 30 kb, and accounts 
for Eggler's (1974) observation that CO 2 at 
high pressures generates Si02-depleted liquids 
from forsterite+enstatite+diopside. A prelim- 
inary integration of subsolidus carbonation 
reactions with melting reactions for the system 
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Ca0-Mg0-Si02-C02-H2 ¸ by Wyllie and Huang (1976) 
illustrated the complexities that would be 
encountered in experimental studies between 
about 25 and 40 kb, and Eggler's (1978) experi- 
ments included some of these complexities. 
Brey and Green (1975, 1976) studied the effect 
of C02 and H20 on the liquidus mineralogy of a 
selected olivine-melilitite composition, and 
concluded that this represents a near-solidus 
liquid for peridotite with H20+C02 at pressure 
near 30 kb. 

The many uncertainties in experimental results 
and interpretations up to 35 kb have been dis- 
cussed extensively (Mysen and Boettcher, 1975; 
Nehru and Wyllie, 1975; Wyllie and Huang, 1976; 
Green, 1976; Wyllie, 1977a; Eggler, 1978). A 
complementary approach is to calculate the 
positions of specific reactions involving 
carbonates and hydrous minerals in model systems 
(Eggler et al., 1976; Ellis and Wyllie, 1978, 
1979a, 1979b). 

Wyllie (1977a, 1978) and Eggler (1977, 1978) 
presented analyses of the phase relationships in 
peridotite-C02-H20, using available experimental 
and theoretical data from many sources. They 
reached broadly similar conclusions, but there 
are some significant differences of interpre- 
tation. They agree that the divariant solidus 
surface (Mysen and Boettcher, 1975; Eggler, 1975) 
is traversed by a series of univariant reactions 
involving amphibole, phlogopite, dolomite, or 
combinations of these. For C02 and H20 contents 
below certain limits, the vapor phase composition 
is buffered to these lines, and isobaric liquid 
compositions are correspondingly fixed. Some of 
the differences of interpretation are outlined 
below with respect to specific figures involving 
dolomite and phlogopire, the minerals probably 
required for the generation of kimberlite magmas. 

Mantle Peridotite 

It is well established that the mantle is 

heterogeneous, with mineralogy varying from un- 
depleted to depleted in fusible constituents, 
and contaminated to various extents by meta- 
somatic products including phlogopite (Wyllie, 
1971, chapter 6; Ringwood, 1975, chapters 3 and 
5; Yoder, 1976; O'Hara, 1975; Harte et al., 1975; 
Lloyd and Bailey, 1975; Boettcher et al., 1977). 
This makes generalization difficult. The fol- 
lowing analysis of phase relationships for 
peridotite-C02-H20 involves an average mantle 
oeridotite, with olivine, two pyroxenes, plus 
spinel or garnet (Wyllie, 1977a; Eggler, 1978). 
There are large uncertainties in the precise 
positions of some phase boundaries that have 
been studied experimentally (e.g. peridotite-H20 
solidus and amphibole stability, see Wyllie, 
1977a), and similar uncertainties pertain to the 
positions of deduced boundaries. 

The amounts of H20 and C02 in the upper 
mantle are normally very low (probably less than 
0.1%) and subject to regional variability, and 
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local concentration. For the average model, 0.4% 
H20 would produce the maximum possible amount of 
amphibole, and 0.02% H20 would produce the 
maximum possible amount of phlogopite. Meta- 
somatic processes introducing K20 and H20 
increase the amount of H20 fixed in phlogopite, 
which illustrates the arbitrariness of 0.02% H20 
as the level of buffering capacity of phlogopite. 
It requires approximately 5% C0 2 to convert 
normal mantle peridotite through dolomite- 
peridotite and to remove clinopyroxene by 
carbonation, and it requires about 23% CO 2 to 
convert peridotite to quartz/coesite-garnet- 
marble. The capacity of dolomite for buffering 
a vapor-phase in the mantle is clearly much 
larger than that of amphibole or phlogopite. 

Despite the problem of dealing with an average 
system, with many uncertainties, the geometrical 
constraints are such that the general pattern, 
and the relative positions of the reactions, 
provide a framework permitting petrological and 
geophysical conclusions that are not likely to 
be significantly changed by subsequent precise 
determinations. We do need much more information 

on pressures and temperatures, liquid and mineral 
compositions, and liquid paths within the fusion/ 
crystallization interval. 

Peridotite-C02 

Fig. 1 is a schematic diagram with the effects 
of C02 superimposed on a generalized phase 
diagram for peridotite. There are no experimen- 
tal data for peridotite-C02. The three decar- 
bonation reactions (Wyllie and Huang, 1976) 
presented in terms of increasing pressure 
(carbonat ion) are: 

orthopyroxene + dolomite = 
s$ 

olivine + clinopyroxene + C0 2 ...... (6) 

orthopyroxene + magnesite = 
$s 

olivine + dolomite + C02 ........ (4) 
ss 

quartz/coesite + magnesite = 
ss 

orthopyroxene + dolomite + C02 ..... (2) 
ss 

They terminate at the solidus with excess C02 
(estimated) at invariant points. With less than 
5% C02, as in Fig. lB, there is insufficient to 
convert all clinopyroxene to dolomite, and 
reaction (6) is not completed. 

The dolomite changes to magnesite through an 
exchange reaction: 

dolomite + orthopyroxene = 
$$ 

magnesite + clinopyroxene 
ss 

(Kushiro et al., 1975) which terminates at 
invariant point I 0. This reaction does not 
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Fig. 1. Peridotite-C02, largely schematic 
(Wyllie, 1978). Dashed line, peridotite solidus 
(an arbitrary choice; see Wyllie, 1973, for 
three curves). Solidus slopes above 16 are 
estimated. 

1A. Excess C02, based on combination of Wy!lie 
(1977a, Figs. 1 and 7a), and Wyllie (1971, 
Figure 6-10) o 
lB. 0.1% C02, based on combination of Fig. 1A 
and Wyllie (1977a, Fig. 2). Abbreviations: 
O1 = olivine, Opx TM orthopyroxene, Cpx = 
clinopyroxene, P1 -- plagioclase, Sp = spinel, 
Ga = garnet, Do = dolomite solid solution, Cm = 
magnesite solid solution, Qz = quartz or coesite. 

occur in the presence of C02, but it does occur 
in the presence of C02-H20 on the divariant 
surface for reaction (6). Thermodynamic cal- 
culations by Egglet et al., (1976) are consistent 
with the figure, but G. Brey (personal communi- 
cation, 1977) has unpublished experimental data 
indicating a steeper slope, passing near 900øC 
at 25 kb. If this is confirmed, the reaction 
would traverse the divariant surface for 

reaction (6) with C02-H20 (Fig. 2A). 
For mantle peridotite with less than 5% C02, 

Fig. lB shows that peridotite melts together 
with calcic dolomite at pressures above 16. The 
change from low-pressure melting of peridotite- 
C02 to high pressure melting of dolomite- 
peridotite involves a remarkable increase in C02 
solubility within a few kilobars pressure, as 
the solidus temperature drops to 16 . Wyllie 
and Huang (1975, 1976) showed that the compo- 
sition of the near-solidus liquid I6-I 0 is dom- 
inated by the phase relationships in CaC03-MgC03 
(Irving and Wyllie, 1975). They concluded that 
the equivalent liquid in the model system Ca0- 
Mg0-Si02-C02 is essentially carbonatitic, with 
Ca/Mg>l, 10-15% dissolved silicates, and C02 
content approaching 40%. Egglet (1976, 1978) 

concluded that the liquid was somewhat more 
siliceous, with up to 27% C02. 

Perido tit e-CO2-H20 

Consider the effect of adding H20 to the 
reactions in Fig. 1A. Each univariant curve 
extends to a divariant surface, which can be 
represented in P-T projection by contours for 
constant vapor-phase composition, as shown in 
Figs. 2, 3, and 4. The three surfaces in Fig. 2 
(exploded diagram for clarity) meet along the 
heavy line extending from 16 , which is the buf- 
fered curve for the beginning of melting of 
partly carbonated peridotite (dolomite- 
peridotite) in the presence of H20-C02. The 
three surfaces are combined in Fig. 3. 

The carbonation surface (Fig. 2A) divides the 
solidus surface into two parts' Fig. 2B shows 
the solidus for peridotite-vapor without 
dolomite, and Fig. 2C shows the solidus for 
carbonated peridotire (one or more of olivine 
and pyroxenes reacted away) with vapor. The 
carbonated surface is traversed by two other 
lines from 14 and 12 (Figs. 2C and 4) marking 
the intersections of the other carbonation 

reactions, (4) and (2) from Fig. 1A. 
The solidus surface for peridotite-vapor 

extends uniformly between the low-pressure 
solidus curves for peridotite-H20 and excess C02 
(Fig. 1), with contours spaced according to the 
data of Mysen and Boettcher (1975), but with 
different limits adopted for H20 and C02 (see 
Wyllie, 1978, for details). The surface passes 
over a temperature-maximum (m__n_n in Fig. 3) of 

40 
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IO 
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Temperdure øO 
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Fig. 2. Vapor-phase contours (mole fraction) on 
three divariant surfaces for peridotite-H20-C02, 
largely schematic, omitting amphibole and phlo- 
gopite (Wyllie, 1978). The data of Rosenbauer 
and Egglet (1975) on diopside-C02-H20 suggest 
that there could be a shallow temperature 
minimum on the surface in Fig. 2B, for H20-rich 
vapors. This would add complexity to the 
diagrams and little of petrogenetic signifi- 
cance, so the prospect is not considered 
further. 
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Fig. 3. Peridotite-C02-H20 with excess vapor, 
combining the three surfaces of the exploded 
diagram, Fig. 2. Q is equivalent to 16 . The 
area QNU is dashed, because phase relationships 
on this surface require more C02 than expected 
in normal mantle. Dotted lines are geotherms: 
Abbreviations: see Fig. 1; S = shield; 0 = 
ocean; CR -- Clark and Ringwood (1964); R = 
Ringwood (1966) . 

unknown size, and then down to the buffer line 

from 16 (QN in Fig. 3). The temperature-maximum 
(a ridge on the solidus surface) is a signifi- 
cant addition to earlier versions (Wyllie, 
1977a; Eggler, 1977, 1978). The limiting 
contour for C02 has a shape consistent with 
this family of contours. The contour lines on 
the peridotite-vapor surface (Fig. 2B), do not 
pass directly from low pressures to corresponding 
points on the dolomite-buffer line as proposed 
originally by Wyllie (1977a) and Eggler (1977). 

The complete solidus surface is shown in 
Fig. 4. Fig. 4B is a PX projection of the 
surface giving a clearer view of vapor-phase 
compositions. The short-dashed lines for the 
solidus isotherms, estimated from Fig. 4A, 
illustrate the geometry of the temperature- 
maximum on the solidus surface (long-dashed 
line). For each carbonation reaction, the 
buffered vapor-phase compositions change from 
C02 to H20-rich within a few kilobars above each 
invariant point, 16, 14 , and 12 . 

Eggler (1977) plotted two versions of the 
dolomite buffer-line from 16 , each with a 
pronounced pressure-minimum, using different 
values for the peridotite-H20-C02 solidus, and 
Wyllie (1977a, Fig. 8) indicated a shallow 
pressure-minimum on this line. Wyllie (1978) 
discussed the location of this curve as the 

intersections of the two carbonated surfaces 

(convex upwards in TX section, Figs. 2A and 2C), 
concluding that there is no pressure-minimum on 
the line (Fig. 3). 

The temperature-maximum corresponds to the 
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conditions where C02/H20 in vapor equals that in 
liquid. At lower pressures, Mysen and Boettcher 
(1975) and Eggler (1975) demonstrated that C02/ 
H20 in vapor was richer than in liquid (because 
of the low solubility of C02 in liquid). Fig. 
4B shows that vapors along the dolomite-buffer 

line from 16 become so H20-rich , that C02/H20 in 
liquid produced by melting dolomite-peridotite 
is surely higher than in vapor. Wyllie (1978) 
concluded that the only way to relate the low- 
pressure and high-pressure distributions of H20 
and C02 between liquid and vapor with internally 
consistent phase relationships, was by the 
existence of a temperature-maximum, as shown in 
Figs. 2, 3, and 4. The hyperdimensional geo- 
metrical details cannot be completely defined in 
such a complex system, but Ellis and Wyllie 
(1978) traced an equivalent feature across the 
solidus and liquidus surface of Mg0-Si02-C02-H20 
for the assemblage forsterite+enstatite+vapor. 

The shapes of the contours in Fig. 3 are more 
readily visualized in Fig. 5. Fig. 5A shows the 
phase fields intersected with vapor of fixed 
composition, C02/(C02+H20) = 0.6. This cor- 
responds to an open system, where C02 is added 
as required to maintain constant vapor-phase 
composition; 5% C02 is required to complete 
reaction (6), and 23% to pass from peridotite+V 
through reaction (2). Each line is a contour 
from a surface, three of which are drawn in 
Fig. 3, and each point at the intersection of 
three contours lies on one of the vapor-buffer 

lines, QN in Fig. 3, and the lines from 16, 14 , 
and 12 in Fig. 4. 

In a closed system with fixed bulk compo- 
sition and the same ratio C02/H20, the field of 
peridotite + vapor is bounded by the same 
reaction contours, as shown in Fig. 5B. 
Reaction (6) uses up C02, so with increasing 
pressure and continued carbonation', the vapor 
composition tracks across the divariant surface 

6O 

5O 

• 4o 

•30 

20 

I0 

- 

800 I000 1200 1400 H2 ¸ 0.2 0.4 0.6 0.8 CO 2 
o in vapor Temperature C Xco z 

Fig. 4. Solidus surface, partly schematic, for 
peridotite-C02-H20. Short dashes: isotherms. 
Long dashes: temperature-maximum on solidus 
surface of Fig. 2B, mn in Fig. 3. 
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(Fig. 2A) becoming enriched in H20. With less 
than 5% CO 2 present, the dolomite-peridotite is 
unable to leave the divariant surface (6), and 
reactions (4) and (2) are not encountered at all. 
Melting begins not along a contour line, as in 
Fig. 5A, but along a portion of the dolomite- 
buffer line (QN in Fig. 3). 

The isobaric projections in Fig. 6 illus- 
trate the intersections of carbonation reactions 
with the solidus, the appearance of the 
temperature-maximum on the solidus, and its 
migration from C02 to H20-rich within a few 
kilobars. Fig. 6A shows the solidus tempera- 
ture for peridotire-vapor as a function of 
vapor-phase composition at 20 kb (Mysen and 
Boettcher, 1975; Eggler, 1975). The solidus at 
25 kb is shown by the dashed line in Fig. 6A. 
The abrupt decrease in temperature of the 
peridotite-C02 solidus between 20 and 25 kb 
(Fig. 1A) has the effect of producing a 
temperature-maximum on the H20-C02 solidus. 
In Fig. 6B, the solidus just reaches the 
carbonation reaction at 16 (Fig. 2, and Q in 
Fig. 3). The point d in Figs. 6C and D cor- 
responds to a point on the dolomite-buffer line 
for reaction (6), QN in Fig. 3. Figs. 4B and 
6 show that for a very small increase in 
pressure, the vapor __d is strongly enriched in 
H20. The field for peridotite-vapor, and 
associated divariant solidus surface, is thus 
restricted. 
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4O 

,•- 20 

A. XcoaiO 6 / I B Closed sysiem _ LCO 2/(C02+ H 2•0):o,0.6 
GO +•0 Cm ,4 / - I(C,02+H20)(. +Qz ,v 
_ ,,•./ /• J_. Portly •/ /• Icorbonoled J J perldotlte • '"' 

7'vør'ø""> ,00- 
k ,"" / '/ "' 5ø 

)er•dot•te X,,. ;' dohte ' 

800 I000 1200 1400 800 I000 1200 1400 

Temperalure øC 

Fig. 5. Peridotite-H20-C02. Sections based on 
Figs. 1A, 2A, and 4A. Dashed line is the 
volatile-free peridotite solidus (Wyllie, 1978). 
5A. Phase fields intersected with sufficient 

C02 available to complete the three successive 
carbonation reactions, [6], [4], and [2]. Each 
line is a contour for the fixed vapor-phase 
compositions from a divariant surface. 
5B. Phase fields intersected in a closed 

system. Carbonation begins along the contour 
from the divariant surface, and continues with 
increasing pressure as the vapor phase tracks 
across the surface, becoming enriched in H20/C02. 
Abbreviations: see Fig. 1. 
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Flg. 6. Schematic lsoba=lc p=o•ectloas 
pe=ldotite-•20-CO 2 with excess •apo=, sho•l•g 
•apor phase co•positlo•s (•ole •ractioa). 
shows the te•peratu=e-•axi•u• oa the solldus, 
aad l•tersectloas betweeu the solldus 

ca=bouatlo• reactions. Vapor co•posltio• 
is bu$$e=ed b• the ½o=•atlo• o• dolomite. See 
Flg. 10C ½o= 60 kb sectloa. 

For peridotite with a small proportion of 
volatile components, the subsolidus vapor 
composition is buffered by the line for reaction 
(6); this curve cannot be crossed unless there 
is more than 5% C02 available to react away all 
clinopyroxene. With increase in temperature, 
the vapor-phase is enriched in C02. At d, the 
dolomite-peridotite begins to melt in the 
presence of vapor d, producing liquid with 
higher C02/H20. At pressures greater than 30 
kb (Fig. 6D), there is only a limited section of 
the divariant solidus surface, on the H20 side 
of the te•mperature-maximum, where C02/H20 in 
vapor is richer than in liquid (corresponding to 
the low-pressure relations of Fig. 6A). Fig. 
10C shows the extreme H20-enrichment of vapor 
at 60 kb. 

Phlogopite in Peridotite-C02-H20 

Figs. 7, 8, 9, and 10 illustrate how the sub- 
solidus surface for the dehydration of 
phlogopite in the presence of H20-C02 vapor 
intersects the peridotite-C02-H20 solidus 
surface (Figs. 7B and 10A), producing a 
univariant curve for the buffered melting of 
phlogopite-peridotite. At pressure 17, this 
meets the dolomite-buffer line from 16, and at 
higher pressures there are two reactions for 
phlogopite-dolomite-peridotite melting, one with 
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Fig. 7. Peridotite-H20-C02, largely schematic, 
for composition with sufficient K20 to generate 
phlogopite, omitting amphibole (see Wyllie, 1978 
for amphibo le). • 
7A. Many curves are coincident with those of 
Figs. 1A and 2B. 
7B. Vapor-phase contours on three of the 
surfaces: divariant dissociation of phlogopite, 
peridotite-vapor solidus, and the solidus for 
carbonated-peridotite (with phlogopite breakdown 
products omitted). Abbreviations: see Fig. 1; 
Ph = phlogopite. 

buffered vapor (I7_e) and the other vapor-absent 
(•i•. ii). 

Isochemical phase diagrams for phlogopite- 
peridotite should include reactions involving 
kalsilite, leucite and sanidine, the breakdown 
products of phlogopite. These minerals are not 
known in mantle peridotites, however, and the 
reactions have been neglected. The figures 
include only limits for the occurrence of 
phlogopite, with the assumption that beyond the 
stability limit of phlogopite, the small amount 
of potassium is camouflaged in other minerals, 
or removed in solution. Wendlandt (1977) 
illustrated related reactions for the potassic 
minerals in a simpler magnesite-phlogopite-C02- 
H20 system, which provides a good model for 
peridotite reactions. 

Phlogopite-peridotit e vapor-buffer 

Fig. 7A shows univariant lines from 
peridotite-C0 2 (Fig. 1A), the solidus for 
peridotite-H20 (Fig. 2A), and several curves 
involving phlogopite. The buffered solidus 
for phlogopite-peridotite (Ph V in Fig. 7A) 
was located as shown in Fig. 7B; the line 
abdI 7 marks the intersection between the 
estimated contours for phlogopite dehydration 
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(Ph V in Fig. 7B) and those for the divariant 
solidus of peridotite-C02-H20 (Fig. 2B). 

Details of the complex intersection line 
abdcI 7 and vapor-phase compositions are shown 
in Figs. 8 and 9. The dashed line from b_ is a 
temperature-maximum for the melting of 
phlogopite in peridotite-vapor with high C02/H20 , 
at temperatures lower than the solidus for 
peridotite-vapor if phlogopite were absent (the 
dashed line to higher pressures from Z in Fig. 
7A is the equivalent line for vapor with high 
H20/C02). The loop between bdcI 7 in PT pro- 
jection (Figs. 7 and 8) is associated with the 
intersections of the temperature-maximum on the 
peridotite solidus, and the temperature-maximum 
for the melting of ph!ogopite in the presence of 
C02-H20. Fig. 9 shows the variation in buffered 
vapor composition. With increasing pressure, 
the vapor coexisting with phlogopite-peridotite 
(with less than 0.02% H20 present) becomes 
enriched in C02 along a__b, enriched in H20 along 
bd as it traverses the ridge on the solidus 
surface for peridotite-C02-H20, and then after 
crossing the temperature-maximum, back along 
dc__I 7 with increasing C02/H20. 
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Fig. 8. Details of part of Fig. 7. The uni- 
variant intersection line between the peridotite- 
vapor solidus surface (Figs. 2A and 3) and the 
schematic dehydration surface for phlogopite- 
C02-H20 (Fig. 7B). The dashed line from b is a 
temperature-maximum for the melting of 
phlogopite in peridotite with high C02/H2 ̧. 
See Fig. 9 for vapor-phase compositions. 
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Phlogopit e-dolomit e-peridot it e melting 

I7f in Fig. 7 is the estimated line of inter- 
section between the divariant surfaces for 

carbonation reaction (6) in Figs. 2A and 3, and 
for phlogopite dehydration in Fig. 7B. The 
isobaric projection in Fig. 10A shows a point on 
the line. At lower temperatures, the two 
surfaces are replaced by an exchange reaction 
between dolomite and phlogopite in the presence 
of peridotite and vapor, with the approximate 
shape indicated by the isobaric intersection 
Ph-Do in Fig. 10A. This is based on the 
reaction determined at 1 kb by Bailey (1966): 

orthoclase + dolomite + H20 = 

phlogopite + calcite + C02 

Additional reactions generated at the isobaric 

invariant point corresponding to I7f have been 
neglected. 

The line 1617 in Figs. 7, 8, 9, and 11 is 
part of the do!omite-peridotite-vapor-buffer 
line (QN in Fig. 3). The subsolidus dolomite- 
phlogopite-vapor divariant surface (Fig. 10A) 
extending from I7f (Fig. 7) intersects the 
peridotite-C02-H20 solidus surface along the 
phlogopite-dolomite-peridot ite vapor-buffer 
line I7_e (Figs. 7, 8, 9, and 11). I7_e is a 
eutectic reaction, with vapor compositions shown 
in Fig. 9, and by point _e in Figs. 10B and D. 
The contours for the carbonated solidus surface, 

I6•_I4I 2 in Figs. 7A and 8 are similar to those 
for QNU in Fig. 3, but they must fan out to 
lower temperatures to reach the solidus I7_e, as 
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0.2: 0.4 0.6 0.8 

Xco in vapor 
Fig. 9. PX projection of the solidus surface 
for phlogopite-peridotite-C02-H20, showing vapor 
compositions as a function of pressure for 
univariant curves involving phlogopite, as 
plotted in Figs. 7 and 8, and 11. 
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in Figure 7. Abbreviations: see Fi•. •. 

shown by comparison of Figs. 10C and D. (This 
is accomplished by the potassic breakdown 
products of phlogopite, which have been omitted 
from the phase diagrams). 

The isobaric projections in Fig. 10 show the 
relative vapor-phase compositions for the 
univariant reactions plotted in Fig. 7. At 
pressures above 30 kb, the vapor-phase coexisting 
with phlogopite-dolomite-peridotite has very 
high H20/C02, _e. The liquid produced at the 
solidus has lower H20/C02 than _e; the liquid is 
enriched in C02 because dolomite participates in 
the melting reaction. 

The divariant dissociation surface for 

amphibole intersects the solidus surface at 
pressure below 25 kb, as indicated in Fig. 10A. 
Amphibole is not a significant mineral in 
kimberlite magma generation or crystallization, 
however, so it has been omitted from this review 
(see Wyllie, 1978, for details). 

Fig. 11 compares many of the solidus reactions 
for peridotite-C02-H20. In particular, the 
solidus for vapor-absent phlogopite-peridotite 
(Ph), estimated by Wyllie (1977a, Figs. 6 and 
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Fig. 11. Selected melting reactions for 
peridotite-H20-C02, partly schematic, but with 
restrictions and internal consistency to 
constrain their positions. Vapor-absent curves 
are shown for peridotite with amphibole, 
phlogopite, carbonate, and carbonate-phlogopite. 
Buffered vapor-present curves are shown for 
peridotite with dolomite, and dolomite- 
phlogopite. Abbreviations: see Figs. 1 and 3. 

12A) from experimental data of Modreski and 
Boettcher (1973), Holloway and Eggler (1976), 
Markov et al. (1966), and Kushiro et al. (1967), 
constrains the position of the phlogopite-buffer 
(abdcI 7 in Figs. 7 and 8) and the two 
phlogopite-dolomite-peridotite solidus curves 
extending from 17. For phlogopite-dolomite- 
peridotite containing less than 0.02% H20 and 5% 
C02, melting occurs by the vapor-absent reaction 
(Ph + carbonate) at a slightly higher tempera- 
ture than the vapor-buffered reaction I7_e. 

The curves in Figs. 7, 8, and 11 that Wyllie 
(1977a, 1978) referred to as univariant solidus 
curves with buffered vapor were described as 
ZIVCs by Eggler (1977, 1978). He defined a 
"principle of the zone of invariant vapor com- 
position" as: "the region in P-T-X space in 
which a volatile-bearing mineral coexists with a 
multicomponent vapor and with its breakdown 
products in a reaction relation that buffers the 
vapor composition." There are so many of these 
for peridotite-C02-H20, that "ZIVC" occupies 
almost the same P-T-X space as the solidus 
surface. The definition is potentially con- 
fusing. The ZIVC refers to a region for a 
univariant curve, yet "invariant" is in the 
title. The vapor phase is invariant only at 
constant pressure, but the defined "zone" 

extends through a wide range of pressures. 
The vapor-phase composition may vary through 
almost the complete range of H20-CO 2 within 
a single ZIVC, as shown in Fig. 9. I see no 
need for a special acronym to distinguish 
these lines from the standard, univariant 
buffered curves used by metamorphic 
petrologists (e.g. Greenwood, 1975). 

Mantle Melting 

Fig. 11 compares the solidus for peridotite 
without volatile components with several of the 
vapor-absent or vapor-buffered univariant 
solidus reactions that traverse the divariant 

solidus surface for peridotite-C02-H20. Even 
traces of C02, H20, or C02+H20 lower melting. 
temperatures through hundreds of degrees compared 
with the solidus for volatile-free peridotite. 
For the low values of H20+C02 expected in mantle 
peridotite, melting is likely to begin not on 
the divariant surface, but along one of the 
univariant lines. The four geotherms were 
calculated by Clark and Ringwood (1964) and 
modified by Ringwood (1966) before convection 
was incorporated into the formula, but recent 
reviews affirm that temperatures between oceans 
and continents differ to depths of 200 km 
(Solomon, 1976), and the geotherms are suitable 
for discussion of processes in this depth range. 

According to Fig. 11, amphibole is not 
involved with melting in stable continental 
regions. If there is any H20 or CO 2 present, 
incipient melting must begin somewhere within 
the depth range 110-180 km by the fusion of: 
(1) vapor-absent phlogopite-peridotite or 
phlogopite-dolomite-peridotite, (2) vapor- 
buffered assemblages of dolomite-peridotite or 
phlogopite-dolomite-peridotite, or (3) divariant 
peridotire-vapor (H20 rich). The solidus tem- 
perature for dolomite(magnesite)-peridotite 
without H20 is not reached by 200 km. 

The fact that the seismic low-velocity zone 
beneath continental shields is weakly developed 
or absent (Solomon, 1976) indicates that mantle 
peridotite in these regions contains little or 
no phlogopite, carbonate, and C02-H20 vapor. 
The fact that kimberlites and other volatile- 

rich alkalic lavas have been erupted in this 
environment indicates that H20 and C02 have 
become concentrated in the mantle, at least 
locally in time and place. It appears that H20 
and C02 are distributed sparsely and irregularly 
in subcontinental mantle, with periodic magmatic 
flushes transporting these components into the 
lithosphere, or through it if tectonic conditions 
are suitable. This process would produce 
inhomogeneities in trace element contents of 
mantle peridotite, both in magmatic source 
regions and in overlying lithosphere. The ul- 
timate source for replenishment of C02, H20, and 
K20 remains unresolved. These components may 
come from deeper, or by recycling via subduction. 
Fig. 11 shows that carbonate is stable in sub- 
continental mantle to depths greater than 200 km, 
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in the absence of H20. Yamamoto and Akimoto 
(1977) showed that H20 could be stored in dense 
hydrous magnesian silicates at depths greater 
than 300 km. 

Magma Composition 

Eggler (1974) demonstrated that C0 2 produced 
liquids strongly depleted in Si02 at pressures 
just below 16 (compare Figs. 11 and 1). Wyllie 
and Huang (1975, 1976) outlined evidence for 
extreme Si02-deficiency, with carbonatitic melts 
produced near the solidus for dolomite- 
peridotite (1610 in Fig. lB). Eggler (1976, 
1978) agreed that such liquids were rich in 
C02. Wyl!ie (1977a, 1977b) argued that with 
magma generation along the dolomite-peridotite 
buffer line I6• in Fig. 11, the first liquid 
developed could still be carbonatitic, despite 
the addition of H20-rich vapor and solution of 
H20 in the melt. 

Modreski and Boettcher (1973) measured the 
composition of glasses quenched from several 
phlogopite-bearing assemblages modelling the 
mantle, and concluded that vapor-absent melting 
of phlogopite-peridotite produces liquids 
ranging from quartz-normative at !0 and 15 kb to 
strongly Si02-undersaturated, and leucite- 
normative, at 35 kb. With H20 present, the 
liquids were granitic (quartz-normative), owing 
to the incongruent melting of enstatite with H20. 

Holloway and Eggler (1976) studied a garnet- 
lherzolite assemblage with dolomite and 
phlogopite added (the curve Ph + carbonate in 
Fig. !! was passed through their measured solidus 
temperature of 1125_+ 25øC at 30 kb). The liquid 
was relatively enriched in C02, with H20/(H20+ 
C02) = 0.2, and they estimated that it was 
melilitic in composition. Brey and Green (1975) 
concluded that a specific olivine melilitite 
composition was in equilibrium with mantle 
peridotite with H20+C02 at 30 kb. 

For melting along the phlogopite- and dolomite- 
bearing solidus curves in Fig. 11, the magma 
composition is controlled more by the buffering 
minerals than by the C02/H20 ratio. The liquids 
are enriched in C02 (Wyllie, 1977b, 1978) which 
ensures low Si02 (Eggler, 1974). Without 
phlogopite, Ca/Mg > 1, which fits melilitite 
compositions rather than kimberlite compositions. 
With phlogopite present in addition, Mg/Ca in 
the first liquid would probably be increased, 
and high K20 is indicated by the !eucite- 
normative liquid reported by Modreski and 
Boettcher (1973). Although Modreski and 
Boettcher measured quartz-normative liquids from 
phlogopite-peridotite-H20, I believe that buffered 
H20-rich vapors coexisting with phlogopite- 
dolomite-peridotite would not be granitic, 
because the influence of dolomite would ensure 

a low $i02-content. Wendlandt (1977) described 
a reaction near 30 kb involving the melting of 
forsterite+enstatite together with magnesite and 
phlogopite and vapor with XC02 near 0.6, with 
first liquids hap!ocarbonatitic, and he suggested 

that "at higher pressures, the liquid is probably 
kimberlitic". 

For each starting assemblage considered, 
there is a wide temperature interval above the 
solidus through which liquids present in very 
small quantities can follow diverse paths 
through a complex system, with decreasing C02, 
H20, and alkalies, increasing Si02, and varying 
Ca/Mg. The liquids range from carbonatitic, 
through various high alkali, low-Si02 
compositions including melilitites and 
kimberlites. From what little is known or 

deduced at present, I conclude that phlogopite 
and C02 are required in mantle peridotite to 
produce kimberlite magmas. The C02 should be 
present as dolomite or magnesite to be effective 
in producing low-Si02 liquids; I would be 
happier about this conclusion if there were more 
examples of primary carbonates in mantle-derived 
peridotites (McGetchin and Besancon, 1973). 

Magma Generation and Eruption 

Fig. 11 shows that if C02 and H20 exist in 
subcontinental mantle, incipient melting must 
occur. For an equilibrium situation, the 
highest level liquid could be carbonatitic or 
somewhere in the range to kimberlitic or 
melilitic. With increasing depth, the inter- 
stitial liquid would change to more siliceous 
compositions progressively, as described in the 
preceding section. However, the liquids would 
probably rise, producing local concentrations, 
or intrusions into the lithosphere. Eruptive 
processes sampling mantle and melts at different 
levels could produce hybrid magmas, as proposed 
by Boyd and Nixon (1973), who suggested that 
kimberlite magmas may be mixtures of silicate 
liquids from within the asthenosphere with 
carbonatitic liquids from near the top of the 
asthenosphere. It is also consistent with the 
proposal of Franz and Wyllie (1967) that 
carbonatite magmas could be the fluids involved 
in the fluidized emplacement of some kimberlites, 
although in other kimberlites, carbonatite 
melts may represent an end-product of differen- 
tiation (Da•wson and Hawthorne, 1973). 

Holloway and Egglet (1976) suggested that 
C02-H20 in mantle peridotite would normally be 
stored in vapor-absent phlogopite-dolomite- 
peridotire, and they showed that partial melting 
could have the effect of leaving a residue of 
either phlogopite-peridotite, or dolomite- 
peridotite. Melts of different compositions could 
be derived from these assemblages. The process 
is thus an effective means of producing different 
magmas of specific compositions. 

Fig. 1! shows that any process adding small 
amounts of C02 to phlogopite-peridotite, or H20 
to dolomite-peridotite, would have the effect of 
lowering melting temperatures to the buffered 
curves I7e or I6d , respectively, that is, through 
more tha•--200øC •n the depth interval 100-150 knn. 
The metasomatism of mantle peridotite by 
solutions, reported by Harte et al. (1975), 
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Lloyd and Bailey (1975), and Boettcher et al. 
(1977), must have occurred at depths shallower 
than about 125 km, according to Fig. 11; the 
metasomatizing solutions would cause melting at 
greater depths. 

Wyllie and Huang (1976) concluded from the 
shape of the solidus for peridotite-C02 (Fig. 1) 
that kimberlite or carbonatite magmas rising 
adiabatically must evolve C02 at depths of 
100-80 kin. The temperature-maximum on the 
peridotite-vapor surface (Figs. 3 and 5) 
similarly provides a barrier tending to prevent 
eruotion of volatile-rich, deep-seated magmas. 
A near-solidus magma rising along an adiabat 
from depth near 125 km would encounter the 
maximum at a depth near 90 kin. (The size of the 
maximum is not known). If equilibrium were 
maintained, the magma would be forced to 
solidify, evolving H20+C02 at this level (Fig. 5). 
However, the evolution of gases from the magma 
could enhance the prospect of crack propogation 
and explosive eruption, if tectonic conditions 
were suitable (0. L. Anderson, personal communi- 
cation, 1977). If explosive events do occur, then 
equilibrium conditions would not be maintained. 

This situation is modified for a melt with 

dissolved phlogopite components, because the 
maximum on the solidus for peridotite-C02-H20, 
illustrated in Figs. 3 and 5, is at least 
partially filled by liquid produced from melting 

of phlogopite, as shown for the area bdcI 7 in 
Figs. 8 and 9. Therefore, if equilibrium were 
maintained, liquids of suitable composition with 
relatively high C02/H20 would perhaps experience 
some rather drastic changes in composition when 
they crossed the solidus maximum shown in Fig. 5, 
with partial crystallization, and enrichment in 
the phlogopite components, along with partial 
evolution of C02+H20. This region, bdcI7, could 
be a site associated with the formation of some 

low-Si02, potassic magmas of distinctive 
composition. It could be a region where alkalic 
magmas from deeper levels become diversified in 
composition through non-equilibrium crystal- 
lization, effervescence, and explosive eruption. 
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EXPERIMENTAL STUDIES ON THE RELATIONSHIP BETWEEN KIMBERLITE 
MAGMAS AND PARTIAL MELTING OF PERIDOTITE 
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Abstract. The melting relations of an average 
Lesotho kimberlite composition have been investi- 
gated at 30 and 55 kbar pressure. The content of 
CO 2 in all experiments was 5.2 wt %, but amounts 
of H20 were varied from 0 to about 10 wt %. It 
can be shown from a theoretical analysis that 
for nearly all these volatile contents, the 
solidus temperature of kimberlite composition 
is not a function of the volatile composition, 
because at subsolidus conditions, compositions 
of vapor are buffered by reaction with a carbo- 
nate mineral (dolomite at 30 kbar, magnesite at 
55 kbar). The subsolidus phase assemblage -- 
olivine + clinopyroxene + orthopyroxene + garnet + 
carbonate + phlogopite + vapor -- melts at 1075ø+ 
25øC at 30 kbar and 1225 ø + 25øC at 55 kbar. 

At both 30 and 55 kbar, olivine is the liqui- 
dus phase at the conditions studied, followed 
closely in temperature by the crystallization of 
clinopyroxene and orthopyroxene. At 30 kbar, 
garnet is consumed immediately above the solidus, 
but at 55 kbar it persists well into the melting 
range. Extrapolation of the phase boundaries, in 
P-T projection, indicates that garnet, olivine, 
and two pyroxenes crystallize near the liquidus 
at 60 kbar, a phase field configuration consis- 
tent with the hypothesis that kimberlite compo- 
sition is a primary magma, i.e., is a product at 
the beginning of melting of a parental peridotite. 

A comparison of the experimentally-determined 
P-T projection of phase equilibria with the 
Lesotho pyroxene geotherm reveals that beneath 
Lesotho a liquid of kimberlitic composition co- 
existed with garnet-olivine-clinopyroxene-ortho- 
pyroxene (and perhaps with magnesite or phlogopite 
as well) at a pressure of 50-60 kbar. Because 
those phases constitute the Lesotho megacryst 
assemblage, which equilibrated at about 50-60 
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kbar, megacrysts are interpreted to be cognate 
to kimberlite magma. 

Inasmuch as partial melting of peridotite con- 
taining CO 2 and H20 will produce liquids of 
kimberlitic composition at pressures of 50-60 
kbar, such liquids may be common in the upper 
mantle. The rarity of kimberlites as rocks may 
be attributed to the rarity of tectonic settings 
conducive to the ascent of appropriate magmas. 

Introduction 

In many theories of kimberlite petrogenesis, 
emphasis is placed upon the role of a magmatic, 
or liquid, phase. The liquid is generally 
thought to be derived either by partial melting 
of peridotite (Dawson, 1971; Mitchell and Crocket, 
1971; Mysen and Boettcher, 1975).or by fractional 
crystallization (O'Hara and Yoder, 1967; Mac- 
Gregor, 1970). Recent experimentation suggests 
that CO 2 is necessary for the production of kim- 
berlitic-like liquids by partial melting (e.g., 
Wyllie and Huang, 1975b; Eggler, 1975). The 
melting of mantle peridotite in the presence of 
CO 2 (and H20 ) is, however, univariant, by virtue 
of buffering reactions (Eggler, 1977, 1978a; 
Wyllie 1977a,b; Eggler and Holloway, 1977). It 
is then a logical step to suggest that kimberlite 
can be the liquid composition produced near the 
univariant solidus at appropriate temperatures 
and pressures. If that suggestion is true, then 
experiments on an appropriate natural kimberlite 
composition should be consistent with the follow- 
ing restrictions: (1) The kimberlite should have 
a near-liquidus phase assemblage reflecting 
equilibration with a peridotite phase assemblage 
at some pressure; (2) The pressure of equilibra- 
tion of the near-liquidus phases should be con- 
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Fig. 1. Phase relations in the model system 
A-H20-CO 2 containing a carbonate mineral, C, 
including a P-T projection; isobaric, isothermal 
sections; and isobaric T-composition sections. 
In the P-T projection, light solid lines refer to 
reactions in A-C02, modeled after behavior in 
CaO-MgO-Si02-CO 2 (Eggler, 1976); the dashed line 

two phases of variable composition, liquid, L, 

and vapor, V. The P-T relations for A-CO 2 are 
based on relations in the system CaO-MgO-SiO 2- 
CO 2 (Eggler, 1976); the univariant reaction 
(A+V = C+L) can be deduced by inspection. Iso- 
thermal, isobaric sections can be constructed 
using the known distribution of volatiles between 
liquid and vapor (Eggler and Rosenhauer, 1978), 

sys 
and in turn, pseudobinary T-X•m joins can be 

sys 

drawn, where XH20 is H20/(H20 $ CO 2) in the vola- 
tile portion of the bulk composition. 

The subsolidus assemblage A+C+V (Fig. 1, sec- 
tion at P=6, T=2) is the key to understanding the 
melting relations of compositions containing 
small amounts of volatiles. Such an assemblage 
exists within a zone of invariant vapor. composi- 
tion (ZIVC), defined as the region in P-T-X space 
in which a volatile-bearing mineral coexists with 
multicomponent vapor and with its breakdown 
products in a reaction relation that buffers 
the vapor composition. For compositions within 
the 3-phase triangle A+C+V, insufficient CO 2 is 
available to carbonate the assemblage completely 
by the reaction A+CO 2 = C. Moreover, because A 
and C coexist with a H20-CO 2 vapor, and because 
the vapor composition is buffered by variation in 
the relative amounts of C and A, that subsolidus 
assemblage is invariant (at a given P and T). 

In order that phase relations at and above 
the solidus may be understood, two pseudobinary 
joins have been drawn, one (a-a'), for composi- 
tions containing small amounts of volatiles 
(typical of the mantle) and one (b-b', Fig. 1) 
for compositions containing relatively large 
amounts of volatiles (typical of laboratory 
experiments). On the join a-a', compositions in 
the ZIVC (the assemblage A+C+V) melt at T=3.5 
to A+C+L; the liquid composition is the same for 
all ZIVC compositions. On the join b-b', on the 
other hand, the majority of bulk compositions are 

is the H20-saturated solidus in A-H20; and the outside the ZIVC, and the assemblages C+V and A+V 
heavy line is the univariant reaction in A-H20-CO 2. melt, at temperatures that are dependent upon the 
In sections a-a' and b-b', stippled areas are volatile composition, to assemblages that are 

.•sys 
subsolidus regions. The abscissas denote AH2 O, 
not X•20 (vapor composition). 

sistent with geobarometric estimates of the depth 
of origin of kimberlite; (3) The liquidus temper- 
ature should not be less than the maximum geotherm 
temperature of the source region. Studies have 
now been conducted on a natural kimberlite, in 
addition to the theoretical studies and studies 

in synthetic systems that are essential to the 
design and interpretation of the experiments on 
a natural sample. 

Th___eory of the Zone of Invariant Vapor Composition 

vapor-present. The compositions of liquids pro- 
duced at the solidus in section b-b' also vary as 
a function of the volatile composition. 

The P-T coordinates of a ZIVC solidus can be 
v 

calculated if the XCO 2 [C02/(C02+H2 ¸) in the 
vapor] co•tours on a 8ecarbonation reaction sur- 
face and on a solidus surface are known. This 

point can be appreciated from Figure 1, section 
a-a', in which it is seen that the solidus of 
the assemblage A+C+V occurs at a temperature (and 

v 

at a X•_O) corresponding to the intersection of 
traces •f the decarbonation surface (between 
A+C+V and A+V) and the solidus surface (between 
A+V and A+L+V). 

The theory of a univariant solidus has been 
developed by Egglet (1977, 1978a), Eggler and 
Holloway (1977), and Wyllie (1977a,b). It can 
be illustrated with a model system A-H20-C02 
(Fig. 1), containing a carbonate mineral, C, and 

Decarbonation Reactions and ZIVC-Type Solidi 

There are two decarbonation reactions of 

importance to peridotite assemblages in the 
mantle: 
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Fig. 2. Divariant surfaces, contoured for C02/(C02 + H20), mol, (Xco_) of decarbonation reactions Z 
and of a peridotire solidus. The reaction En + Dol = Di + Mag, after Kushiro et al. (1975), 
separates stability fields for magnesite peridotite from dolomite peridotite. The upper set of 
contours, for the maximum stability of magnesite in the system MgO-SiO2-CO2-H20 (reaction 1, text), 
are calculated by the method of Eggler et al. (1976). The bottom set of contours, for the maximum 
stability of dolomite in the system Ca0-Mg0-Si02-C02-H20 (reaction 2, text), are after Eggler et al. 
(_1_976) and Eggler (1977). The H20-saturated peridotire solidus is after Kushiro et al. (1968); 
X•O 2 contours are estimated. The heavy line is the calculated univariant (ZIVC) solidus buffered 
by Rolomite reaction. 

enstatite + magnesite = forsterite + C02 (1) 

enstatite + dolomite TM diopside + 

forsterite + C02 
(2) 

The compositions of natural phases participating 
in the first reaction are contained, to a close 

approximation, in the system Mg0-$iO2-C02-H20. 
The reaction has been studied, in the absence of 

H20, by Newton and Sharp (1975) and, as a function 
of C02-H20 vapor composition, by Eggler et al. 
(1976). Compositions of natural phases partici- 
pating in the second reaction are contained, to 

a close approximation, in the system Ca0-Mg0-Si02- 
C02-H20. The reaction has been studied in that 
system in the absence of H20 by Wyllie and Huang 

(1975a, 1976) and by Eggler (1975, 1976). The 
divariant surface of the reaction in the presence 

of H20 has been calculated by Eggler et al. (1976) 
and confirmed experimentally by Eggler (1977). 

DivariantvSUrfaces on the two reactions, con- 
toured for XC02, mol, are shown in Figure 2, sep- 
arated by a third vapor-absent reaction determined 
by Kushiro et al. (1975)' 

enstatite + dolomite = diopside + magnesite. (3) 

At pressures below reaction (3), dolomite is the 
stable carbonate in equilibrium with peridotite, 
whereas at pressures above the reaction, magnesite 
is stable. 

It has been shown earlier that ZIVC-type solidi 
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TABLE 1. Compositions of an Average 
Lesotho Kimberlite and of the Synthetic 

Kimberlite Studied 

Lesotho Lesotho COOKI-7 

normalized 

$iO 2 33.21 37.88 37.68 
TiO 2 1.97 2.25 2.16 
A120 3 4.45 5.08 5.11 
Cr O 0 17 0 19 0 23 

2 3 ' ' ' 
Fe203 6.78 0.00 0.00 
FeO 3.43 10.87 0.00 
CoO ...... 11.27 

MgO 22.78 25.98 25.85 
CaO 9.36 10.68 10.62 

Na20 0.19 0.21 0.22 
K20 0.79 0.90 0.91 
P205 0.65 0.74 0.74 
CO 2 4.58 5.22 5.22 
H20 10.70 --- 

99.06 100. O0 100---• 

can be generated by intersections of such di- 
variant surfaces with solidus surfaces. ZIVC 
solidi have been discovered in the system CaO-MgO- 

Si02-•O-CO 2 by Eggler (1977, 1978a) and in the 
system K20-MgO-A1203-SiO2-H20-CO 2 by Wendlandt 
(1977). The solidus surface of peridotite or 
kimberlite is of more interest. As an example, 
a peridotite solidus determined by Kushiro et 
al. (1968) is shown in Figure 2, with estimated 

•C02 contours. Intersection of the solidus 
sur%ace with the decarbonation surface defines 
a ZIVC solidus buffered by dolomite reaction. 
The composition of vapor buffered by the reaction 
becomes progressively more H20-rich with increas- 
ing pressure. (Strictly speaking, the ZIVC 
solidus of a natural peridotire will not be 
truly univariant because of limited solid solu- 
tions in the crystalline phases. One of the 
subsolidus minerals will be consumed by melting 
over a small temperature interval (Mysen and 
Kushiro, 1977), accordingly, rather than at the 
solidus. This behavior, which can be called 
"univariant-like" melting, does not affect the 
present argument, because the melting interval 
at a low X• O should be no different from the v 

melting interval at a high X•2 O, provided both 
XH20 s are within ZIVC.) 
The Composition Studied 

A primary concern in carrying out the program 
of experimentation was selection of the starting 
composition. Because the number of runs at very 
high pressure had to be limited, due to excessive 
breakage of carbide components, only one refrac- 
tory composition was selected (kimberlite can be 
usefully considered as an oxide composition plus 
CO 2 and H20). Because some of the most useful 

geothermometry-geobarometry of nodules has come 
from Lesotho kimberlites (Boyd, 1973), the 
average Lesotho kimberlite (Gurney and Ebrahim, 
1973) was selected as the starting composition. 
The composition was modified only by substitution 
of CoO for FeO (total Fe as FeO). With this pro- 
cedure, the intrinsically low fH of the solid- 
media assembly (Eggler et al., 21974) can be 
used to advantage to decrease the loss of a 
transition element to Pt capsules, while retaining 
a divalent transition element in the liquid (Coons 
et al., 1976). The substitution does result in 
slightly higher solidus and liquidus temperatures 
(Coons et al., 1976). 

The CO 2 content of the Lesotho kimberlite 
(Table 1) was considered to be entirely of mantle 
origin. The H20 content of the Lesotho kimberlite 
was considered to be largely meteoric (Sheppard 
and Dawson, 1975). Accordingly, an anhydrous 
starting material was prepared, to which H20 was 
added for individual experiments. 

The starting material was prepared as a 
finely-ground mechanical mixture of titania, 
cristobalite, CaMgSi206 glass, magnesia, 
crystalline leucite, calcite, alumina, crystal- 
line CoSiO3, Ca3(PO 4) 2, Cr203, and Na2CO 3. 

Experimental Procedure 

The mixture, with H20 , was loaded into 1.8 mm- 
diameter Pt or Pt5Au capsules, about 5 mm long, 
that were welded shut. The capsules were run, 
in a vertical position, in talc-pyrex (30 kbar) 
and talc-boron nitride (55 kbar) assemblies in 
solid-media, high-pressure apparatus. At 30 
kbar, the piston-out procedure was used, with an 
initial 2 kbar over-pressurization. At 55 kbar, 
the assembly was heated to about 600øC before the 
piston (supported by floating steel rings) was 
advanced to the desired pressure. At both 30 and 
55 kbar, nominal pressures are reported. Temper- 
atures, uncorrected for the effect of pressure 
on emf, were measured with Pt-Pt10Rh thermo- 
couples. 

Phase boundaries determined in this study from 
synthesis runs were not reversed, in large part 
because of experimental exigencies. Run durations 
(Table 2) were sufficiently long, however, for 
equilibrium to have been achieved, based on 
experience with other carbonate-rich compositions 
(Eggler, 1978b). 

Experimental Results 

Phase assemblages were identified in grain 
mounts with the petrographic microscope. Liquids 
of C02-rich bulk composition at 30 kbar and at 
high temperatures quenched to glasses that were 
easily identified by their blue color (Coons 
et al., 1976), but for lower temperatures and for 
H20-rich compositions at 30 kbar, and for all 
experiments at 55 kbar, liquids quenched to fine- 
grained mixtures of crystals, crystallites, and 
rare glass, which were interpreted to have been 
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TABLE 2. Results of Quenching Experiments 

Compos•i_tion_ , wt % P, T, Time, 

COOKI-7 H20 CO 2 kbar øC hours 

Stable Phase 

Assemblage 

94.6 0.0 5.4 30 1300 2.0 

94.6 0.0 5.4 30 1400 0.78 
94.6 0.0 5.4 30 1500 0.55 

94.6 0.0 5.4 30 1600 0.17 
90.0 4.9 5.1 30 1050 21.25 
87.0 8.1 4.9 30 1050 22 

89.9 5.0 5.1 30 1100 4 
87.4 7.6 5.0 30 1100 3.25 
92.4 2.4 5.2 30 1150 3 
89.9 5.0 5.1 30 1150 4 
90.0 4.9 5.1 30 1200 3.5 
84.8 10.4 4.8 30 1200 3 
91.1 3.7 5.2 30 1300 2.6 
92.2 2.6 5.2 30 1350 3 
89.9 5.0 5.1 30 1400 1 
90.6 4.3 5.1 30 1460 0.5 
89.0 5.9 5.1 30 1500 1 

92.7 2.0 5.3 30 1600 0.17 
85.4 9.7 4.9 55 1200 2 
85.4 9.7 4.9 55 1250 2 

84.1 11.1 4.8 55 1300 1.5 
89.9 5.0 5.1 55 1400 0.5 
89.3 5.6 5.1 55 1500 0.5 
89.9 5.0 5.1 55 1600 0.17 

ol, opx, cpx, L 
ol,opx, cpx, L 
ol,cpx,L 
ol,L 
ol, opx, cpx, gt, ph, dol, V 
ol, opx, cpx, gt, ph, dol, V 
ol ,opx, cpx, ph, dol,L 
ol,opx,cpx,ph,L 
ol,opx,cpx,L 
ol, opx, cpx,ph,L 
ol,opx, cpx,L 
ol,opx, cpx,L 
ol,opx,cpx,L 
ol, opx, cpx, L 
ol,L 
L 

L 

L 

ol,opx, cpx, gt, ph, cm, V 
ol,opx, cpx, gt,ph,L 
ol, opx, cpx, gt ,L 
ol, opx, cpx, gt,L 
ol, opx, cpx,L 
L 

a liquid phase. A vapor phase was not detected 
at supersolidus conditions. Stable crystalline 
silicates characteristically appear as euhedra 
that were unambiguously distinguished from quench 
crystals; the criteria of Yoder and Kushiro (1969) 
for distinguishing stable from quench phlogopite 
were particularly helpful. Stable dolomite or 
magnesite was distinguished as relatively clear, 
inclusion-free grains. 

At 30 kbar (Fig. 3), compositions containing 
/vsys > 0.94, less than 0.35 weight percent H20 •COo 

wt) have insufficient H20 to completelp hydrate 
potential phlogopite in the kimberlite composi- 
tion (Table 1). Phlogopite (Ph) therefore co- 
exists, in the subsolidus region, with its break- 
down products, Ks+Sa+Fo, with lherzolite phases 
[LHZ = diopsidic clinopyroxene (Cpx) + orthopyro- 
xene (Opx) + forsteritic olivine (Fo) + garnet 
(Gar)] ,and with dolomite (Dol). (Other minor 
phases may be present, accounting for the TiO 2 
and P205 contents of the kimberlite.) For bulk 
compositions containing more H20 , there is suf- 
ficient H20 to hydrate the potential phlogopite, 
and in the subsolidus region vapor coexists with 
LHZ + Dol + Ph (a ZIVC assemblage). Because 
phlogopite does not coexist with its breakdown 
products, it cannot buffer the vapor composition. 
To carbonate the kimberlite composition com- 
pletely, however, 16.7% CO 2 is required. Because 
all the compositions studied contain only 5.22 
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wt% CO 2 (Fig. 3), dolomite coexisted with its 
breakdown products in all runs and buffered the 
vapor composition, except for very low and very 
high C02/(C02+H20 ) . Vapor compositions and the 
decarbonation boundary can be calculated from 
reaction (2) in the system CaO-MgO-'Si02-CO 2 (see 
above) . 

Inasmuch as the assemblage LHZ + Ph + Dol + V 
is a ZIVC, melting is, isobarically, invariant- 
like (see above). The solidus was found to be 
1075 ø + 25øC at 30 kbar. Garnet is consumed by 
melting at temperatures immediately above the 
solidus, but dolomite persists over a small temp- 
erature interval, and phlogopite persists over a 
larger interval. Other details are apparent from 
the diagram. 

S•.•bsolidus assemblages at 55 kbar (Fig. 4) are 
similar to those at 30 kbar (Fig. 3), except that 
magnesite (Cm) replaces dolomite as the stable 
carbonate phase (Kushiro et al., 1975), and the 
decarbonation boundary (between LHZ + Cm + Ph + V 

and LHZ + Ph + V) is shifted toward H20-rich com- 
positions, due to the higher H20 content of the 
buffered vapor (see above). Because H20-poor 
compositions were not studied, the relations be- 
tween supersolidus magnesite and phlogopite were 
drawn to be consistent with the data of Wendlandt 

(1977) on the join MgCO3-KMg3A1Si3010(OH)2-MgSiO 3 
from 32.5-50 kbar. The ZIVC assemblage (LHZ + 
magnesite + Ph + V) was found to melt at 1225 ø + 25 øC. 

_- 
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CO 2/(CO 2 + H20) , 
0,62 0.38 0.21 0.09 

1600 • ..,, -.,. I-I _ 

I • O0 • -- 

I 
0.9 0.7 0.5 0.3 0.1 

CO 2/(CO 2 ß H20) , wt 

Fig. 3. Phase relations on the join (kimberlite + 
5.2 % CO2)-H20 at 30 kbar (the composition shown 
in Table 1, with various amounts of H20 added). 
LHZ = Fo + Opx + Cpx + Gar, Ph = phlogopite, Dol = 
dolomite, Ks = kalsilite, Sa = sanidine, L = 
liquid, V = vapor. Some phase fields occurring 
above the vapor-absent solidus are omitted for 

s s 

clarity The abscissa C• z . is X• •, not vapor compo- 
sition. The decarbonation boundary between the 
LHZ + Ph + Dol + V and LHZ + Ph + V fields was 

calculated from Figure 2. 

The important discovery in the supersolidus 
region at 55 kbar was the greatly increased melt- 

sys 
ing range of garnet. For XCO • z 0.5(wt),garnet 
persists for almost 300øC abo•e the solidus and 
to within 100øC of the liquidus. Liquid thus 
coexists with LHZ over a wide melting range. 

The results at 30 and 55 kbar have been com- 

bined in Figure 5, a P-T section for one volatile 
content. The phase fields have been interpolated 
between 30 and 55 kbar and slightly extrapolated 
beyond that pressure range. 

Discussion 

Solidus of Kimberlite and Peridotire 

The subsolidus phase assemblages of kimberlite 
at 30 kbar and at 55 kbar, in the presence of 

CO 2 and H20 (Figs. 3 and 4), are the same as 
those of peridotire composition containing 

small amounts of COg and H20 (Eggler, 1977, 
1978a). The disparity between these peridotite 
assemblages and the typical low-pressure ground- 
mass assemblage of kimberlite, olivine + calcite + 
phlogopite, can be reconciled by a sequence of 
subsolidus carbonate-silicate reactions (Eggler 
et al., 1976) that transform the low-pressure 
assemblage to a high-pressure peridotite assem- 
blage. Kimberlite compositions can be considered, 
for pressures above about 20 kbar, as exception- 
ally fertile peridotite compositions, enriched in 
components partitioned into a liquid phase. The 

solidi of the two compositions should be approxi- 
mately the same, accordingly, save for differences 
arising from variation in the composition of 
phases. 

The vapor-present (ZIVC) kimberlite solidus 
determined at 30 kbar, 1075 ø + 25øC, is close 
to the solidus predicted for peridotite (Fig. 2), 
1025øC. The difference may be ascribed to Co 
substitution -- a composition with a certain Mg/ 
(Mg + Co) melts at a temperature about 50øC higher 
than a composition with the same value of Mg/(Mg + 
Fe) (Coons et al., 1976). 

There are few data with which to compare the 
vapor-present (ZIVC) solidus at 55 kbar, 1225øC + 
25øC (Fig. 3). Clearly, the composition of the 
buffered vapor at 55 kbar is very H20-rich (Fig. 
2), and, therefore, the determined golidus can 
be only slightly higher in temperature than the 
H20-saturated solidus. If a temperature increment 
is allowed for Co substitution (50øC, as at 30 

kbar), a H20-saturated solidus of 1!60øC would be 
predicted, a value remarkably close to the solidus 
in Figure 2, from Kushiro et al. (1968). 

Kimberlite as a Primary, M. agma 

At 30 kbar, lherzolite phases (Fo + Opx + Cpx + 
Gar) are not in equilibirum with liquid except at 
the solidus of the kimberlite composition (Fig. 3) 
For that reason, it is unlikely that kimbe.rlite 
is a primary magma at that pressure, even if com- 
positional variations other than those studied 
here were taken into consideration. At 55 kbar, 

C02/(C02,H20) , tool 
0.62 0.38 0.21 009 

1700 

1600 
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1400 

•300 
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I100 

0.9 0 7 0,5 0.3 0.1 

CO 2/(C%+H20) , wt 

Fig. 4. Phase relations on the join (kimberlite + 
5.2% C02)-H20 at 55 kbar (the composition shown 
in Table 1, with various amounts of H20 added). 
Abbreviations same as Figure 3, except that Cm = 
magnesite. The decarbonation boundary between 
LHZ + Cm + Ph + V and LHZ + Ph + V was calculated 

from Figure 2. Some phase fields above the vapor- 
absent solidus have been omitted for clarity. 
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however, lherzolite phases coexist with liquid 
over a temperature range of 200ø-300øC, depend- 

ing on X•;. It is, in fact, remarkable that 
lherzolibe phases were found to coexist near the 

•sys n 
liquidus at 55-60 kbar (Fig. 5) for ACOo • v.5 
(-• •cause the starting material was=only an 
average kimberlite composition. 

The temperature at which a liquid resembling 
kimberlite could be produced at 55 kbar ranges 
from 1250øC, near the solidus of this composi- 
tion, to at least 1500øC, near the liquidus of 
this composition. The compositions of liquids 
at the lower temperature are probably slightly 
more carbonatitic than the bulk composition 
(Table 1), because the liquid represents the 
bulk composition minus lherzolite phases. 

Immiscible Liquids 

The occurrence of carbonatite with kimberlite 

is common and is often explained by a relation- 
ship of liquid immiscibility. No evidence of 
immiscibility was found in this study, although 
its occurrence may have been precluded by the 
selection of relatively low volatile contents or 
may have been obscured during the quench. 

It can be argued from phase equilibria in 
simple systems (Wyllie and Huang, 1976; Eggler, 
1975) that at high pressures kimberlite magmas 
ranging from carbonate-rich to silicate-rich can 
be produced solely by partial melting, without 
recourse to immiscibility. Although there can be 
no doubt that at low pressures immiscible carbo- 
nate magmas exist, both in nature (Dawson and 
Hawthorne, 1973) and in the laboratory (Koster 
van Groos and Wyllie, 1973), the role of immisci- 

' [ i [ I [ [ 

LHZ + 
,- Cm ,•- Ph 
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$ 40 
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Fig. 5. Phase relations of a kimberlite composi- 
tion containing 5.0% CO 2 and 5.0% H20 (wt), inter- 
polated and extrapolated from phase equilibria 
data at 30 and 55 kbar (Figs. 3 and 4). The heavy 
line is the univariant (Z!VC) solidus. Abbrevia- 
tions same as Figure 3. 
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Fig. 6. The solidus and liquidus of a Lesotho 
kimberlite composition containing 5.0% CO 2 and 
5.0% H20 (wt) (from Fig. 5), with the Lesotho 
pyroxene paleogeotherm (Boyd, 1973). The solidus 
has been lowered 50•C from the position in Figure 
5 to correct for the substitution of CoO for FeO. 

bility at high pressures is still an open 
question. 

A•pplication to Genesis of Kimberlite 

Because the composition investigated is an 
average Lesotho kimberlite, it is instructive to 
compare the solidus and liquidus with the pyro- 
xene geotherm of Boyd (1973) calculated from 
nodules in Lesotho pipes (Fig. 6). The inflected 
limb of that geotherm intersects the kimberlite 
solidus at about 53 kbar (if the solidus is 
lowered 50øC to correct for Co substitution, as 
discussed above) and continues into the melting 
range. Because the kimberlite solidus is approxi- 
mately the same as the peridotite-H20-CO 2 solidus, 
geotherm temperatures are sufficient to partially 
melt peridotite. Temperatures along the inflected 
geotherm lie in the supersolidus field of Fo + 
Opx + Cpx + Gar (_+ magnesite _+ phlogopite) on the 
kimberlite phase diagram to at least 60 kbar 
(Fig. 5). Because liquid compositions in that 
field are also kimberlitic (see above), the com- 
position of the partial melt of peridotite proba- 
bly was kimberlite. It should be noted that kim- 
berlite has also been proposed to be a partial 
melt on the basis of rare-earth element (REE) 
patterns (e.g., Mitchell and Brunfelt, 1975). 
Heavy REE depletion in kimberlites, indicating 
equilibrium with a residuum containing garnet, 
is consistent with derivation from garnet 
peridotite. 

Boyd (1973) found that calculated temperatures 
of equilibration of discrete nodules (megacrysts) 
comprising an assemblage of olivine-subcalcic 
diopside-orthopyroxene-garnet-ilmenite lie along 
the inflected geotherm. Although megacrysts are 
usually interpreted to have grown in the presence 
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of a liquid, there is no agreement on the composi- 
tion of the liquid. The experimental results 
obtained here are consistent with proposals that 
the liquid is kimberlitic (Dawson and Stephens, 
1975; Mitchell and Clarke, 1976; Eggler and 
McCallurn, 1976). (Ilmenite was not observed in 
run products, probably because of the effect of 
substitution of Co for Fe.) The experimental 
results suggest, moreover, that a kimberlitic 
liquid at pressure of less than 60 kbar could 
also precipitate phlogopite and magnesite. Phlo- 
gopite has been identified as a megacryst in 
kimberlite (Dawson and Smith, 1975), but magne- 
site megacrysts have not been recognized. 

In recent explanations of the inflected limb 
of the Lesotho geotherm, diapiric flow has been 
emphasized, whether in the form of an upwelling 
diapir (Green and Gueguen, 1974), a mantle plume 
(Parmentier and Turcotte, 1974), or a diapir 
associated with convective overturn (Boyd, 1976). 
If a diapir should contain CO 2 and H20 , and if 
its temperature distribution at depths of 160-200 
km should resemble the Lesotho geotherm (1150 ø- 
1400øC), the diapir would partially melt (Fig. 6), 
and the composition of the melt would be kimber- 
lite. Because there is no reason to assume that 

diapirs are confined (or have been confined) to 
areas of known kimberlites, there is also no 
reason to assume that liquids produced by melting 
of diapirs (kimber!ites, at 160-200 km) are not 
relatively common in the mantle. The rarity 
of kimberlite occurrences may then be ascribed 
to the rarity of tectonic settings conducive 
to the ascent of kimberlite magmas, not to the 
rarity of the magmas themselves. There is no 
reason, in fact, why kimberlitic magmas should 
not be present beneath ocean basins as well as 
continents, assuming that the suboceanic mantle 
contains CO 2 and H20 (in this regard see Delaney 
et al., 1977). The apparent absence of kimber- 
lites in oceanic settings may be due to tectonic 
factors or may be due to the fact that oceanic 
diapirs can rise high into the asthenosphere. 
At these relatively shallow depths, the partial 
melt of the diapir will be not kimberlitic but 
nephe!initic or basanitic (Eggler, 1978b). 
Beneath continents, on the other hand, diapiric 
uprise may be halted near the bottom of the litho- 
sphere, at depths from which ascending liquids 
will be kimberlitic. 
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EXPERIMENTAL STUDY ON TWO PICRITES WITH REFERENCE TO THE GENESIS OF KIMBERLITE 

Alok K. Gupta 

Department of Geology and Geophysics, University of Roorkee, Roorkee 247672, U.P. India 

Kenzo Yagi 

Department of Geology and Mineralogy, Hokkaido University, Sapporo, 060 Japan 

Abstract. The presence of eclogitic xenoliths grained, and consists of plagioclase (An57_64), 
often found in kimberlites suggested the possibili- orthoclase cryptoperthite, augite (Ca41Mg47Fe12), 
ty of formation of kimberlitic magma by separation 
of eclogitic fraction from a picritic magma. In 
order to elucidate this problem both nepheline- 
normative and hypersthene-normative picrites from 
Japan have been studied at temperatures and pres- 
sures up to 1300øC and 30 kbar in presence of exc- 
ess water. It is concluded from the present inve- 
stigation that partial melting of a nepheline - 
normative picrite at high pressures may produce 
a kimberlitic magma by subtracting the eclogitic 

olivine (Fo70), biotite, Ti-magnetite, and small 
amount of ilmenite and apatite, and secondary anal- 
cite. No distinction between phenocrysts and ground- 
mass is noticed. 

A hypersthene-normative picritic basalt from 
Wakuike, Nagano Prefecture (No.36851, Takeshita, 
1974-75) is porphyritic with many megacrysts of 
plagioclase (An92-87), olivine (Fo68_71), augite 
(Ca43Mg42Fe15- Ca44Mg39Fe17) and magnetite pheno- 
crysts in a groundmass of plagioclase, augite 

fraction, but a hypersthene-normative picrite is (Ca41Mg39Fe20), pigeonitic augire (Ca34Mg42Fe24), 
not suitable for the formation of kimberlitic magma. magnetite and slightly devitrified mesostasis. 
The stability relation of amphibole in the experi- 
mental product indicates that kimberlite formation 
takes place at depth not less than 70 km, or pro- 
bably 100 km under the condition of low geothermal 
gradient. 

Introduction 

Presence of abundant megacrysts of anorthite 
(An94) and olivine (Fo81_82) is remarkable and 
can be distinguished from other phenocrysts by 
the absence of zonal structure. Chemical composi- 
tions of these two picrites and their normative 
compsoitions are given in Table 1. It is noted 
that Nosappu picrite has fairly high content of 
nepheline, whereas Wakuike picrite has very high 

The occurrence of eclogitic xenoliths within kim- content of hypersthene. 
berlites suggested the close genetic relationship 
between these two rocks. O'Hara (1965) and 
O'Hara and Yoder (1967) considered that separa- 
tion of eclogite from a picritic magma at depth of 
25 kbar or more might produce a volatile-rich liq- 
uid similar to kimberlite. According to Green 
and Ringwood (1967), however, a nephelinitic but 
not a kimberlitic magma is formed by the fraction- 
ation of a primary picritic melt. In order to 
elucidate the genetic relationship between a pic- 
rite and a kimberlite, melting experiments on a 
nepheline-normative picrite and a hypersthene- 
normative picrite from Japan have been made at 
various temperatures and pressures in presence 
of excess water. 

Petrology of the Samples 

A nepheline-normative picritic dolerite from 
Nosappu Cape of the Nemuro Peninsula, Hokkaido 
(No.3005, Yagi, 1969) is holocrystalline, coarse- 

Experimental Method 

The experiments were carried out by a piston- 
cylinder high pressure apparatus at temperatures 
and pressures up to 1300øC and 30 kbar. Powdered 
sample was put in an Au or Pt capsule with water 
at the ratio of 4'1, and the sealed capsule was 
placed in a•cell, 1.25 cm in diameter and 5 cm in 
length. The weight of smaple and water was al- 
ways measured after each run to ensure that 
there was no loss of water during the experiment. 
A hysterisis loop related to the ram thrust during 
compression and decompression cycles was determined 
at various temperatures. 

The double value of friction was measured by the 
same method as described by Hariya et al. (1969). 
The reported pressures are correct to • 1 kbar. 
Temperature was measured by Pt90Rh10-Pt and 
chromel-a!umel thermocouples. Effect of pressure 
on the e.m.f. of the thermocouples was not taken 
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Table 1. Chemical and Normative 
Compositions of Picrites. 

1 2 la 2a 

Si02 46.07 47.47 
Ti02 1.98 O. 71 
A1203 11.06 17.09 
Fe203 5.00 1.32 
FeO 5.44 7.31 

MnO 0.20 0.24 

MgO 9.97 11.31 
CaO 11.73 9.15 

Na20 2.59 1.51 
K20 2.01 0.60 
H20+ 2.22 2.56 
H20- 1.78 0.64 
P205 0.23 0.18 

Total 100.28 100.09 

Or 11.68 3.56 
Ab 12.58 12.73 
An 12.51 38.03 

Ne 5.11 - 

Wo 18.33 2.62 

DiZEn 14.50 1.71 Fs 1.72 0.73 

Hy {En - 17.20 Fs - 7.39 

O1 •Fø 7.28 6.68 Fa 1.02 2.71 
Mt 7.19 1.86 
I1 3.80 1.37 

Ap 0.67 0.40 

1 and la: Picritic dolerite No.3005 from Nosappu 
Cape. Analyst: N.Onuki (Yagi, 1969). 

2 and 2a: Picritic basalt No.65851 from Wakuike. 

Analyst' H.Matsumoto (Takeshita,1974-75). 

is much simpler, consisting of plagioclase + amphi- 
bole + vapor with a solidus around 700øC (Fig.2). 
With increasing temperature, at about 800øC both 
c!inopyroxene and magnetite begin to crystallize, 
forming an assemblage of amphibole + plagioclase 
+ clinopyroxene + magnetite + liquid + vapor. With 
further rise in temperature first amphibole and 
then plagioclase and magnetite disappear succes- 
sively. The liquidus with clinopyroxene as the 
primary phase occurs at about 1250øC, slightly 
higher than that of the Nosappu picrite, because 
of higher MgO content. In this picrite garnet 
appears above 17 - 18 kbar, about 5 kbar lower 
than the lower stability limit of this mineral 
in case of the Nosappu picrite. This may be due 
to the higher concentration of A1203 and CaO in 
the rock from Wakuike. Mica is not present at all 
because of its low content of K20. 

When the results of these two experiments are 
compared, it is noted that amphibole and garnet 
have wider fields of stability in the Wakuike pic- 
rite than those in the Nosappu picrite. 

Table 2. Critical Runs of the Experiments. 

into consideration. Temperatures are accurate to 
+ 10øC for runs near liquidus or subliquidus, and 
to + 15øC for runs near solidus. 

Identification of the phases was made by a petro- 
graphic microscope, an X-ray diffractometer, and 
an E.P.M.A. It was frequently observed that mica 
and amphibole form quench crystals. Therefore 
special care has been taken to distinguish such 
quenched phases from equilibrated phases in the 
liquids. 

Experimental Results 

A. Picritic Dolerite from Nosappu 

Temp. Pres. Time Phases 
OC Kbar Hr 

7OO 
700 

750 

8OO 

8OO 

950 

1000 

1100 

Results of the experiments are summarized in Figs. 1150 
1 and 2, and some critical runs are given in Table 1175 
2. The subsolidus assemblage of the Nosappu 1200 
picrite consists of clinopyroxene, plagioclase, 1200 
amphibole, mica, magnetite and vapor at pressures 
less than 22 kbar, with a solidus at around 700•C 

(Fig.l). With increasing temperature amphibole 675 
disappears first, followed successively by plagio- 700 
clase, mica, magnetite and clinopyroxene. The 700 
liquidus lies around 1200øC with clinopyroxene as 750 
the primary phase. At pressures higher than 22 

800 
kbar and temperatures less than 1000oC, garnet is 

900 
always present and there is a fairly wide field 950 
of clinopyroxene + garnet + mica + magnetite + 950 
liquid + vapor. The mica is phlogopitic in com- 

1000 

position. It is noted that mica has much larger 1000 
stability field compared to amphibole. This fact 

1200 

has already been noted by Yoder and Kushiro (1969) 1250 
and Modreski and Boettcher (1970), suggest•g that 1300 
the phlogopitic mica may indeed be the source of 
potassium in the upper mantle. The stability of 
the amphibole is similar to that of kaersutite 
studied by the present authors (Yagi et al. 1975). 

The subsolidus assemblage of the Wakuike picrite 

10 24 Pl=Cpx > Amph>Mica>Mt: L+V 
25 24 Cpx > Ga> Mica> Mt: V 
15 16 Cpx=Pl> Amph>Mica>Mt: L+V 
20 24 Cpx>>Mica: L + V 
25 24 Cpx> Ga> Mica> Mt: L + V 
22 3 Cpx> Ga> Mica> Mt: L + V 
25 3 Cpx•>Mica> Mt: L + V 
25 3 Cpx>>Mt: L + V 
15 1 Cpx>>Mica: L + V 
18 1 Cpx: L + V 
10 1 L+V 

25 1 L+V 

B. Picritic Basalt from Wakuike 

18 24 Amph>>P1: V 
10 20 Amph>>Pl: L + V 
25 48 Amph> Ga: L + V 
15 24 Amph> PI: L + V 
25 18 Cpx> Ga> Amph> Mt: L + V 
30 1 Cpx> Ga>>Mt: L + V 
18 1 Cpx> Amph> Pi> Mt: L + V 
20 18 Cpx> Ga> Amph> Mt: L + V 
10 40 Cpx> Amph> Pi> Mt: L + V 
25 20 Cpx> Ga> Mt: L + V 
25 1 Cpx> Mt: L + V 
15 1 L+V 

10 1 L+V 

Abbreviations Amph: amphibole, Cpx' clipopyroxene 
Ga' garnet, L' liquid, Mt: magnetite, 
Pi' plagioclase, V: vapor 
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Table 3. Analyses of Crystalline Phases 
and Glasses. 

A. Picritic Dolerite from Nosappu 

1 2 3 

SiO 2 37.57 49.43 39.23 
Ti02 - - 3.60 
A1203 19.79 3.52 13.73 
FeO 21.44 8.26 12.51 
MnO 0.41 0.15 0.18 
MgO 8.95 14.09 13.41 
CaO 11.85 22.00 8.87 
Na20 0.08 2.82 2.80 
K20 - 0.06 1.74 
Cr203 0.21 0.06 - 

Total 100.30 100.39 96.07 

B. Picritic Basalt from Wakuike 

4 5 6 7 

SiO 2 39.57 49.31 46.76 46.67 
Ti02 - 0.49 0.27 0.35 
A1203 20.41 1.94 9.06 12.26 
FeO 21.71 13.58 15.55 13.76 
MnO 0.29 0.44 0.50 0.43 

MgO 10.42 14.68 14.53 15.40 
CaO 9.41 16.81 8.32 6.14 

Na20 0.08 0.35 2.05 0.58 
K20 - 0.44 0.32 0.10 
Cr203 0.15 0.02 - - 

Total 102.04 98.06 97.36 95.69 

A. Picritic dolerite from Nosappu. 
1. Garnet crystallized at 800•C and 25 kbar. 
2. Clinopyroxene crystallized at 800øC and 25 

kbar. 

3. Glass formed at 800øC and 25 kbar. 

B. Picritic basalt from Wakuike. 

4. Garnet crystallized at 1000øC and 25 kbar. 
5. Clinopyroxene crystallized at 1000øC and 

25 kbar. 

6. Amphibole crystallized at 800øC and 20 kbar. 
7. Glass formed at 1000øC and 25 kbar. 

In analyses Nos.3, 6, and 7, the deficiency from 
100% total should correspond to the volatile 
composnents. 

Crystalline Phases 

Crystalline phases encountered in the present 
experiments are described below. E.P.M.A. analyses 
of garnet, clinopyroxene and amphibole in equili- 
bria with liquids are given in Table 3. 

Clinopyroxene forms stout prismatic crystals, 
10-20 um across. The extinction angle c^Z = 

35-48 ø . This together with its high birefringence 
is diagnostic. Sometimes weak pleochroism: 

X'...green, Z'...slightly brown 
is observed. Twinning on (100) is rarely present. 
Compositions of clinopyroxenes crystallized at 
800øC and 25 kbar from Nosappu picrite and at 
1000øC and 25 kbar from Wakuike picrite (Table 3) 
give the following chemical formulas: 

Nosappu' (Na.20Ca.80Mg.77Fe.21)l.98 
(Sil 81Al.15Fe.04•+)2.0006.00 

Wakuike' (Na 02Ca.g9Mg.86Fe.453+Ti.01A1.03)2.06 
(Sil.94A1.06)2.0006.00 

When the two compositions are compared, clinopyro- 
xene from Nosappu picrite is omphacitic with fair- 
ly high acmite content, whereas that from Wakuike 
picrite is relatively rich in FeO, and poor in 
CaO, Na20 and A1203, and is more subcalcic augite 
rather than omphacitic pyroxene. 

Amphiboles usually occur as slender prisms, but 
sometimes as needle-shaped crystals. Those from 
Nosappu picrite are usually smaller in grain size 
(10-20 •m), but the amphiboles crystallized from 
Wakuike picrite are larger (10-50 •m). Extinction 
angle c^Z = 10-15 ø for Nosappu sample, and 15- 
20 ø for Wakuike sample. Weak pleochroism is as 
follows: X'... pale green (slightly yellowish) 

Z'... grass green. 
Composition of an amphibole produced at 800øC and 
20 kbar from Wakuike picrite (Table 3), gives 
the following formula: 

. (Mg Mn ) (Na 61K.06Cal.36)2.03 3.32 .04Fel.98 5.34 
(Si 7 18Ti 03A1.82)8.03(O,OH)24.00 ß 

Quench crystals of amphibole occur in bundle ag- 
gregates of slender prisms, by which they can be 

700 800 900 1000 1100 1200 13( 0 

Temp. (øC) 

Fig.1. PH•O- T diagram of the picritic dolerite 
from Nosapp• Cape. 
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25 

usually high, but sometimes almost isotropic cry- 
stals are observed. At higher temperatures sheaf- 
like aggregates of fibrous mica were sometimes 
observed, which appear to be quench crystals. 

Magnetite occurs as euhedral to subhedral opaque 
crystals. The size of the crystals increases with 
duration of runs, and attains even to 100 •m in 
longer runs, while they are less than 30 •m in 
shorter runs. 

20 

Cpx 

L 

V 

15 

10 

Mt 

700 800 900 1000 1100 1200 1300 

Tern p. (øC) 

Fig.2. PH•O- T diagram of the picritic basalt 
from Wakuik•. 

distinguished from the equilibrated larger cryst- 
als. 

Garnet is distinguished by its high relief and 
isotropism. They often exhibit perfect euhedral 
crystals (15-40 •m), but also form tiny rounded 
grains, less than 5 •m. Chemical compositions 
(Table 3) give the follwoing molecular ratios: 

Nosappu Wakuike 
Almandine 30.4 35.0 

Pyrope 35.8 39.5 
Grossularite 26.8 16.4 
Andradite 7.0 9.1 

When compared with garnets from nodules enclosed 
in kimberlites (Nixon and Boyd, 1973), these gar- 
nets are richer in almandine molecule, and poorer 
in pyrope molecule. It is also noteworthy that 
the garnets have nearly the same composition in 
spite of the wide difference in the chemistry of 
the two picrites. This is quite contrary to the 
case of clinopyroxenes. 

Plagioclase forms thin plates or prismatic cry- 
stals (5-10 •m) or needle-shaped crystals. Plagio- 
clase crystallized from Wakuike picrite is very 
rich in An content judging from its X-ray diffr- 
action patterns. 

Mica occurs as thin euhedral to subhedral plates, 
about 10-20 •m across. It is pale brownish in 
color, with weak pleochroism. Birefringence is 

Discussions 

In the case of Nosappu picrite, the composition 
of a glass in eqz•ilibrium with the clinopyroxene, 
garnet, mica and magnetite at 800øC and 25 kbar 
(Table 3) indicates a drastic decrease in SiO 2 
and CaO, and increase in MgO, FeO and TiO 2 con- 
tents, compared to the original picrite. However, 
the CaO and A1203 contents are still high, and 
Na20 and K20 are still much higher than the aver- 
age kimberlite from South Africa (Gurney and Ebra- 
him, 1973). The Na20/K20 ratio is also above 1. 
The presence of quench crystals of phlogopite may 
indicate that if the quench phase did not appear, 
the K20 and MgO might be still higher. 

Thus the composition described here is somewhat 
similar to some nephelinites, which may support 
the proposal of Green and Ringwood (1967), that 
partial melting of picrites may produce nepheli- 
nitic magma. However, the most encouraging 
feature of the present experiment is that SiO 2 has 
decreased drastically. It is expected, therefore, 
that further crystallization of Ca- and Na-rich 
omphacitic clinopyroxene and Ca-rich garnet under 
isobaric conditions would impoverish the liquids 
in CaO, Na20 and A1203, accompanied by relative 
enrichment in MgO, thus approaching to a melt of 
kimberlitic composition. 

The composition of the glass in equilibrium 
with garnet, clinopyroxene, and magnetite at 
1000øC and 25 kbar (Table 3) has a SiO 2 content 
as high as the original picrite, and the composi- 
tion as the whole is comparable to some piciritic 
basalts rather than kimberlites. Here the clino- 

pyroxene is subcalcic, but not omphacitic and mica 
is completely absent, whereas amphibole has much 
wider stability field. 

From the results of the present investigation 
it is concluded that incipient partial melting of 
nepheline-normative picrite may produce a kimber- 
litic magma by subtraction of large amount of 
eclogitic fraction. However, a hypersthene- 
normative picrite is not suitable for the product- 
ion of a melt of kimberlitic composition. 

The upper stability limit of amphibole in the 
case of Nosappu picrite, indicates that the gene- 
ration of kimberlitic magma occurs at a depth not 
less than 70 km or 23 kbar, and probably greater 
than 100 km under the condition of low geothermal 
gradient, since amphibole is usually absent in 
kimberlite. 
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III. DIATREMES AND CARBONATITES 

THE ROLE OF FRACTURE DYNAMICS IN KIMBERLITE PIPE FORMATION 

Orson L. Anderson 

Institute of Geophysics and Planetary Physics, University of California, Los Angeles, California 90024 

Abstract. A fracture dynamic model in which 
an igneous intrusion of magma within a crack 
occurs is used to describe the physical processes 
of kimberlite pipe eruption. A symbiotic rela- 
tionship exists between the crack and the fluid. 
The crack tip cannot accelerate faster than the 
fluid within it can flow in the channel provided 
by the crack, and the speed of the fluid is lim- 
ited by its own viscosity. A volatile phase at 
the tip of the crack at lithostatic pressures 
will allow the crack to accelerate to high speeds, 
since the viscosity of a volatile is small. 

It is proposed that kimberlite pipes occur in 
those rare regions of the earth where the compo- 

sition of rocks at depth are rich in CO 2 com- 
pounds. A crack passing through such a region 
collects abundant CO 2 gas which accumulates in 
the tip of the crack. This provides the neces- 
sary low viscosity for the crack to accelerate. 
The crack becomes unstable, and the speed ap- 
proaches the shear velocity of sound as the crack 
breaks through the earth's surface. 

The main problem in this model is that an abun- 
dant supply of CO 2 must be available in order for 
the crack to go all the way to the surface, be- 
cause the hydrostatic overburden must be balanced 
by the pressure of the fluid in the crack. The 
work of Wyllie indicates that CO 2 may be available 
for rapid crack propagation above 75 km. 

Introduction 

This paper is concerned primarily with the 
physical problem of the transport of kimberlite 
magma from the source area to the surface of the 
earth. The subject has received little attention 
in comparison to papers on the geological descrip- 
tion of kimberlite pipes, petrologic examination 
of xenoliths, and the theory of petrogenesis. 

We view this subject thus: Under what condi- 
tions can a crack be initiated below the earth's 

crust and grow all the way through the crust, 
breaking the surface in such a way that xenoliths 
from the low-velocity zone and the lithosphere can 
be transported rapidly to the surface? 

We view this subject from the standpoint of 
fracture mechanics. We wish to propose a plau- 
sible physical mechanism to explain two general 
features of a kimberlite pipe: (1) material has 
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been emplaced at the surface from depths as great 
as 200 km [Wagner, 1914; Dawson, !962; Bo__• and 
Nixon, 1973]; (2) rocks from this depth, along 
with others from shallower depths, have ascended 
very rapidly, by means of a fast-moving high- 
velocity fluid comprising particulate materials 
mixed with carbonate-rich fluids or gases [Shoe- 
maker, 1955; McGetchin, 1968; Shoemaker and Moore, 
1956; Dawson, 1971, 1972]. 

The time constraints on the transport of xeno- 
liths to the surface are severe, because ascending 
diamonds must pass through the graphite stability 
field and a plausible physical mechanism must ac- 
count for the presence of diamonds at the earth's 
surface, where they are metastable. 

The diamond-graphite equilibrium diagram [Bundy 
et al., 1961; Kennedy and Kennedy, 1976] shows 
that in the diamond phase the temperature must be 
less than about 1000øC at 150 km and less than 

about 600øC at 100 km. Any reasonable P-T path 
transporting the diamond-bearing rock to the sur- 
face probably traverses the graphite-stable re- 
gion. The only way that the diamond phase can be 
retained in the graphite-stable region is by 
quenching; that is, the diamond must rapidly lose 
temperature until a temperature is reached where 
the rate of reaction from graphite to diamond is 
very slow. A determination of the quench time is 
difficult because of unknown reaction times of 

graphitization. If the diamond is quenched in an 
inert atmosphere, graphitization would be very 
slow even at 1000øC. According to Evans [1976], 
the diamond phase may last 7500 years. However in 
an environment of the earth's atmosphere, the tem- 
perature would have to be maintained below about 
400øC [Evans, 1976]. In a very reactive environ- 
ment, such as the vapors of CO 2 and H20 in a kim- 
berlite, the rate of graphitization could be rapid 
at temperatures like 800øC. Diamonds in the in- 
terior of xenoliths like eclogite would be pro- 
tected from a chemically reactive environment, but 
loose diamonds in the kimberlite itself would have 

to be quenched rapidly below 400øC in order to be 
maintained. Since most recovered diamonds are in 

the kimberlite, it will be assumed that the quench 
time to 400øC must be a few hours, say five hours. 

If rocks containing diamonds travel about 200 
km in about 5 hours, then they must be raised at a 
speed of about 7 meters per second. 
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Fig. 1. A schematic curve showing the balance 
of forces in a growing crack. 

This is a very fast rate for fragments of one 
kind of material to be transported through a 
solid. A crack must precede the diamond-bearing 
rock, and it must propagate all the way through 
the lithosphere to the surface at a speed at least 
as great as the figures just above, if the diamond 
is to arrive at the surface simultaneously with 
the breaching of the surface. 

There are limits to the speed at which a crack 
can travel. A number of theoretical elasticity 
models have been solved in order to find the ter- 

minal velocity of a crack [Roberts and Wells, 
1954; Berry, 1960; E•dQ•en, 1968]. The exact 
limit depends slightly upon the boundary condi- 
tions of the elasticity model assumed, but these 
investigations all give results suggesting that 
the terminal velocity is near the shear velocity 
of sound. For the earth's lithosphere, the shear 
wave velocity varies, but perhaps 4 km/sec is a 
reasonable average. 

Therefore we will consider two models. In a 

one-step model of eruption, the crack must propa- 
gate to the surface at a velocity of about 7 
m/sec, which is an average figure for throughout 
the lithosphere. In a two-step model of eruption, 
the crack itself could propagate at a lower speed, 
but the diamond-bearing rocks brought up in the 
second step after the crack is formed would have 
to travel upwards at about 10 m/sec. 

Fundamentals of Crack Growth 

The formation of a crack in the earth below the 

Roberts [1970] and Weertman I1971] showed that if 
the crack is filled with a fluid in equilibrium 
with the solid then the hydrostatic pressure in 
the (solid) matrix around the crack is balanced 
out, and the dynamics of the crack are controlled 
by the stress field in the lithospheric plate. 
This is demonstrated in Figure 1. A crack is nuc- 
leated under the following conditions: (1) an 
accumulation of a fluid at the base of the litho- 

spheric plate; (2) the density of the fluid is 
less than that of a plate; and (3) a tensile 
stress exists parallel to the surface. 

In order for the crack front to move upwards, a 
fluid must be in the utmost tip of the crack. If 
the crack moves faster than the fluid, then there 
is nothing to balance out the hydrostatic compo- 
nent of the lithospheric stress tension in the 
vicinity of the crack; hence the chief stress com- 
ponents in the vicinity of the crack are compres- 
sive and the crack will not grow. The crack will 
extend upwards, providing the fluid follows in the 
tip of the extension. A symbiotic relationship 
therefore exists between the crack and the fluid 

in the crack, and they both must extend together. 
The crack cannot grow faster than the fluid can 
flow in the channel provided by the crack, and 
this fluid flow is limited by the viscosity of the 
fluid and the supply of the fluid [Anderson and 
Grew, 1977]. 

Since the supply of fluid to the tip of the 
crack is important, the role of volatiles is 
crucial. A volatile phase at the tip of the crack 
because of its low viscosity may allow the crack 
to accelerate to high speeds, perhaps even to the 
terminal crack velocity. On the other hand, a 
liquid magma, due to its high viscosity, would 
limit the speed of the crack to the order of 1 
m/sec or less, depending on the properties of the 
magma and the crack width [Anderson and Grew, 
1977; Maaloe, 1972]. 

In order to explain the emplacement of large 
amounts of mantle material including diamonds, at 
the surface of a kimberlite pipe, it is necessary 
to postulate an abundant supply of a low-viscosity 
fluid such as volatiles for the crack propagation 
mechanism. 

As far as the mechanics of crack propagation 
are concerned, this supply of low-viscosity fluid 
could either be a reservoir at the base of the 

crack, or accretions from surrounding rock into 
the passing crack. 

If the crack velocity is slow, as Weertman 
[1971] has shown, the trailing edges of the crack 
can join together to form a drop shape. Then the 
upward motion of the crack and the fluid within 
the crack geometrically resembles a diapir. In 
this case, the volume of fluid within the crack is 
limited by the amount in the reservoir of fluid at 
the site of the crack initiation. The crack mo- 

lithosphere has been considered by Weertman [1971]. tion exhausts the supply of fluid, closes upon 
The main obstacle to the formation of a crack lies itself, and rises as a diapir. On the other hand, 
in the fact that a tensile stress in the litho- if the crack velocity is very fast the crack will 
spheric plate is small compared to the hydrostatic extend all the way back to the site of crack ini- 
pressure resulting from the overlying burden. tiation, and the volume of volatiles required to 
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meet the pressure criterion for crack growth could 
be large. 

According to stress corrosion propagation 
theory, the initial stages of unstable crack 
growth is slow. It is in its later stages of 
growth that it is fast. It is quite possible, 
even probable, that in early stages the crack and 
the material in the crack move upwards at geologi- 
cally slow rates (meters/year). The lapsed time 
for the slow rates of crack growth could be very 
long, quite long enough for recrystallization and 
other equilibrium phenomena to take place within 
the xenoliths. 

In order to preserve the diamond-phase at the 
surface, the material has to move upwards very 
rapidly once the graphite+diamond equilibrium 
curve is crossed. It must be recognized, however, 
that the fluid in the crack and the crack itself 

can move very slowly as long as the crack is in 
the diamond equilibrium field. 

In the slow regions of crack growth the rate of 
crack propagation is controlled by chemical reac- 
tions arising from the interaction of the fluid 
within the crack tip and the solid comprising the 
crack tip. This region of slow crack propagation 
is identified as stress corrosion crack propaga- 
tion. Controlled laboratory experiments have 
shown that this region extends between 10 -4 and 
10 -13 km/sec [Anderson and Grew, 1977]. 

In this region the velocity of crack propaga- 
tion is governed by a reaction rate equation in 
which there is a definite activation energy, which 
is quite high, a temperature according to the 
typical chemical rate equation, and a stress in- 
tensity factor (see Figure 2). The stress inten- 
sity factor is a parameter in fracture mechanics 
which accounts for the nominal stress outside the 

crack interaction field, and also for the stress 
multiplaction resulting from the high curvature of 
the crack. The stress intensity factor is given 
by 

K = const ß s ß • (1) 

where C is the crack length and s is the tensile 
stress component perpendicular to the plane of the 
crack. The constant in (1) is defined by the pre- 
cise geometry of the crack and the loading mechan- 
ism, and is tabled for various loading systems. 

As shown in Figure 2, in the chemical region of 
crack growth a higher temperature makes the crack 
go much faster than does a lower temperature. 
This is a very strong effect and, for oxide com- 
pounds, has been found to hold even in the plastic 
region just below the melting point. In corundum, 
for example, Evans [1972] showed that in dropping 
the temperature from 1200øC to 1000øC but keeping 
K constant, the crack velocity dropped five orders 
of magnitude. 

Applying this to xenolith transport, we could 
postulate that the upward transport of a slow 
crack from, say 175 km to 125 km, along the geo- 
therm would result in a substantial decrease in 

velocity due to the decrease in temperature. 
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Material that is transported within the crack at 
low depths could be moving fast enough that no 
changes are made in response to the lower tempera- 
ture outside the crack. But as the temperature is 
reduced by the upward motion, the crack could slow 
down to very low velocity (perhaps as slow as 1 

meter/year), in which case there is quite suffi- 
cient time for equilibrium to be re-established at 
this more shallow depth. 

Xenoliths that took this path would be inter- 
preted as having gone through a two-stage trans- 
port process. 

A very slow crack could then be speeded up 
either by reducing the activation energy (by some 
chemical reaction at the crack tip by corrosive 
fluids) or by reducing the viscosity of the fluid. 

This hypothesis, briefly discussed above, is a 
simple illustration of the myriads of paths and 
histories of rates of motion that could be con- 

ceived for the region labeled "chemifracture" in 
Figure 2. 

When the crack is moving slow, the viscous 
magma within it geometrically resembles a diapir. 
I propose that the motion of a xeno!ith from the 
edge to the center can create strain due to a 
velocity gradient. From this speculation, one 
can explain the sharp deformational gradients 
within the xenolith, as noted by Boullier and 
Nicolas [1975]. The motion of the crack and the 
magma would be geometrically equivalent to the 
diapiric upwelling model envisioned by Green and 
Guegen [1974]. 

As the crack goes faster it eventually comes to 
the speed labeled "viscosity limited growth" in 
Figure 2. This plateau arises because there is a 
limit to the speed of a fluid in a narrow channel 
[Wiederhorn, 1967; Evans, 1972]. The upper limit 
of the speed of a fluid is controlled by the vis- 
cosity of the fluid and the separation between the 
planes of the channel (the crack width). Now this 
region is characterized by the fact that the crack 
velocity is independent of stress. However the 
plateau is a limit which rises as the viscosity 
drops [Speidel, 1971], and rises as the crack 
widens, according to classical calculations on 
viscous drag. In many ceramics broken in air, 
this plateau is of the order of 1 cm/sec (Figure 
3), two orders below our desired velocity for the 
rise of diamonds. In materials where the crack is 

wider, the plateau will be at a higher limit. We 
expect the crack to be wide (about 1 meter) be- 
cause the size of xenoliths places a lower limit 
on this dimension. Ultramafic xenoliths originat- 
ing at depths greater than 150 km have diameters 
at least up to 50 cm, and crustal nodules are 
sometimes quite massive [Boyd, 1978]. 

This means that the one-step model is possible 
(the crack goes up followed immediately by the 
diamond-bearing rocks) because the crack is wide. 
It must be emphasized that it is very important 
that the fluid have access to the uppermost tip of 
the crack, so a rate determining parameter is the 
curvature of the crack tip. In ceramic fractur- 
ing, the tip is sharp, but it may be possible that 
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Fig. 2. (Above) A schematic plot of the crack velocity vs stress intensity 
factor, indicating the three regions of crack growth. (Below) The same plot 
as above, but showing the names of the three regions of crack growth and indi- 
cating the magnitude of their range. 

in the mantle the tip curvature is sufficiently 
large to justify the assumption of wide cracks. 

As the crack length C extends, the stress in- 
tensity factor K increases as /•. When K becomes 
large enough, the mechanical fracture curve is 
intersected (point C in Figure 2). At one atmos- 
phere the crack enters the domain of the classical 
crack and obeys the laws of Griffith [1920] and 
Mott [1948] for fracture propagation. In this 
case, the crack rapidly accelerates to the termi- 
nal velocity as long as the stress is maintained 
[see review in Anderson and Grew, 1977]. 

However, deep in the crust and mantle, the 
crack cannot enter into the mechanical fracture 

domain, because the crack tip would outstrip the 
flow of fluid into the crack, and the hydrostatic 
overburden pressure would no longer be balanced 
out. Compression would replace tension at the tip 
of the crack, and the crack would close ahead of 
the fluid column. The crack velocity is conse- 
quently limited at the critical speed (point C in 
Figure 2). 

In this region the crack can be slowed or stop- 
ped by a change in the properties of the solid or 
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Fig. 3. The variation of crack velocity with stress intensity for corrundum 
(after A. G. Evans, 1974). Compare with figure 2. 

a change in the fluid. If the tensile stress com- 
ponent perpendicular to the crack in the solid 
vanishes, changes sign to compression, or signifi- 
cantly decreases, the crack can be slowed or stop- 
ped. This means however, that there must exist a 
horizontal deviatoric tension component all the 
way through the lithosphere above the diamond 
stability field. (A crack will not propagate all 
the way through a lithospheric slab in bending, 

factor is much larger than that corresponding to 
point C in Figure 1. 

The principles of fracture mechanics then put 
two severe geological restrictions upon diamond- 
bearing kimberlite formations: (1) the deviatoric 
stress of the whole lithospheric cross-section at 
the kimberlite site must be in a state of tension 

at the time of the extrusion, and (2) somewhere in 
the lithosphere a large supply of low-viscosity 

where the top half is in tension and the bottom in volatiles must be available to accumulate in the 
compression, or vice-versa.) Also, the crack must 
obtain a very large supply of a low-viscosity 
fluid (such as a vapor or gas) in order that the 
large hydrostatic pressure within the crack tip 
can be maintained as the crack travels upwards at 
great speeds. 

Near the surface, when the hydrostatic pressure 
is reduced to the order of the regional stress, 
the requirements for a high pressure volatile 
phase in the tip of the crack is diminished. This 
allows the crack to accelerate well into the mech- 

anical fracture region beyond point C in Figure 2. 
It is possible that in the last few hundred meters 

tip of the crack. 
Data for the crack velocity of corrundum are 

shown in Figures 3 and 4. 

Breaching The Surface 

A crack propagating to the surface in advance 
of the kimberlite material need not have the shape 
of the kimberlite chimney seen by geologists. It 
probably will not have this shape, but more that 
of the typical crack. In the plane parallel to 
the earth's surface, one dimension will greatly 
exceed another. The cross-section of the crack 

below the surface, the last stages of acceleration need only be approximately linear. It probably 
bring the crack velocity close to the terminal will be jerky, irregular, and forked. 
velocity as it breaches the surface. The reason Once the surface is breached, the crack model 
for this acceleration is that the stress intensity is no longer appropriate. A more likely model is 
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Fig. 4. The variation of crack velocity with 
the stress intensity factor and temperature for 
corrundum in the chemi-fracture region (after 
A. G. Evans, 1974). 

that of a long rough pipe, finite in length, in 
which an incompressible fluid is exhausted through 
the surface. Such a model has been proposed by 
McGetchin and Ullrich [1973]. In their solution 
of this model, they found the exit velocity to be 
larger than mach one, with a gradual diminishing 
of velocity as the depth is lowered. 

The model developed by Woolsey et al. [1975] 
using a stream of compressed' air to breach layers 
of sediments, illustrates the probable course of 
events just before and after the breaching of a 
crack. According to these models, a fluidization 
cell develops just below the surface at the time 
of breaching. Since the velocity of the volatiles 
exceeds that of the free-fall velocity of the par- 
ticles, the particles become entrained in a fluid- 
ized mixture rising in the center of the column 
and falling down the edges. This fluidization 
creates the circular or ellipsoidal pipe shape, 
roughly the shape of a funnel, be%ng wider at the 
surface than further down [Hawthorne, 1975, Figure 
2]. 

The cause of this change from a linear crack, 
during the actual breaching, to a funnel-shaped 
hole is the same that produces craters from a 
linear curtain of fire in volcanic eruptions. A 
minimum in the total energy of the eruption is 
found when magma erupts from a circular hole 
[Jackson and Shaw, 1975]. 

Remnants of the crack trace are observable, if 

the fluidized material is ejected through the 
crack away from the main vent. We then see kim- 
berlite dykes radiating away from vents after the 
eruption has ceased. Varieties of shapes in kim- 
berlites are possible because of the transition 
from the linear crack to the roughly circular 
chimney in kimberlite pipes. Examples of these 
shapes are given by Williams [1932] and Janse 
[!975, page 85]. 

Source of the Volatiles 

From the point of view of fracture mechanics, a 
large source of volatiles must be available in 
order for the crack to propagate upwards rapidly. 
Without this source, cracks will close under the 
stress conditions in the crust and mantle. State- 

ments such as "the material will propagate upwards 
along fault planes" ignore fundamentals of frac- 
ture mechanics. Accordingly, the physicist looks 
to the petrologist to identify these volatiles 
from the evidence of the xenoliths. 

In recent years, there have been more and more 
reports about the possibility that CO2, or CO2-H20 
vapor mixtures, are an important ingredient in 
mantle structure. The crucial problem is whether 
or not there can be a large amount of material in 
the vapor state at mantle conditions. Many au- 
thors, in this volume, and in the past literature, 
have shown how volatiles should be present in the 
mantle. 

All these reports reassure the physicist inter- 
ested in crack propagation that vapors which are 
probably rich in CO 2 are available in the mantle 
for crack propagation if conditions are right. 
Whether these vapors get into the crack from one 
deep source, or whether they diffuse into the 
crack at numerous places along the path of the 
crack is an important consideration for crack 
propagation. Wyllie's [1977] report on volatiles 
in the mantle is worth singling out, because he 
placed definite limits on the boundary of avail- 
able volatiles. He examined the phase diagram of 
peridotite H20-CO 2 as a function of pressure and 
temperature, and showed that magmas containing 
carbonate compounds "which rise through 85-70 km 
from greater depths must evolve CO 2 and H20." 
Thus according to Wyllie's model, the presence of 
a low viscosity volatile is ensured for the fast 
propagation of the crack upward from about 75 km 
providing the source of CO 2 is in the magma. 

Wyllie's mechanism could possibly work deeper 
than 75 km, if one considers reactions at a crack 
boundary. A crack suddenly opening up at a par- 
ticular depth would create a momentary drop of 
pressure at the crack wall as the tip moves up- 
ward. On the inside of the crack wall, the condi- 
tions at 75 km for vapor generation would be real- 
ized thus releasing vapor from the magma at the 
crack wall. 

Quenching the Xenoliths 

Figure 5 shows the graphite-diamond equilibrium 
line in relation to the shield geotherm and the 
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Fig. 5. The solid adiabatic decompression zone plotted in relation to geotherms 
of the mantle, and various phase equilibrium curves. 

solidus line for vapor-saturated peridotite after 
MacGregor [1975, Figure 4]. Also plotted are the 
P-T equilibrium values of xenoliths according to 
MacGre•.o.r. We wish to discuss the problem of 
quenching of the xenoliths so that diamonds are 
preserved at the surface. 

If a crack filled with magma and xenoliths were 
to propagate slowly to the surface, then thermal 
equilibrium would be approximated between the sur- 
rounding rock and the fluid within the crack. The 
fluid would then tend to keep the temperature cor- 
responding to the surrounding rock as determined 
by the geotherm (Figure 5). 

At the other extreme the material propagating 
up in a very fast crack would arrive at the sur- 
face with the source temperature, less solid-state 
adiabatic cooling. We can calculate the tempera- 
ture drop that a xenolith would experience if the 

crack moves very fast--so fast that no heat is 
transferred between the surrounding rock and the 
magma. This is called adiabatic decompression. 

Computing the change of temperature with depth 
at constant pressure, it is found that the outside 
limit of dT/dP to be 0.3-0.7ø/kbar, the T-P path 
of adiabatic decompression is plotted as a dashed 
zone in Figure 3. If a xenolith is suddenly 
erupted to the surface from the vicinity of the 
graphite-diamond equilibrium field it will have 
reduced its temperature at the surface by 150- 
300øC from its original temperature by solid state 
adiabatic decompression. It will arrive at the 
surface at about 800øC, some 700-800øC hotter than 
the geotherm. If it is adiabatically decompressed 
from 75 km (Wyllie's depth at which C02-H20 vola- 
tile production is possible) it will arrive at 
about 600øC. 
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This means that below 75 km the rate determin- 

ing condition of crack growth is the viscosity of 
liquid magma, thus ensuring crack growth in the 
chemi-fracture domain. However, the diamond may 
be protected from reactive vapors since none exist 
in the liquid. Assume the diamond travels upward 
from the diamond-graphite equilibrium curve to the 
point of vapor release (75 km) in a time less than 
7500 years (the time Evans [1976] calculated for 
graphitization at 1000øC in an inert atmosphere). 
The magma would be in thermal equilibrium, or 
about 700øC at 75 km. Vapor is then released ac- 
cording to Wyllie's mechanism, the viscosity of 
the fluid (now a vapor) in the crack tip drops to 
about 10-100 poises, and the crack accelerates up 
to the viscosity limited rate established by the 
crack width (say 1-10 m/sec). The magma and the 
crack arrive at the surface in 2 to 20 hours, and 
by adiabatic decompression of the diamond the tem- 
perature is reduced by about 50 ø . The diamond is 
in danger of reverting to graphite by being sus- 
tained at around 700•C for 2 to 20 hours in a 

reactive atmosphere. 
However, another quenching mechanism is likely 

to quench the diamonds even further during ascent. 
From crack fracture experiments it is concluded 
that the radius of curvature of the crack tip does 
not change during the fracture [Anderson and Grew, 
1977]. Gases in the tip of the crack stay in the 
tip of the crack under conditions of approximately 
constant volume. The vapors in the crack suffer a 
decompression of 75,000 bars to one bar at approx- 
imately constant volume as the crack ascends. By 
the perfect gas law we would calculate a tremen- 
dous reduction of temperature in the crack tip; 
obviously an oversimplification. Nevertheless, we 
can expect a large quenching effect of the diamond 
due to decompression of the vapors during the 
ascent. 

Decompression of the volatiles will satisfy the 
quenching requirements in order to stabilize dia- 
monds. During the several hours of ascent, loose 
diamonds that later are found in kimberlite, are 

quenched by being immersed in the decorepressing 
vapors. Diamonds in the interior of xenoliths may 
not be quenched so readily due to thermal inertia, 
but on the other hand they may be protected from 
the chemically reactive environment. The loose 
diamonds arrive in a metastable state below 400øC 

at the surface, and the xenolith diamonds, though 
hotter, can cool at a slower rate without 
trans formation. 

Thus we see that a one-step model, in which the 
magma arrives with the crack, satisfies the cri- 
teria for diamond emplacement at the surface. 
This does not preclude the two-step model postu- 
lated by McGetchin and Ullrich [1973], in which 
diamonds are raised after the surface is breached 

and fluidization takes place. 
If the mechanism of CO 2 vapor production pro- 

posed by Wyllie fails, then the two-step model is 
probably mandatory. In this case, the crack sus- 
tained by high viscosity magma in its tip slowly 
makes its way to the surface. Once the surface is 

breached, then the model of McGetchin and Ullrich 
[1973] or its equivalent is invoked to lift and 
quench the diamonds. 

Mercier [1977] in this volume supports the case 
for a rapid ascent of the xenoliths by examination 
of the subgrain sizes of olivine in peridotite 
xenoliths. 

Summary 

The principles of fracture mechanics appear to 
provide a theoretical framework for the emplace- 
ment of kimberlite pipes and the explanations for 
the physical appearance of kimberlite xenoliths. 

For xenoliths which show evidence of very slow 
motion, at great depth, one can postulate that the 
motion of the crack in the diamond-stable field 

was slow and obeyed the laws of stress corrosion 
crack propagation where crack velocity depends 
upon temperature and environment. One can thus 
explain the sheared nodules with the fine textures 
which originate at great depths. In this case 
there is similarity between the crack model and 
the diapir model. 

In the graphite-stable field the crack must 
move very fast, if diamonds are to be preserved at 
the surface. In this case one can postulate the 
classical mechanical crack whose velocity is sub- 
stantially independent of temperature and 
environment. 

According to fracture mechanics, an abundant 
supply of low-viscosity fluids (gases) is required 
to keep the fracture propagating at a rapid rate 
and is also required to quench the xenoliths con- 
taining diamonds at the surface. The volume of 
this gas is very large and must be derived from 
upper mantle and lower crustal rocks. 

According to the fracture mechanics model, the 
crack propagating up through the graphite-stable 
region truly looks like a crack, and not a pipe. 
Once the crack has breached the surface, fluidiza- 
tion takes place and the roughly circular vent 
typical of diatremes is formed. Local structural 
features such as foliation and basement faults 

have little control over the form and shape of the 
diatreme, due to the great kinetic energy of the 
crack and material in the crack at the time of 

breaching.- Fluidization creates a rapidly circu- 
lating cell which entraps a large quantity of 
basement and mantle fragments deep in the pipe 
and causes a ball-milling action on those xeno- 
liths which escape. Fluidization makes the 
cracks roughly circular to great depths, but 
the pipe path becomes irregular at lower depths 
following the old crack path. 
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PHREATOMAGMATIC ORIGIN OF THE OLIVINE M•LILITITE DIATREM•S OF 

THE SWABIAN ALB, GERMAiqY 

Volker Lorenz 

Institut fur Geowissenschaften der J.Gutenberg-UniversitRt, 6500 Mainz, FR Germany 

Abstract. The olivine melilitite diatemes of 

the Swabian Alb, frequently compared with kimber- 
lite diatremes, are discussed in terms of hydro- 
geological setting, internal structure and juv- 
enile fraction. 

The hydrogeological conditions of the Swabian 
Alb at the time of diatreme emplacement were 
characterized by copious amounts of groundwater 
within the sedimentary cover of the basement. 
Subsequently to the eruptions groundwater ac- 
cumulated within the maars of the larger dia- 
tremes forming fresh-water lakes as also happened 
nearby in the Steinheim and Ries impact craters. 
The diatremes reveal subsidence structures com- 

posed of large wall-rock blocks, subaerially de- 
posited pyroclastic beds, and well-bedded re- 
worked pyroclastic debris which accumulated on 
the floor of the fresh-water crater lakes. The 

latter fact implies availability of groundwater 
at the time the diatremes formed. 

The juvenile fraction is developed in the 
shape of spherical to ovoid nucleated autoliths 
of ash to lapilli size that are macroscopically 
nearly devoid of vesicles. The autoliths are 
interpreted as the product of water vapor ex- 
plosions which took place when rising olivine meli- 
litite magma contacted groundwater and was frag- 
mented into magma droplets. The droplets were 
rapidly chilled and thus preserved their shape. 
Because of the hydrogeological data, the diatreme 
structure, and the chilled nature of the auto- 
liths a phreatomagmatic origin of the Swabian 
diatremes is suggested. 

Introduction 

The olivine melilitite diatremes of the Swa- 

bian Alb (see M•ussnest 1974a, b for complete 
list of references) have been known since 1790. 
Because of the careful analyses of their in- 
terior structures by Cloos (1941) they are often 
referred to in diatreme studies. During the last 
20 years new facts and models concerning dia- 
tremes and their respective surface structures, 
i.e. maars and tuff-rings, have been presented 
which have improved our knowledge about the basic 
processes within diatremes. One of the most im- 
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portant advances concerns the origin of the gas 
phase responsible for diatreme formation. When 
Cloos wrote his account it was a firm belief not 

requiring proof that the gases were derived from 
exsolution from the magma involved in diatreme 
formation. It is now assumed that many diatremes 
and maars, however, formed because rising magma 
contacted ground or surface water (e.g. Lorenz 
1973, I975). No paper on diatremes and maars has 
been published in recent years presenting data 
which are clearly in favour of a juvenile origin 
of the gas phase and thus a non-phreatomagmatic 
origin of the respective volcanic structure. 

In I975 I suggested that groundwater probably 
played an important role in the formation of the 
Swabian diatremes. It is the purpose of this 
paper to give a new interpretation of some field 
data and to present a revised model on the origin 
•f the Swabian diatremes. 

Geological and Hydrogeological Setting 

350 diatremes (MRussnest 1974 a, b) are dis- 
tributed over an area of 1600 km 2 with the center 
near Urach. According to faunal evidence from 
fresh water lake deposits within some of the 
larger structures the diatremes are Upper Miocene 
(Tortonian/Sarmatian) in age (Seemann 1926). Some 
K/Ar ages, 16-11 m.y., obtained from olivine 
melilitite intrusive in some diatremes are in 

accord with the faunal data, some, however, give 
older ages, 20-30 m.y., because of potential 
excess argon (Lippolt et al. 1973). 

At the present surface level the diatremes cut 
Jurassic lime-, marl-, silt-, clay-, and sand- 
stones. Inclusions in the pyroclastic rocks 
suggest a downward extension as far as the bound- 
ary between the crystalline basement and its 
Permian/Mesozoic sedimentary cover. The Permian 
rocks that contain conglomerates with well-round- 
ed pebbles derived from the basement (Br•uh•user 
1918, Carit 1958) fill a late Hercynian intermon- 
tane trough. They are overlain by sand-, silt-, 
lime-, and marlstones of Triassic age followed by 
the Jurassic sediments (Wagner 1960). The thick- 
ness of the sedimentary cover was about 2 km when 
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the diatremes formed whereas now it is about 1.8 

km at the escarpment (Carla 1958). 
During the Lower Tertiary the northern part of 

the present Swabian Alb was affected by karst ac- 
tivity (Dehm 1961) and it has continued up to the 
present time. During the Lower Miocene (Burdi- 
galian/Helvetian) the southern half of the $wa- 
bian Alb was covered by the shallow sea of the 
Upper Marine Molasseo Along its northern shore 
the sea formed a steep cliff up to 70 m high 
(Eisenhut 1942). The region north of the cliff 
probably reached elevations of about 100 m above 
sea level and was dissected to some extent, the 
cliff presumably being cut by about 50 m deep 
valleys (Dongus 1972, 1973, 1977). During the 
Upper Miocene (Tortonian/Sarmatian) limnic and 
fluviatile sediments of the Upper Freshwater 
Molasse were deposited south of the cliff on top 
of the Upper Marine Molasse in part from the re- 
gion to the north by river and stream transport. 
At the same time the diatremes were emplaced with 
the center of activity only 15 km northwest of 
the cliff. Two diatremes formed south of the cliff 
(Fig. 1). Fresh water lakes formed within the 
maars of the larger diatremes (Seemann 1926, 
Gwinner 1962), including the Jusi diatreme 
(Fig. 2), immediately after their emplacement. 

The $teinheim and Ries impact craters located 

northeast of the diatreme area on the Swabian Alb 

formed slightly later (Lippolt et al. 1973). Deep 
fresh water lakes also formed within their 
craters. 

When the sea covered the southern Swabian Alb 

it can be assumed that the regional groundwater 
table was slightly above sea level as the lime- 
stones of the 400 m thick Upper Jurassic sedi- 
ments are well jointed and thus highly permeable. 
As karst processes had been active already in 
Lower Tertiary time a potential for accumulation 
and availability of copious amounts of ground- 
water is indicated. In deeper levels of the sedi- 
mentary cover additional aquifers can be assumed. 
In contrast the basement is rather dense and 

therefore assumed to be relatively dry. 
In Upper Miocene time deposition of the Upper 

Freshwater Molasse on top of the Upper Marine 
Molasse indicates the existance of groundwater 
at even shallower depth under the northern $wa- 
bian Alb. It is therefore no wonder that fresh 

water lakes formed within the maars of the larger 
diatremes and the impact craters. The surface of 
these lakes formed part of the karst water table 
within the surrounding Upper Jurassic limestones 
(Dongus 1972, 1974). 

In Pliocene time the Danube deposited gravels 
on the southern Swabian Alb (Dongus 1970) again 
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indicating a groundwater table within the neigh- 
boring limestones at shallow depth. In uppermost 
Pliocene to early Pleistocene time the early 
'BRrenh•hle', a karst cave, formed southwest of 
the diatremes (Dongus 1973, Wagner 1976), point- 
ing to a karst water table at the present level 
of 800 m above sea level, ioeo at shallow depth 
below the Pliocene landsurface. 

On the Swabian Alb there are many dry valleys 
heading south towards the Danube. These valleys 
are believed to be largely of Pliocene age 
(Dongus 1973). As indicated above, however, 
valleys entering the sea of the Upper Marine 
Molasse must have already existed in Lower Miocene 
time and contributed debris to the Upper Fresh- 
water Molasse in Upper Miocene time. As erosion 
leading to formation of valleys frequently fol- 
lows structural weaknesses such as faults and 

joints, it can be assumed that a number of Lower 
Miocene valleys developed into the Upper Miocene 
and Pliocene valleys on the most prominent struc- 
tural weaknessesø 

It is therefore quite conceivable that copious 
amounts of groundwater existed in the sedimentary 
cover of the basement and that a karst water tab- 

le was established within the Upper Jurassic lime- 
stones reaching the valley floors at depths of 
probably less than 100 m below the general land- 
surface at the time of diatreme emplacemento 

The assumed availability of copious amounts of 
groundwater at the time the diatremes were em- 
placed also implies a high probability that 
groundwater poured into the newly formed fissures 

along which magma responsible for the diatreme 
formation roseø From the geological and hydrogeo- 
logical setting (see also Viilinger 1977) it 
seems to have been inevitable for the rising 
magma to contact groundwater during its rise to- 
wards the surface. 

Strong uplift in Plio-/Pleistocene time pro- 
duced the present elevations of the Swabian Alb 
(700-800 m in the diatreme area)o Subsequent 
erosion north of the Alb formed the frontal es- 

carpment. As a consequence valleys heading to- 
wards the Neckar to the Northwest were deeply in- 
cised into the Alb. With time this incision caus- 

ed a southward retreat of the escarpment and the 
watershed between the tributaries of the Danube 

and the Neckar and a considerable lowering of the 
karst water table. 

The Swabian Diatremes 

As a result of the lowering of the surface of 
the Swabian Alb since Upper Miocene time no orig- 
inal structures such as complete maars, tuff- 
rings, cinder cones, or lava flows are preserved. 
On the Alb up to 200 m of Upper Jurassic sedi- 
ments have been eroded exposing structural levels 
within the diatremes from near the original land 
surfaceø Fresh-water lake deposits from the 
floors of the original craters of some twenty 
diatremes on the A!b and along its escarpment, 
however, point to maars as the original surface 
expression of the diatremes. North of the escarp- 
ment erosion has removed up to 800 m of Jurassic 
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Fig. 3. Map showing part of the diatreme area with relationship between diatremes and valleys on the 
Swabian Alb south of Uracho 

sediments exposing the northern diatremes at 
rather deep levels. This allows an analyses of 
the upper 1OO0 m of the diatreme structure by 
integration of data from diatremes cut at dif- 
ferent erosional levels. 

Cloos (I94I) has described some diatremes, 
escecially the Jusi, in such great detail that 
only some principles will be repeated and new 
data and interpretations added. 

The diatremes range from several tens of meters 
to about 1.2 km in diameter. They contain pyro- 
clastic rocks, mostly lapilli tuffs, and large 
blocks of country rocks. In about 20 diatremes 
olivine melilitite magma intruded mt a late stage 
forming short dikes or small irregular bodies. In 
addition a number of tuff dikes and one olivine 
melilitite dike are known from outside the dia- 
tremes. 

Bedding in Diatreme Rocks 

In many diatremes the pyroclastic rocks dis- 
play bedding that dips at high angles, up to 80 ø , 
towards the center as is typical of subsidence 
structures in diatremes (Lorenz I973, 1975).Cloos 

(1941) described several types of bedding, the 
two most important ones being bedding with well- 
developed bedding planes and bedding without 
well-developed bedding planes. The first type is 
only found in the uppermost parts of some dia- 
tremes and was considered by Cloos to be the re- 
suit of sedimentation under the influence of 

water, i.e. the rocks represent reworked pyro- 
clastic debris. The bedding of the second type 
that is developed further down in the diatremes 
was believed by Cloos to indicate 'less influence 
of water action' on the deposition of the respec- 
tive pyroclastic rocks. It is not very clear what 
Cloos meant by this as he also mentioned fall- 
back into the open pipe to explain this type of 
bedding. 

As can be observed best at the Jusi, there are 
additional distinct differences between the two 

types of bedded rocks. The first type, near the 
top of the Jusi, is characterized by a higher 
degree of sorting and of similarity between indi- 
vidual beds. The second type contains levels with 
more pronounced grainsize differences (both ju- 
venile and wall-rock fragments) or with pro- 
nounced concentrations of wall-rock fragments 
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from specific stratigraphic levels (Upper and 
Lower Jurassic, Triassic, and Permian). This 
second type, when compared with bedded rocks 
from other diatremes and maars, appears to rep- 
resent the originally bedded primary pyroclas- 
tic rocks ejected from the diatremes and de- 
posited at the original surface. 

The outcrops in the primary pyroclastic rocks 
are of limited quality and extent. They rarely 
show cross-bedding and channels that are typical 
evidence of pyroclastic surge activity. On the 
other hand the lack of impact craters under 
blocks embedded in these lapilli tuffs implies 
a non-ballistic transport along the ground which 
implies emplacement by pyroclastic surges. 

The steep dip of the primary pyroclastic beds, 
up to 80 ø , towards the center of the diatremes 
and their occurrence down to 440 m below the 

original surface indicates subsidence of the sub- 
aerially deposited beds during and after the vol- 
canic activity (Cloos 1941, Lorenz 1973, I975). 
At the Jusi at least 150 m of primary pyroclastic 
beds subsided differentially for about 150 to 3OOm• 
In all cases the well-bedded rocks overlie the 
less well-bedded ones. At the Jusi the well-bed- 

ded rocks are approximately 40 m thickø They show 
local interbedding with the overlying silt- and 
claystones deposited within a former maar fresh- 
water lake. At the Randecker Maar similar well- 

bedCud pyroclastic rocks contain fresh-water fos- 
sils (Seemann 1926) and are overlain by fossi- 
liferous papershales and limestoneso There is 
thus clear evidence that the well-bedded rocks 

represent reworked pyroclastic debris and are of 
epiclastic origin deposited under the influence 
of water on the floors of the respective maar 
fresh-water lakes. 

The centroclinal dips of 20 to 400 of the 
sediments and the well-bedded reworked pyroclas- 
tic debris as well as synsedimentary slump 
structures in the sediments of the Randecker Maar 

suggest that subsidence of the diatreme fill con- 
tinued for a prolonged period of time after the 
eruptions had endedø This post-eruptive subsid- 
ence is assumed to have resulted from compaction 
of the previously unconsolidated fill (Lorenz 
1973, 197 5). 

Blocks of Country-Rocks 

Large accidental clasts derived from the wall- 
rocks are very conspicious in the $wabian dia- 
tremeso Because they comprise samples from the 
Permian/Mesozoic rock sequence, the diatremes can 
only extend downwards to about the boundary be- 
tween the basement and its sedimentary cover. 
This implies rise of the magma through the base- 
ment along dikes with the disintegration of the 
magma into ash particles and lapilli taking place 
at the base of the sedimentary cover. 

Along the margin of some diatremes there are 
very large blocks of Upper Jurassic lime- and 
marls tones derived from stratigraphic levels 
higher than that of the immediate wall (e.g. Jus• 

3S8 

Aichelberg) o The largest block of this type oc- 
curs at the Jusi and measures about 300 m in 
diameterø 

Cloos considered the process of fluidization 
as being capable of loosening blocks of this 
enormous size and of nearly suspending them in 
the rising gas-particle system. This mechanism 
has already been contested (Lorenz 1971a, 1975). 
If such large blocks would subside slowly in a 
fluidized system then slightly smaller blocks 
from a deeper level should be able to rise or to 
be suspended (Lorenz I971b), but no blocks of 
the required size and stratigraphic level have 
been found. The largest blocks from deeper stra- 
tigraphic levels reach about one meter and are 
very rare. This implies that fluidization cannot 
account for the emplacement of the very large 
blocks. Lorenz (1971a, 1973, 1975) suggested that 
differential caldera-like subsidence of wall-rocks 
and overlying subaerially deposited bedded la- 
pil!i-tuffs as a result of enlargement of the 
initial feeder channel may be the cause for the 
emplacement of such large blocks of wall-rocks 
below the stratigraphic level from which they are 
derived. 

Upper Jurassic limestone blocks are also found 
in the bedded pyroclastic rocks and the overlying 
sediments. In the siltstones on top of the Jusi 
the blocks measure several meters in diameter 

(Fig. 2). Such large blocks exist also in great 
numbers in the sediments of the Randecker Maar 

and are assumed to have been emplaced by caving 
of wall-rocks of the maar (Cloos I941). They im- 
ply unstable crater walls of the respective 
maars. Because these blocks are much more abun- 
dant in the sediments of the Jusi and Randecker 

Maar than in the underlying primary and reworked 
pyroclastic beds, the limestones of the crater 
wall must have been freed from thei.r pyroclastic 
cover by erosion during deposition of the re- 
worked debris. Continued subsidence of the dia- 

treme content owing to compaction may have con- 
tributed to some extent in exposing the upper 
wall-rocks. The following stages in the develop- 
ment of the diatremes can thus be envisaged' 
1. Eruptive stage- Deposition of pyroclastic 
rocks at the surface, formation of maars due to 
subsidence of surficial deposits and underlying 
wall-rocks of the feeder channel during the 
eruptive processes. Some caving of maar wall- 
rocks. 

2. Post-eruptive stage- Erosion of the bedded 
pyroclastic debris from the crater rim and walls, 
deposition of the eroded material on the floors 
of the fresh-water lakes formed within the larger 
maars. The maar walls become free from their 

pyroclastic cover allowing some caving of the 
Upper Jurassic wall-rocks. Subsidence of the dia- 
treme interior continues due to compaction. 
3. Lacustrine stage- Deposition of clay, silt, 
and limestone within the fresh-water lakes occu- 

pying the deeper maars. Caving and slumping of 
Upper Jurassic limestones from the maar walls 
(extensive at the Jusi and 'Randecker Maar'). 
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Fig. 4. Olivine melilitite autoliths fromCalverb•hl diatreme near Urach; left autolith shows 
concentric layering, right one contains a core of olivine, scale in mm. 

Subsidence of the diatreme interior ceases. 

In terms of internal structure of the dia- 

tremes and bedding of inclosed rocks there are no 
fundamental differences with those maar-diatreme 

volcanoes for which a phreatomagmatic origin has 
been assumed (Lorenz 1973, 1975). 

Subsidence of the reworked pyroclastic debris 
and overlying sediments deposited in fresh-water 

lakes within the maars and the existance of large 
slumped blocks within these deposits point out 
that the lakes formed within a very short period 
of time after the eruptions had ended. The rapid 
accumulation of water in the maars also suggests 
the availability of copious amounts of ground- 
water within the karstic Upper Jurassic lime- 
stones during the time the diatremes erupted. 

Fig. 5o Olivine melilitite autolith from Calverb•hl diatreme near Urach showing concentric 
layering, scale in mm, 
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Fig. 6. Autoliths from phreatomagmatic Pulvermaar, West Eifel; a xenolith forms 
the core of one autolith. 

A high proportion of diatremes on the Swab ian 
Alb is located at or very close to the bottom of 
dry valleys (Fig. 3). The relationship between 
maars and valleys has been discussed already for 
the Eifel/Germany and Massif Central/France 
(Lorenz 1973). On the Alb a number of dry valleys 
which now preserve the Plio-/Pleistocene stage of 
erosional development probably existed in a less 
deeply dissected stage already during Upper 
Miocene time. These valleys may have formed along 
zones of structural weakness as discussed above. 

Some of these structurally weak zones were used 
by the magma on its way towards the surface. When 
these zones of weakness opened into fissures to 
allow rise of the magma they could collect ground- 
water from the neighboring sediments rather eas- 
ily. 

The Juvenile Fraction of the Pyroclastic Rocks 

The juvenile ash grains and lapilli form a 
large proportion of the pyroclastic rocks. They 
are typically developed in spheres or ellipsoids 
with a smooth surface. These round or avoid par- 
ticles consist of olivine melilitite (Brey 1978, 
Sick 1970) and many contain a nucleus of either 
an olivine phenocryst, a piece of slightly more 
crystallized olivine melilitite or a xenolith 
(Fig. 4-5). They were believed to represent sol- 
idified lava droplets (Cloos 1941, v. Engelhardt 
& Weiskirchner 1961, Weiskirchner 1967) and qu•- 
ify for the term autolith (Danchin et al. 1975, 
Ferguson et al. 1973). The diameter of the nu- 
cleated autoliths varies between 0.2 mm and sev- 

eral centimeters. The small ones may only have a 
thin film of melilitite around a phenocryst. The 
larger ones may show 1) concentric layering with 
elongate mineral grains mostly oriented tangen- 

tially to the surface, 2) variable states of crys- 
tallization of the melt prior to nucleation of 
the individual autoliths and autolith layers,and 
3) a small or large core or no distinct core at 
all. The xenoliths as cores consist of chips of 
basement rocks (from Permian clastic rocks?) or 
Mesozoic marl- or limestones. Obviously the auto- 
liths with a xenolith core imply nucleation of 
the respective autoliths within or above the dia- 
treme root. 

Another important feature of the autoliths is 
their poor vesicularity. Those vesicles which 
exist are very small. Therefore, the autoliths 
did not vesiculate to any appreciable extent once 
they formedø The few bombs and juvenile blocks 
are also very poor in vesicle content. 

The concentric layering (Fig. 4-5) can be as- 
sumed to have formed by successive liquid ac- 
cretion around a core. The concentrically layered 
lapilli, therefore, represent the liquid equival- 
ent of accretionary lapilli composed of ash 
grains (Moore & Peck 1962, Lorenz 1978). The con- 
centric layering and tangential orientation of 
some microphenocrysts also indicate that surface 
tension acted on discrete amounts of magma forc- 
ing them into droplets. Contact of several drop- 
lets prior to solidification apparently caused 
accretion and thus concentric layering. The fine 
grain size of the autoliths, the scarcity of in- 
dented autoliths due to mutual impact, or rarity 
of two autoliths welded together suggest ex- 
tremely rapid solidification of the droplets. 
Prior to solidification of the droplets the magma 
must have disintegrated into discrete droplets 
which were sprayed into a cool void otherwise the 
effects of surface tension and rapid chilling 
would not have been preserved in the melt par- 
ticles. 
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It has been assumed (Cloos 1941, v. Engelhardt
&Weiskirchner 1961, Lorenz et al. 1970) that
these droplets imply explosive fragmentation of
the magma by rapid exsolution of large amounts of
gases. This view is contested now because of
several reasons: a) The scarcity of vesicles in
the autoliths, bombs, and juvenile blocks implies
that the gas phase of the magma had either
already exsolved to a high degree while the magma
was still fluid or the gasphase had not yet ex
solved very mucho In both cases no endogenous
gases could have disrupted the fluid magma ex
plosively. b) Autoliths have been found at the
phreatomagmatic Pulvermaar/West Eifel/Germany
(Fig. 6) (Lorenz 1975) and are known in large
concentrations from phreatomagmatic phases of
cinderconces in the Eifel (Schmincke 1977,
Lorenz, unpubl. data). Schmincke demonstrated
that the autoliths in the Eifel and elsewhere
are products of eruptions transitional between
purely magmatic and phreatomagmatic and pointed
out that kimberlite autoliths probably formed in
a similar fashion. There also seems to exist a
close relationship with cauliflower bombs
(Lorenz 1973, 1974, 1978) which are also typical
of many phreatomagmatic eruptions and form when
relatively little external water participates in
the eruptions. c) Spherical particals also formed
in some water vapor explosion experiments (Froh
lich, pers. communication 1977) when liquid
copper was superimposed on water. Breakdown of
the vapor film which immediately forms upon
contact leads to intimate contact between the
cold water and hot liquid metal. The water then
flashes into steam and the liquid metal is dis
rupted explosively and expelled in droplets. The
rather high pressures produced in such 'fuel
coolant interactions' are a function of the con
tact surface between the hot liquid and enclosed
water (see also Colgate & Sigurgeirsson 1973,
Peckover et al. 1973, Frohlich 1977).

The large quantities of autoliths in the Swa
bian diatremes and the favorable hydrogeological
setting of the volcanic field suggest that the
Swab ian autoliths were not the product of tran
sitional but rather of 'normal' phreatomagmatic
eruptions. To date nucleated autoliths have only
been described from alkali-basaltic and kimber
lite magmas (references see above), i.e. from
magmas low in silica content. The Swab ian oli
vine melilitites are the most silica-undersatu
rated rocks of Central Europe (Wimmenauer 1972)
and contain only 36% Si02 (Brey 1978, Sick 1970).
Tholeiitic magmas apparently do not produce auto
liths but rather generate angular ash grains and
lapilli when involved in phreatomagmatic erup
tions. The lower Si02 content and thus lower vis
cosity of the autolith producing magmas in con
trast may enable the surface tension to dominate
when the magma disintegrates upon contact with
water. If the magma has not vesiculated up to the
moment of contact, after the explosion rapid
chilling should inhibit vesiculation. Neverthe
less some juvenile gas may have been released

from that part of the melt which disintegrated
into dust and may then have participated in the
eruption.

The Olivine Melilitite Dikes

Late intrusive olivine melilitite dikes, small
irregular intrusives within the diatremes, and
one dike outside give additional information. The
Jusi, Sternberg, and Eisenrlittel diatremes expose
structural levels only a few tens of meters below
the original floor of the respective craters. It
is quite possible that the Magma reached the sur
face within the last two diatremes mentioned and
formed cindercones on the floors of the maars as
is also feasible for the intrusives of other dia
tremes now exposed only at deeper levels.

In contrast to the central part the chilled
margins of most of the intrusives do not contain
many vesicles which implies that the previously
dissolved gas phase had neither exsolved very
much at shallow depth nor very rapidly. This
applies also to the Grabenstetten dike which is
unrelated to any diatreme near-by and exposed
very close to the original surface. Under the as
sumed hydrogeological conditions it seems reason
able that only in very rare circumstances could
the magma rise towards the surface without coming
into contact with water to from normal dikeswtth
in the country-rocks.
the formation of the diatremes.The internalstruc
ture of the diatremes is similar to that of other
diatremes for which a phreatomagmatic origin has
already been suggested (e.g. Lorenz 1973, 1975).
Formation of the fresh-water lakes within the
deeper craters immediately after the diatreme
emplacement indicates the availability of copi
ous amounts of groundwater in the karstic Upper
Jurassic limestones at the time of the eruptive
activity.

The juvenile fraction is typically in the
form of autoliths that are poor in vesicle con
tent. In contrast to earlier assumptions these
autoliths are now believed to have formed when
olivine melilitite magma contacted groundwater
within the sedimentary cover of the basement. As
a result of this analysis the author favors a
phreatomagmatic origin of the Swabian diatremes.

Many of the characteristics of the Swab ian
diatremes are found also in kimberlite diatremes
which would support the assumption of a phreato
magmatic origin of the kimberlite diatremes
(Lorenz 1973, 1975). The diatremes of the Hegau
area southwest of the Swab ian field were also
emplaced under favorable hydrogeological con
ditions and some are also characterized by auto
liths (Weiskirchner 1967). It is suggested that
these diatremes also formed by phreatomagmatic
eruptions.
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FIELD GEOLOGY, CHEMISTRY, AND PETROLOGY OF BUELL PARK MINETTE DIATREME, APACHE 
COUNTY, ARIZONA 

Michael F. Roden 1 and Douglas Smith 

Department of Geological Sciences, University of Texas, Austin, Texas 78712 

Abstract. Field relations and rock and mineral 

chemistry were investigated to understand the 
volcanology of the minette diatreme, the relation- 
ship between minette and kimberlitic tuff, and 
the genesis of minette varieties at Buell Park, 
Arizona. Previously, kimberlitic tuff and minette 
were known to occur together only at Outlet Neck 
and Buell Park within the Navajo volcanic field, 
but two new occurrences have been found: The 

Beast, a minette neck 5 km east of Buell Park, 
contains a block of kimberlitic tuff, and a 
small unnamed kimberlitic tuff pipe 8 km east of 
Buell Park is intruded by a minette dike. 
Furthermore, at Buell Park where a minette dia- 
treme is nested within a kimberlitic tuff dia- 

treme, evidence indicates an overlap in time of 
minette and kimberlitic tuff eruptions: the 
upper 75 m of the layered kimberlitic tuff sec- 
tion contains subrounded, altered minette clasts, 
and two small ultramafic breccia pipes containing 
clasts of minette occur along the margins of two 
late minette intrusions. The bulk of the kim- 

berlitic tuff, however, was erupted before the 
minette. The minette diatreme, composed of 
tuff-breccias intruded and capped by massive 
minette, is now exposed about 200 m below the 
original maar crater floor. 

A mafic olivine- and analcime-bearing minette 
ring dike forms an arc of 115 ø around Buell Moun- 
tain, which includes the minette diatreme and 
associated quartz-bearing, felsic minettes. The 
association suggests that these two rock types 
were related by fractional crystallization• How- 
ever, fractional crystallization models require 
separation of an amount of phlogopite that is 
inconsistent with •ts modal proportion and ex- 
pected settling velocity. The models also 
require magnetite to separate, but magnetite 
is restricted to the groundmass of the minettes• 
More likely• the minette varieties were produced 
by partial melting of phlogopite-bearing garnet 
peridotite or crystal fractionation in the man- 
tle. 

1 
present address: Department of Earth and 

Planetary Sciences, Massachusetts Insti- 
tute of Technology, Cambridge, Ma. 02139. 
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Diopside phenocrysts in minette throughout 
the Navajo field contain sparse, distinctive 
green cores relatively rich in FeO, A1203, and 
Na20. These cores are most likely xenocrysts 
mantied by diopside. 

Introduction 

The Navajo volcanic field [Gregory, 1917; 
Williams, 1936; Schmitt et al., 1974], a 
group of minette intrusions and diatremes, 
and rarer kimberlitic tuff pipes and dikes, 
lies in an arc along the Arizona-New Mexico 
and Arizona-Utah borders (Figure 1). The 
kimberlitic tuff pipes occur in two groups, 
a northern cluster along the eastern side of 
the Monument Uplift and a southern group 
within the Zildlitloi volcanic field (Figure 
1), a subdivision of the Navajo volcanic field 
[Williams, 1936] which consists of an east 
trending group of minette and kimberlitic 
tuff diatremes which crosses from Arizona to 

New Mexico near the town of Navajo, New Mexico. 
Only in the Zildlitloi field do minette and 
kimberlitic tuff occur together and at Buell 
Park (Figure 2) a minette diatreme is preserved 
within a larger kimberlitic tuff diatreme, 4.5 
km in diameter. Within Buell Park, massive, 
felsic minette caps a sequence of layered kim- 
berlitic tuff on the northern part of Buell 
M•untain and a minette diatreme forms the 

southern third (also known as S tarrett Mesa) 
of the mountain. One kilometer to the south, 
a mafic minette ring dike crops out in an arc 
of 115 ø around Buell Mountain (Figure 2). 
Besides Buell Park, minette and kimberlitic 
tuff were known to be associated only at Outlet 
Neck, a minette neck 3 km east of Buell Park. 
There, a block, 20 m across, of kimberlitic 
tuff is included in the minette [Allen and Balk, 
1954]. 

Published K-At and fission track ages on 
minette and kimberlitic tuff indicate that these 

two rock types are of the same age. about 30 
million years old [Armstrong, 1969; Naeser, 
1971]. New K-Ar dates obtained on phlogopite 
separates from minettes of the Zildlitloi field 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



Fig. 1. Sketch map of the Navajo volcanic 
field. Filled circles are minette diatremes 

and triangles are kimberlitic tuff pipes. 
Area outlined by dashed line is the Zildli- 
tloi volcanic field. Major monoclines are 
indicated by solid lines. Letters identify 
the following diatremes: ME, Mule Ear; MR, 
Moses Rock; CV, Cane Valley; GR, Garnet 
Ridge; RM, Red Mesa; GN, Green Knobs; BP, 
Buell Park; AG, Agathla; CR, Church Rock; 
SR, Shiprock; MR, Mitten Rock; RB, Roof 
Butte; W-P, Washington Pass; FR, Fluted Rock; 
TB, Twin Buttes. 

suggest that at least some of the southern 
diatremes are 5 million years younger than 
previously thought, and are about 25 million 
years old [McDowell et al., 1978, in prepar- 
ation]. 

"Minette" is used here for the potassium- 
rich intrusive and extrusive rocks of the 

Navajo field. These rocks are linked by their 
potassic nature (3-7.5 weight percent K20, 
K20/Na20•l) and mineralogy. The minettes are 
pale grey to black, and lamprophyric in texture. 
Phenocrysts of diopside (to 5 man long) and 
phlogopite (to 3 mm in diameter), •ith or 
without olivine (to 2 mm long) are embedded 
in a matrix, commonly trachytic, of sanidine + 
diopside + oxides + apatite + phlogopite _+ 
quartz + amphibole + glass. Diopside crystals 
are euhedral, and large crystals commonly have 
spongy cores. The mica is a pale brown phlogo- 
pite, usually with dark rims, less commonly 
with dark cores. Olivine is present in the more 
mafic minettes as phenocrysts and micropheno- 
crysts, often accompanied by a feldspathoid 

in the groundmass. The feldspathoid, pre- 
viously identified as leucite [Gregory, 1917] 
is actually analcime, at least at Buell Park 
(see section on mineralogy) where it occurs 
as brown equant grains and interstice fillings 
in the groundmass of the ring dike. Sanidine 
occurs sparsely as phenocrysts in the more 
felsic minettes, but it is generally restricted 
to the groundmass where it forms a major part 
of the matrix. Apatite, a ubiquitous acces- 
sory, occurs as stubby prisms with cloudy 
centers due to rod-shaped inclusions aligned 
parallel to the c-axis. Magnetite is invar- 
iably present; ilmenite is rare, but common in 
the ring dike minette at Buell Park. Both 
oxides are restricted to the groundmass. 
Quartz occurs sporadically as interstitial 
patches and stringers in the felsic minettes 
of Buell Mountain. Amphibole is very rare, 
and is known only as an accessory phase from 
scattered localities in the Navajo field 
[Williams, 1936; Roden, 1977]. 

The minettes of the Zildlitloi field display 
a compositional trend along the strike of the 
field: the minettes are increasingly mafic 
to the east. Mineralogically, this trend is 
best expressed by olivine which is generally 
absent from minettes west of Zildlitloi Moun- 

tain but present in all minettes to the east 
of Zildlitloi. There is also an increase 

in analcline(?) to the east. Buell Park 
occupies an anomalous position in this trend, 
in that the ring dike contains abundant olivine 
and analcime, and is similar in composition 
to the easternmost minettes. 

The kimberlitic tuffs are olive green to red- 
brown microbreccias which at Buell Park under- 

lie the park land and crop out on the lower 
slopes of Buell Mountain. The tuffs contain• 
in addition to abundant xenoliths, anhedral 

xenocrysts of olivine (Fo92, Allen and Balk, 
1954), enstatite, Cr-rich diopside, chlorite, 
and rarer garnet, titanoclinohumite, oxides, 
and apatite in a fine-grained fibrous matrix 
of serpentines, clays, ch!orite, and talc 
[Schmitt et al., 1974]o These tuffs differ 
from typical kimberlites in lacking essential 
phlogopite, and other minerals rich in incompat- 
ible elements [Smith and Levy, 1976], however, 
"kimberlitic" is used here to describe these 
rocks in accordance with past usage [for example, 
Allen and Balk, 1954; Schmitt et al., 1974]. 
At Buell Park and Green Knobs some of the kimber- 
litic tuffs are layered, the layering being 
defined by: (1) lenses 5-10 cm thick of xenolith- 
rich tuff, (2) alternating light and dark bands 
of tuff, and (3) weathering. Further descrip- 
tions of the field geology and petrography 
of the kimberlitic tuffs and minettes of the 
Zildlitloi field have been published by Gregory 
[1917], Allen and Balk [1954], Schmitt et al. 
[1974], and Smith and Levy [1976]. 

The present work is a continuation of that of 
Schmitt et al. [1974] and involves field, chem- 
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Fig. 2. Aerial photograph of Buell Park, NASA photograph S-68-13651. 
Courtesy of NASA and Gordon Swann. North is to the top; the 
east-west field of view is 6.5 km. Buell Mountain is the wooded mass 
in the northern part of Buell Park; the ring dike forms a wooded 
ridge to the south. 

ical, and electron microprobe studies of the 
Buell Park minettes to determine if the minette 

varieties could be related by crystal frac- 
tionation, to outline the volcanic history of 
the minette diatreme, and to further examine 
the minette-kimberlitic tuff relationship. 

Green Knobs is the only kimberlitic d•atreme 
which lacks associated minette. In contrast, 
kimberlitic tuff and minette occur separately 
to the north. in diatremes along the east 
side of the Monument Uplift [see McGetchin 
and Silver, 1972]. 

Field Geology and Petrography 

Kimberlitic Tuff-Minette Relations 

Zildlitloi Field. The association of minette 

and kimberlitic tuff in the Zildlitloi field has 
been further documented at two new localities. 

At The Beast, a minette neck about 5 km east of 

Buell Park, a wedge of kimberlYtic tuff, 10m long, 
is contained within the minette tuff-breccia. 

The situation is analogous to that at Outlet 
Neck [Allen and Balk, 1954]. Eight kilometers 
east of Buell Park, the small kimberlitic tuff 
pipe (diameter: 75 m) described by Allen and 
Balk [1954] is bisected by a 3 m thick minette 
dike, typical of the olivine-bearing minettes 
east of Zildlitloi Mountain. The minetre is 

quite vesicular and contains numerous fibrous 
inclusions of kimberlitic tuff which is xeno- 

lith-poor, but in general similar to other kim- 
berlitic tuffs in the field. Pyroxene-feldspar 
rocks similar to those in minette at nearby 
Zildlitloi Mountain [Allen and Balk, 1954], 
are the most common inclusion. 

These new localities confirm the intimate 

relationship between kimberlitic tuff and 
minette in the Zildlitloi volcanic field; 

Buell Park. Schmitt et al. [1974] established 
the sequence of kimberlitic tuff followed by 
minette at Buell Park based on cross cutting 
relationships between the two. However, they 
noted no overlap of minette and kimberlitic 
tuff erupt ions. 

Subrounded, altered minette clasts, gener- 
ally less than 3 cm in diameter, but up to 
10 cm across were found in the upper 75 rn 
of layered kimberlitic tuff (Tkgl, Figure 3) 
on the northwestern slopes of Buell Mountain. 
They also occur in layered kimberlYtic tuff 
on the eastern side of Buell Mountain. These 

clasts are typical minette with diopside and 
phlogopite phenocrysts in a devitrified ma- 
trix (for mode, see Table 1). Judging from the 
high water content of one clast (see section 
on rock chemistry) and from their friable 
nature, much of the groundmass has been altered 
to clay minerals. In contrast to the well- 
rounded mantle and lower crustal xenoliths 

[Schmitt et al., 1974], these minette xeno- 
liths are subrounded to subangular and pro- 
bably reflect mixing at relatively shallow 
depths [see discussion in Schmitt et al., 
1974]. 
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Fig. 3. Geologic map of Buell Mountain. Units are as follows: Q, Quarternary depos- 
its, undiœœerentiated; Qc, soil and talus; Q1, landslide masses; Qn, stream deposits 
currently being dissected; Tkb, ultramafic breccia; Tmfp, quartz-bearing felsic 
minette plug; Tmfa, altered œelsic minette; Tmf, felsic minette, undifœerentiated; 
Tmf4, quartz-bearing œelsic minette plug(?); Tmf3, platy-cleaved, diopside-rich 
minette; Tmœ2, oxidized felsic minette; Tmœ1, phlogppite-rich schistose minette; Ttl, 
layered minette lapilli tuff; Ttbl, light-colored minette tuff-breccia; Ttbd, dark- 
colored minette tuff-breccia; Tkgl, layered kimberlitic lapilli tuff; Tkg, massive 
kimberlitic lapilli tuff; Pdc, De Chelly Sandstone. 

There are no major differences between 
minette-bearing and minette-free kimberlitic 
tuff. The layering in both is the same, and it 
appears to be conformable. However, all 
olivine xenocrysts are completely replaced 
by serpentines plus oxides in the minette- 
bearing kimberlitic tuff and the matrix is 
noticeably dark red, probably due to the 
presence of disseminated iron oxides. Ex- 
cluding the minette component, the kimber- 
litic tuff is identical in texture to the 

earlier kimberlitic tuffs, albeit more oxidized 
and hydrated. 

Two small, pipe-like outcrops of an ultra- 
mafic breccia (Tkb, Figure 3) occur along the 
margins of two minette plugs. These breccias 
contain clasts of fine-grained, dark grey 
minette, quartzite similar to that in the lay- 
ered kimberlitic tuff, and xenocrysts of 
kinked olivine (Fo89_91) , chrome-rich diopside 
(Ti02<0.03 weight percent, Cr203 = 0.5 weight 
percent), and chrome-rich spinel (39.5 weight 
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percen• Cr203, 25.1 weight percent A1203) plus 
xenocrysts derived from the minette. The 
groundmass consists of poikilitic feldspar(?) 
enclosing clinopyroxene needles. Many of the 
clinopyroxene needles are anchored to a clear 
reaction rim developed around olivine xenocrysts 
and project radially out into the feldspar. 
Because of the minette clasts and the location 

of the pipes along the margins of minette 
plugs, these breccia pipes probably postdate 
most if not all minette activity. 

Buell Park Minettes 

The Buell Park minette diatreme occupies the 
southern third of Buell Mountain (Figure 3); 
the northern two thirds consist of layered kim- 
berlitic lapilli tuff (Tkgl, Figure 3) capped and 
intruded by felsic minette (Tmf3, Tmf4, Figure 
3). The diatreme consists of tuff-breccias 
(Ttbl, Ttbd, Figure 3) and a small block of 
layered lapilli tuff (Ttl, Figure 3) cut by 
numerous dikes of, and capped in part by, felsic 
minette. A cupola of quartz-bearing minette 
(Tmfp, Figure 3) forms the southwestern corner 
of the diatreme. 

Three types of tuff-breccia [Roden, 1977; 
Schmitt et al., 1974] are exposed: (1) a 
light-colored tuff-breccia (Ttbl, Figure 3) 
which is unsorted and unbedded and contains 

subangular, nonvesicular, glassy minette 
clasts (for mode, see Table 1) up to a meter 
across, (2) an overlying dark colored tuff- 
breccia (Ttbd, Figure 3) which is crudely 

bedded, more coherent and contains both sub- 
angular minette clasts and flattened bombs 
(for mode, see Table 1), and (3) a small block 
of layered lapilli tuff (Ttl, Figure 3) con- 
taining tuff-breccias• and graded beds of sub - 
angular lapilli. The matrix of the light- 
colored tuff-breccia is a fine-grained, slightly 
fibrous mix of kimberlitic tuff and minette• 

In contrast, the matrix of the overlying dark- 
colored tuff-breccia is devitrified glass, barely 
distinguishable in thin section from included 
minette clastso The minette clasts in both 

tuff-breccias contain numerous xenoliths and xen- 

ocrysts (3-5% volume, Table 1) of many types. 
Fresh minette glass is preserved in some clasts 
from the light-colored tuff-breccia. 

Massive felsic minettes can be separated into 
several units based on foliation (Figure 3). 
The foliation is caused by alignment of phlogo- 
pite phenocrysts: abundant phlogopite results in 
a schistose foliation in contrast to platy foli- 
ation developed in relatively phlogopite-poor 
minette. Massive minette crops out mostly on 
the northern two-thirds of Buell Mountain• but 
a minette plug (Tmfp, Figure 3) also forms the 
southwestern end of Buell Mountain. This 

plug has a well defined chill zone exposed on the 
western and southern sides and is surrounded in 

part by friable, altered minette (Tmfa• Figure 
3). The altered minette was originally inter- 
preted to be cataclastic, but diagnostic tex- 
tures are absent and there is minor sericitiza- 

tion of groundmass feldspars. This minette plug 
postdates all explosive minette activity in the 

TABLE 1. Phenocryst Modes and Groundmass Phases Present, Buell Park Minettes 

1 2 3 4 5 6 7 8 

No. of thin sections 3 1 3 3 1 3 3 2 

Phenocrysts: 
Diopside 13.0 6.5 9.5 12.4 5.4 12.1 7.0 9.8 
Phlogopite 2.3 4.0 6.6 6.7 5.6 3.9 5.6 2.7 
Olivine 6.6 ....... 

$anidine - 2.5 - - Tr Tr 2.7 2.8 
Apatite - Tr Tr Tr Tr Tr Tr Tr 

Xenoliths Tr 2.3 3.4 4.1 5.5 2.2 3.4 4.1 

Groundmass Phases 

Diopside + + + + + + + + 
Sanidine + + + + + + + + 
Phlogopite + + + + + + + + 
Oxides + + + + + • + + 
Quartz ..... % + + 
Analcime + .... • i • 

Glass - - + ..... 
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1 = ring dike; 2 = minette clast from layered kimberlitic lapilli tuff; 3 = minette clasts from 
light-colored minette tuff-breccia; 4 = minette clasts from dark-colored minette tuff-breccia; 
5 = phlogopite-rich felsic minette (Tmfl, Figure 3); 6 = platy-cleaved, diopside-rich minette 
(Tmf3, Figure 3); 7 TM felsic minette plug (Tmf4, Figure 3); 8 = quartz-bearing felsic minette 
plug (Tmfp, Figure 3). 
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diatreme [Schmitt et al., 1974] and was probably 
contemporaneous with some of the felsic minettes 
on northern Buell Mountain. 

The massive minettes contain variable amounts 
of phlogopite and diopside phenocrysts (Table 1) 
in a trachytic matrix consisting of sanidine, 
diopside, apatite, and magnetite-ulvospinel• with 
or without phlogopite, quartz, and amphibole• 
The presence of interstitial patches of quartz 
in the felsic plug, and sporadically in other 
units, is significant when contrasted to the 
mineralogy of the ring dike• described below. 
Xenoliths and xenocrysts of many types, including 
pyroxenes, spinel, quartz, feldspars, and 
crustal rocks, and numerous ultramafic inclusions 
are locally abundant (Table 1). 

In contrast to the quartz-bearing minettes of 
Buell Mountain, the ring dike minette is a 
mafic olivine- and analcime-bearing rock. In 
addition to the presence of olivine and anal- 
cime, the minette is distinguished from the fel- 
sic Buell Mountain minettes by the lack of a 
trachytic groundmass, by abundant groundmass 
limehire, by the absence of quartz, and by the 
rarity of xenoliths and xenocrysts. Phlogopite 
phenocrysts are sparse (Table 1) and two genera- 
tions of phlogopite are present: phenocrysts 
almost completely converted to oxides, and 
unreacted groundmass phlogopite. Fresh olivine 
appears to be restricted to the western end of 
the dike where it is associated with increased 

groundmass analcime. 

Ultramafic Inclusions From Minette 

The dense inclusions were previously identified 
as kimberlite [Schmitt et al., 1974] but in zones 
of altered minette at Buell Park, the xenoliths 
weather out as fresh lherzolites and websterires. 

Two groups of inclusions dominate the ultramafi½ 
suite: spinel lherzolite-harzburgites, and web- 
sterites. Rarer types include: clinopyroxenites, 
mica clinopyroxenites, and eclogites. Ultramafic 
inclusions are also abundant at other minette 
diatremes in the Zildlitloi field. 

The most common group of xenoliths are spinel 
lherzolites and harzburgiteso These occur 
as rounded inclusions up to 7 cm in diameter, 
generally altered almost completely to layer 
silicates. Fresh xenoliths, however, are easily 
collected in a ravine just south of the felsic 
plug (Tmfp, Figure 3) where they weather out of 
altered minette (Tmfa, Figure 3). Texturally, 
these inclusions are protogranular or transi- 
tional between the protogranular and porphy- 
roclastic classes of Mercier and Nicolas [1975]. 
One porphyroclastic lherzolite was found, but 
field observations suggest that this texture 
is rare. In general, the inclusions contai'n 
kinked porphyroclasts of olivine and ensta- 
tite, and more rarely clinopyroxene, to 5 mm 
in diameter in a finer-grained matrix of the 
same plus spinel. The olivines are invariably 
altered along cracks to serpentines, exsolution 

lamellae are common in the pyroxenes, and brown 
spinel occurs both in patches and as 
vermicular intergrowths with enstatite and 
diopside [see Smith• i977]. Some spinel lherz- 
olites and harzburgites collected from a small 
area of altered minette in the north-central 

part of Buell Mountain have been almost totally 
replaced by quartz which coarsens inward from 
the grain boundaries. 

The second abundant group of xenoliths, web- 
sterites (to 5 cm in diameter), are more varia- 
ble both in texture and mineralogy than the 
spinel lherzolites. The texture is generally 
allotrophic-granular [Pike and Schwarzman, 1977] 
although one sample is porphyroclastic. Grain 
size is generally 1-2 mm across. The porphy- 
roclastic websterire contains large grains of 
clinopyroxene (1.5 cm in diameter) with lamel- 
lae of Ca-poor pyroxene in a finer grained (0.5- 
1 mm in diameter) matrix of anhedral, equant 
orthopyroxene and clinopyroxene. Both ortho- 
pyroxenes and clinopyroxenes have exsolution 
iamellae. In no case are the minerals as 
deformed as their counterparts in the spinel 
lherzolite suite, and judging from their pleo- 
chroism the orthopyroxenes are more iron-rich. 
The variability in mineralogy lies mainly in the 
presence or absence of spinel, which may be 
brown or green; one sample has interstitial 
plagioclase. 

Rare mica clinopyroxenites with accessory apa- 
tire are of particular interest because of the 
possible genetic relationship with the minettes. 
The mica may be either primary or secondary in 
texture; the diopsides have spongy rims where 
they have reacted with the magma. Mineral compo- 
sitions from a mica clinopyroxenite from The 
Beast are consistent with a cumuiate origin for 
these xenoliths (M. Roden, unpublished data). 

One eclogite with añtered, oxidized garnet 
and spongy pyroxene was found. This is the 
only reported eclogite from the southern minettes 
in the Navajo field• although O'Hara and Mercy 
[1966] described an eclogite from Green Knobs. 

Volcanolo.gy of Buell Park Minette Diatreme 

The land surface at the time of minette 

eruptions is exposed now at an elevation of 
8200 feet on Zildlitloi Mountain [Williams, 
1936] while the uppermost minette tuff-breccias 
on Buell Mountain crop out at 7800 feet. Con- 
sidering that maar craters, the likely sur- 
face expression of diatremes, have floors 
which typically lie 100 to 650 feet below the 
surrounding land surface [Lorenz, 1973] and 
that at Buell Park a minette maar formed 

within a kimberlitic tuff maar, it is evident 
that the tuff-breccias formed as part of the 
maar rim, or immediately below the crater floor. 
However, the chaotic, unsorted nature of these 
deposits, especially when compared to the lay- 
ered lapilli tuffs at Washington Pass [Ehren- 
berg, 1977a] make their origin as rim deposits 
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TABLE 2. Representative Microprobe Analyses of Pyroxenes 

BP-35 BP-35 BP-35 BPR-5 BPR-5 BPR-5 BP-51 BP-51 BP-29 BP-29 BP-51 N320 
PC PR G PC PR GR PC PR X X GC GC 

$i02 
Ti02 

A1203 
Cr203 
FeO* 

MgO 
CaO 

Na20 
K20 
Total 

54.6 53.7 54.1 54.6 52.7 51.8 54.5 53.8 55.3 56.8 50.8 50.6 
0.21 0.29 0.28 0.35 0.90 1.72 0.25 0.31 <0.03 <0.03 0.29 0.42 
0.80 0.84 1.00 0.94 0.85 1.08 0.64 0.64 0.76 1.86 3.23 4.41 
0.06 <0.04 0.18 0.42 0.30 40.04 0.30 0.06 0.49 0.36 <0.04 0.08 
4.22 5.36 5.08 3.77 5.32 7.15 3.37 4.37 1.20 5.09 11.0 9.20 

16.8 16.1 16.3 18.5 16.2 14.4 18.2 17.1 17.8 35.5 11.9 12.6 
22.6 23.0 23.0 21.1 23.0 21.9 22.5 23.1 24.4 0.25 21.9 22.1 

0.54 0.46 0.41 0.47 0.30 2.72 0.37 0.37 0.55 40.03 0.78 0.88 
0.02 0.02 0.03 <0.02 <0.02 0.02 0.02 0.03 <0.02 <0.02 0.03 0.02 

99.9 99.8 100.4 100.2 99.6 100.8 100.2 99.8 100.5 99.9 100.0 100.3 

*Total Fe as FeO 

PC = phenocryst core, PR = phenocryst rim, X = xenocryst, G = groundmass grain, GC = green 
core, GR = green rim 

Key to sample localities' BPR-6 = olivine-bearing minette, western end of the ring dike, Buell 
Park; BPR-5 = otivine-bearing minette, central portion of the ring dike, Buell Park; BP-69 = 
minette clast, layered kimberlitic tuff, Buell Mountain; BP-37 = minette clast, dark-colored 
minette tuff-breccia, Buell Mountain; BP-51 = minette clast, light-colored minette tuff-breccia, 
Buell Mountain; BP-41 = felsic minette, northern end of Buell Mountain; BP-35 = quartz-bearing 
felsic minette plug, southern end of Buell Mountain; BP-29 = ultramafic breccia, Buell Moun- 
tain; N320 = Todilto Park minette dike. 

unlikely. More likely, the light-colored tuff- 
breccia is a vent filling and owes its chaotic 
nature to churning within the vent; the deposit 
is akin to the tuff-breccias at Shiprock 
[Williams, 1936]. The dark-colored tuff-breccia 
with its flattened bombs and crude bedding is 
interpreted as material that was plastered 
against the vent walls while still hot enough 

to be plastic. The block of layered lapilli 
tuff (Ttl, Figure 3) may be a slump block from 
the maar rim. 

Schmitt et alo [1974] suggested that the mas- 
sive minettes on the northern part of Buell Moun- 
tain were flow remnants but the steep foliation 
dips (Figure 3) and inward dipping contacts with 
the underlying kimberlitic tuff (Figure 3) make 

PLOT OF REPRESENTATIVE PYROXENE ANALYSES 

37O 

Phenocr ys! core 
Phe.ocry$! rim • Buell Mountain and 

Groundmass 
Xenocryst, klmber',l,c breC• a, •ue• Mountain 

5,eye core, Buell Mountain 

]reen core 

Ocellus pyr0xene 

Nc,Nr,Ng N,cno,[s ,1963) onenocrxs! 
core and r,m. o.d gr0undmass grain 
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Atom Percent 

Fig. 4. Portion of Fe-Ca-Mg pyroxene quadrilateral with representative 
clinopyroxene analyses. Tie lines connect coexisting pyroxenes. 
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this unlikely. The minette cap was probably a 
bulbous extrusion, perhaps contemporaneous with 
the felsic plug (Tmfp, Figure 3) to the south. 

The origin of the gas phase during eruption 
remains a problem, The minette clasts in the 
tuff-breccias are subangular and vesiculation is 
rare. This suggests that the volatiles were 
not juvenile. However, based on abundant pumice 
at Washington Pass, Ehrenberg [1977a] argued that 
juvenile volatiles are responsible for the 
explosive nature of the Navajo volcanic rocks. 
To the writers' knowledge only at Washington 
Pass, and Zildlitloi Mountain is vesicular 
minette common: typical tuff-breccias in the 
Navajo field contain subangular, nonvesicular 
clasts of minette. Hence, explosive interaction 
of minette liquid with groundwater probably sup- 
plied the driving force for the eruptions. 

Analytical Procedures 

All analyses were performed in the Department 
of Geological Sciences, The University of 
Texas at Austin, Electron microprobe analyses 
were made with an Applied Research Laboratories 
EMX probe system using the correction procedures 
of Bence and Albee [1968] and Albee and Ray 
[1970]. Whole rock analyses were performed 
by modified rapid-method wet chemical techniques 
by G. K. Hoops. Prior to whole rock analyses, 
samples of the felsic minettes were handpicked 
to remove as many xenoliths as possible, how- 
ever, some contamination was unavoidable. 

Mineralogy 

Pyroxene 

Representative analyses of pyroxenes from Buell 
Park are compiled in Table 2. The compositions 
range from endiopside to salite [Poldervaart 
and Hess, 1951], but cluster in the diopside 
field (Figure 4). Except for green-cored pyrox- 
enes, described below, most A1 is in tetrahedral 

sites which contain up to 4.5 mole percent A1. 
Zoning is restricted (Figure 4), and in some 
cases, erratic. FeO and MgO are the most sys- 
tematically zoned elements and vary antipathet- 
ically: FeO increases toward the rim within any 
single crystal, but that rim may be as MgO-rich 
as the core of a neighboring grain. Cr203 shows 
the greatest variation, and is typically con- 
centrated in phenocryst cores, but within any 
given sample some pyroxene rims are richer in 
Cr203 than some cores. Na20 is concentrated 
in green rims on phenocrysts and in groundmass 
pyroxenes along with FeO (Table 2). A1203, SiO 2, 
and TiO 2 are unzoned except in the ring dike, 
where phenocryst rims are Si02-poor and TiO 2- 
rich. 

Pyroxenes from all the Buell Park minettes 
overlap in composition, but pyroxenes from 
the felsic plug (Tmfp, Figure 3) and from the 
minette cap (Tmf3, Tmf4, Figure 3) on the nor- 
thern part of Buell Mountain tend to be more 
FeO-rich and MgO-poor than those from the stra- 
tigraphically younger tuff-breccia clasts (Ta- 
ble 2). Although core compositions overlap, 
ring dike pyroxenes are richer in TiO 2 and Cr203 
than those of felsic minettes. SiO 2 decreases 
accompanied by an increase in A1203 towards the 
rim in the ring dike pyroxenes; it is unzoned 
in the Buell Mountain pyroxenes. 

Large c!inopyroxene crystals (greater than 0.5 
mm diameter) with green cores and normal• clear 
diopside rims occur sparsely throughout the 
Zildlitloi field. The cores may be faintly 
pleochroic, pale green [•<] to pale yellow 
green [•], and some have exsolution lamellae 
of calcum-poor pyroxene or a red-brown mineral, 
probably hematite or spinel. These green cores 
are salites [Poldervaart and Hess, 1951] and are 

TABLE 3. Representative Microprobe 
Analyses of Micas 

BP-35 BP-35 BPR-5 BPR-5 BP-51 BP-51 
PC PR PC G PC PR 

$i02 40.4 38.4 33.9 36.4 39.2 39.7 
TiO 2 4.35 6.13 11.3 9.03 2.72 2.69 
A1203 12.3 12.8 15.4 12.2 12.8 12.7 
Cr203 <0.03 0.08 0.12 0.03 0.12 0.!0 
FeO* • 7.11 8.91 8.09 12.9 7.38 8.89 

MgO 21.2 19.2 15.9 14.7 22.1 20.9 
CaO <0.02 •0.02 0.04 •0.02 <0.02 0.03 

Na20 0.56 0.48 0.59 0.74 0.38 0.37 
K20 9.52 9.29 8.18 8.70 10.1 9.84 

Total 95.5 95.3 93.5 94.7 94.9 95.2 

Atom 

MgfFe 5.3 3.8 3.5 2.0 5.3 4.2 

*Total Fe as FeO 

PC = phenocryst core, PR = phenocryst rim, G = 
groundmass grain 

See Table 2 for sample key 
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rich in Na20 , FeO, and A1203, and poor in Cr203 
and SiO 2 relative to phenocryst clinopyroxene 
(Table 2, Figure 5). The boundary between core 
and rim is sha=p and occurs over a distance of 
tens of microns. The green cores from the Zil- 
dlitloi field are similar in composition to green 
cores from The Thumb [Ehrenberg in McGetchin et 
al., 1977]. 

Pyroxene xenocrysts from the ultramafic breccia 
(Tkb, Figure 3) were also analyzed and can be 
classified into two types: (1) clinopyroxenes 
typical of minette and (2) clinopyroxenes and 
orthopyroxenes (BP-29, Table 2) more closely 
akin to those reported by Smith and Levy [1976] 
from lherzolite xenoliths and as discrete grains 
in kimberlitic tuff at Green Knobs• The diop- 

side xenocrysts are lower in A1203 and Cr203 
than pyroxenes from Green Knobs but have the 
low TiO2 and FeO typical of most of the !herz- 
olite pyroxenes [Smith and Levy, 1976]. The 
enstatite (Wo0.5En92Fs 7, Table 2) is indistin- 
guishable from lherzolite orthopyroxenes at 
Green Knobs, except for slightly lower FeO. 

Phlogopi•e 

Most micas (Table 3) are phlogopite with the 
atom ratio Mg/Fe greater than two [Deer et 
1963]. Zoning is restricted; only TiO 2, FeO, 
and MgO are zoned significantly. TiO 2 and FeO 
generally increase towards the rim while MgO 
decreases, although some grains are reversely 
zoned in FeO and MgO. Within grains FeO and MgO 
vary up to 4 weight percent, but generally 
less than 2 weight percent. Variations in FeO, 
MgO, Ti02, K20 , and Na20 define mica compositions 
characteristic of certain units. Phlogopites 
from the ring dike (BPR-5, Table 3) are richest 
in Na20 while phlogopite from tuff-breccia clasts 
(BP-51, Table 3) are poorest in Na2Oo High FeO 
contents characterize micas from the minette cap 
(Tmf3, Tmf4, Figure 3) on the northern end of 

TABLE 4. Representative Partial Microprobe 
Analyses of Olivines 

BPR-6 BPR-6 BP-29 N320 N320 
PC PR X PC PR 

Si02 - - 40.7 - - 
FeO* 13.4 17.9 9.87 9.10 12.2 

MgO 46.8 43.1 50.2 50.4 47.8 
CaO 0.16 0.28 <0.02 •0.02 0.23 

Total I 100.9 100.9 100.6 100.9 101.0 

mole % 

Fo 86 81 90 91 87 

*Total Fe as FeO 

1Totals calculated assuming stoichiometry, except 
for BP-29 

PC = phenocryst core; PR = phenocryst rim; X = 
xenocrys t 

See Table 2 for key to sample numbers 
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Fig. 6. Plot of CaO versus FeO for olivines 
from Buell Park ring dike and ultramafic 
breccia, and Todilto Park minette dike. 

Buell Mountain and especially micas from the ring 
dike. 

TiO 2 contents vary from 2 to 11 weight percent. 
The massive, felsic minettes (BP-35, Table 3) 
contain micas which are richer in TiO 2 than those 
from the stratigraphically younger minette bombs 
(BP-51, Table 3). In addition, groundmass 
and phenocryst phlogopite (BPR-5. Table 3) 
from the ring dike are extremely titaniferous, 
containing 7.5 to 11.3 weight percent TiO 2. 
Equally titaniferous phlogopites have been re- 
ported from potassium-rich volcanic rocks 
in West Kimberley, Australia [Carmichael, 1967], 
New South Wales, Australia [Cundari, 1973], 
Spain [Barley, 1967], and from Shiprock and 
Fluted Rock within the Navajo field [Nicholls, 
1969]. 

Olivine 

Olivines from the ring dike (Fo78_86), the 
ultramafic breccia on Buell Mountain (Fo89-91), 
and a minette dike (Fo87-91) from the eastern 
end of the Zildlitloi volcanic field in Todilto 

Special Publications        Kimberlites, Diatremes, and Diamonds: Their Geology, Petrology, and Geochemistry Vol. 15

Copyright American Geophysical Union



TABLE 5. Representative Microprobe Analyses 
of Oxides 

Ilmenite Spinel 
BPR-6 BPR-5 BP-35 BPR-5 BP-29 

G G G G X 

SiO2 .... <0.06 
TiO2 49.8 49.6 28.2 17.0 0.10 
A1203 - - 0.19 - 25.1 
Cr203 - - 0.12 - 39.5 
FeO* 47.5 48.1 66.5 73.4 21.6 
Fe2031 (7.2) (5.4) (13.1) (33.8) (5.5) 
FeO 1 (41.0) (43.3) (54.7) (43.0) (16.6) 

MnO - - 0.23 - - 

MgO 2.16 0.75 1.21 0.80 12.6 

Total 2 100.2 99.1 97.8 94.6 99.5 
mole % hematite or ulvospinel 

7.4 5.3 80 47 - 

*Total Fe as FeO 

1Fe203 and FeO calculated on the ilmenite or 
ulvospinel basis [Anderson, 1968] 
2Totals calculated after Fe203 and FeO calcu- 
lated 

G = groundmass grain; X = xenocryst 
See Table 2 for key to sample numbers 

Park were analyzed (Table 4, Figure 6). The 
olivines from the three samples are readily dis- 
tinguished on the basis of CaO and FeO contents 
(Figure 6). Ring dike olivine phenocrysts are 
richer in FeO and have relatively high CaO con- 
tents, 0.16 to 0.48 weight percent• compared 
to olivine phenocrysts from the Todilto Park 
dike. The higher content of MgO in the oli- 
vines from Todilto Park is consistent with the 

increasingly mafic character of minette as one 
moves from west to east within the Zildlitloi 

field. 

Olivines from the late ultramafic breccia pipes 
on Buell Mountain do not overlap in composition 
with the ring dike olivines; there is some over- 
lap with olivine core compositions from Todilto 
Park. Smith and Levy [1976] reported discrete 
olivine grain compositions• Fo93 to Fo88, from 
Green Knobs; these olivines also have very low 
CaO contents, less than 0.05 weight percent [D. 
Smith, unpublished data]. The association in 
the ultramafic breccia of olivine with enstatite 

and Cr203-r•ch , TiO2-poor diopside• and the over- 
lap in composition of the olivins with those from 
the Green Knobs kimberlitic tuff, suggests that 
the mineralogy of the breccia from Buell Moun- 
tain is of kimberlitic or lherzolitic affinities, 
not minette affinities. 

CaO content in oldvine has been shown by Sim- 
kin and Smith [1970] to be strongly influenced 
by pressure and to be independent of FeO content. 
Olivines with CaO contents less than 0.10 weight 
percent typically crystallized in a plutonic 
environment, Stormer [1973] pointed out, on 
the basis of thermodynamic arguments, that CaO 

contents of olivines should be influenced by 
silica activity and temperature also. Noting 
that olivines from alkaline, undersaturated 
magmas typically yield steep curves with 
positive slopes when CaO is plotted against 
FeO Stormer [1973] concluded that the pressure 
effect played the dominant role in controlling 
CaO in olivine for these magmas, and that these 
magmas have risen rapidly to the surface. The 
steep curves on the CaO-FeO plot (Figure 6) for 
the minette olivines suggest that the minettes 
also rose rapidly to the surface. Furthermore, 
the CaO content of the olivines suggests that 
the ring dike olivines and the Todilto Park oli- 
vine rims crystallized in a hypabyssal environ- 
ment while the Todilto Park olivine cores and 

the ultramafic breccia olivines crystallized in 
a plutonic environment. 

Iron Titanium Oxides 

Oxides from the ring dike, the felsic plug, 
and the ultramafic breccia were analyzed (Table 
5); a broad electron beam (approximately 30 
microns in diameter) was used where oxidation was 
obvious. Ferrous and ferric iron were calcu- 

lated from structural formulas by the method of 
Anderson [1968]. The low totals for spinel 
probably reflect subsolidus oxidation. A tem- 
perature of 815oc and an oxygen fugacity of 
10-14.6 were calculated from the compositions 
of coexisting spinel and ilmenite in the ring 
dike following the method of Buddington and 
Lindsley [1964]. This value is near the •MQ 
buffer curve, but the temperature is about 150oc 
lower than the solidus for the Leucite Hills 

rocks of similar composition [Carmichael, 1967] 
and probably reflects subsolidus equilibration. 

The Cr203-rich spinel from the ultramafic brec- 
cia (BP-29, Table 5) is obviously not of minette 
affinities, but is similar to spinels in lherzo- 
lite inclusions from Green Knobs reported by 
Smith and Levy [1976]. 

TABLE 6. Representative Microprobe Analyses 
of Analcime and Feldspars 

Analcime Feldspar 
BPR-5 BPR-5 BP-41 BP-35 

G G G G 

SiO 2 53.8 64.7 64.8 64.9 
TiO 2 0.06 0.13 - - 
A1203 23.3 18.3 18.9 18.4 
Fe203* 0.88 0.75 0.67 0.51 
Na20 10.8 1.87 4.36 4.18 
K20 0.45 13.9 9.60 10.6 

Total 89.3 99.7 98.3 98.6 

Na/Na + K 0.17 0.41 0.38 

*Total Fe as Fe203 
G = groundmass grain 

See Table 2 for key to sample numbers 
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Feldspar 

Representative analyses of feldspars in Table 
6 confirm the optical identification of sanidine 
[Williams, 1936]. FeO has been recast as Fe203 
because iron is probably present as Fe 3+ [Smith, 
1974]. These feldspars are quite iron-rich with 
variable contents of Na20 and Fe203 (Table 6). 
Low totals probably reflect unanalyzed BaO, SrO, 
and CaO because Nicholls [1969] reported that 
these oxides commonly totaled 0.7 to 1.3 weight 
percent in Navajo feldspars, the bulk being BaO. 

Analcime 

Microprobe analyses of the mineral previously 
identified as leucite [Gregory, 1917; Williams, 
1936] in the ring dike at Buell Park showed that 
it is actually analcime. A representative 
analysis has high water (assmued) and low Na20 
contents. Cation totals are deficient in total 

Na + K, suggesting that Na20 volatilized during 
microprobe analyses. If Na is assumed to equal 
A1 minus K (ignoring the contribution of Ca), 
as in the ideal formula, the weight percent 
Na20 would increase by about 3 weight percent, 
and water content decrease to about 8 weight 
percent, values more typical of igneous anal- 
cimes [Wilkinson, 1968] 

Although much of the analcime is interstitial, 
some euhedral grains are enclosed in fresh sani- 
dine. Thus, the analcime apparently crystallized 
earlier than the feldspar and at relatively high 
temperatures. Experimental work has shown that 
analcime will not coexist with a silicate melt 

Wt % MgO 

Fig. 7. MgO variation diagram for Buell 
Park minette analyses, including groundmass 
glass, plus Outlet Neck [Allen and Balk, 1954] 
and Dike B, Todilto Park [Williams, 1936]. 
Note that the clast from the layered kimber- 
litic tuff does not lie along the trend 
defined by the other Buell Park minettes. 
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at water pressures below 4 kbar in the system 
NaAlSiO4-NaA1Si308-H20 [Peters et al., 1966]. 
The addition of K20 to the system lowered the 
pressure where analcime and liquid coexisted 
to 2.3 kbar and 650øC [Peters et al., 1966]. 
However, the ring dike, which is presently ex- 
posed at 7300 feet, probably crystallized less 
than 400 m below the land surface (see section 

on volcanology). Thus, PH20 could not have been 
high enough to stabilize analcime. Possibly, 
the analcimes are microphenocrysts which crystal- 
lized at higher pressures. 

Rock Ch emis try 

Six new whole rock analyses and an average 
of four microprobe analyses of a groundmass 
glass from a tuff-breccia clast illustrate 
the peculiar chemistry of minette (Figure 7, 
Table 7): high MgO and low SiO 2 contents are 
coupled with high alkali contents and K20/Na20>l. 
As expected, the more mafic ring dike samples 
are the most primitive, the tuff-breccia clast 
occupies an intermediate position, and the fel- 
sic plug and massive minette from northern Buell 
Mountain are relatively differentiated (Figure 
7). The groundmass glass is most differentiated 
of all, and it is syenitic with over 80 percent 
normative ab + or. This syenitic composition 
is consistent with the occurrence of sheets of 

syenite in minette at Agathla, Black Rock, and 
a small neck 2 km southwest of Twin Buttes 

[Roden, 1977] which presumably represent resi- 
dual liquid [see Lindsley et al., 1971]. The 
felsic minettes are saturated or slightly over- 
saturated; in contrast, the ring dike minette 
is saturated or slightly undersaturated. The 
sample from the western end of the ring dike 
(BPR-6, Table 7) is undersaturated and has a 
lower K20/Na20 ratio than the sample (BPR-5, 
Table 7) from the central part of the dike. 
This chemical change coincides with an increase 
of analcime in BPR-6. A minette clast from the 

kimberlitic tuff (BP-69, Table 7) does not lie 
along the trends defined by the other Buell Park 
samples (Figure 7); it appears to have gained 
MgO, possibly through reaction with the kimber- 
litic tuff. Also note the high H20 content 
of this clast, clearly indicative of alteration. 
Other analyses from Buell Park have been pub- 
lished by Nicholls [1969], Schmitt et al. 
[1974], and Allen and Balk [1954]. 

The range in the minette chemistry at Buell 
Park encompasses the range in minette composi- 
tions within the Navajo field. Most Navajo 
minettes fall in the range 47-55 weight percent 
$iO 2 [Williams, 1936], and thus are more mafic 
than the Buell Mountain minettes but similar to 

the ring dike minette. Only in the Red Rock Val- 
ley, at Sonsela Buttes, and at Washington Pass 
are felsic minettes similar to those of Buell 

Mountain associated with more mafic minettes 

[ Ehrenberg, 1977a ]. 
Similar potassium-rich volcanic rocks are 
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TABLE 7. Chemical Analyses of Buell Park Minettes 

BPR-6 BPR-5 BP-69 BP-37 BP-41 BP-35 BP-51* 

SiO 2 49.13 48.94 55.46 56.23 58.88 59.50 61.8 
TiO 2 2.02 2.03 0.91 1.08 0.87 0.89 0.99 
A1203 10.51 10.11 10.65 12.14 13.38 12.93 15.3 
Fe203 3.82 4.47 3.68 4.38 3.77 3.02 - 
FeO 4.30 3.60 1.08 1.36 1.17 1.46 4.011 
MnO 0.12 0.12 0.05 0.08 0.06 0.06 0.07 
MgO 9.87 10.03 9.17 6.63 4.31 4.90 0.76 
CaO 9.06 8.98 4.34 6.37 6.12 5.30 1.59 
Na20 2.06 1.28 1.42 2.60 2.87 2.53 4.72 
K20 4.86 5.22 6.98 6.76 7.20 7.21 6.96 
H20+ 2.38 2.92 2.09 0.84 0.36 0.54 - 
H20- 0.38 0.80 2.71 0.36 0.08 0.60 - 
P205 0.97 1.08 0.63 0.77 0.74 0.64 - 
CO 2 0.00 0.01 0.00 0.02 0.06 0.10 - 
Total 99.48 99.59 99.17 99.62 99.87 99.68 96.2 

CIPW Norms 2 
qz - - 2.42 - 1.76 4.56 4.16 
or 29.72 32.20 43.78 40.65 42.84 43.25 42.72 
ab 12.56 11.34 12.78 22.42 24.45 21.75 41.54 
an 5.25 6.71 2.18 1.52 2.40 2.68 - 
ne 2.96 ...... 

ac ...... 0.01 
di-wo 14.49 13.52 6.81 10.61 9.55 7.99 3.42 
di-en 11.67 10.97 5.76 8.51 7.62 6.74 1.70 
di-fs 1.12 0.94 0.17 0.87 0.83 0.22 1.64 

hy-en - 2.35 18.47 3.68 3.19 5.66 0.26 
hy-fs - 0.20 0.54 0.38 0.35 0.18 0.26 
ol-fo 9.64 8.94 - 3.24 - - - 
ol-fa 1.02 0.84 - 0.37 - - - 
mt 5.28 5.35 3.71 3.81 3.47 3.52 3.33 
il 3.97 4.03 1.84 2.09 1.67 1.71 1.96 
hm ...... 0.23 
ap 2.37 2.68 1.59 1.85 1.78 1.54 - 
cc - 0.02 - 0.05 0.14 0.23 - 

*Microprobe analyses of groundmass glass (average of four points) 
1Total Fe as FeO 
2Calculated after Fe203 was adjusted to be equal to or less than TiO 2 + 1.5 weight percent 
[Irvine and Baragar, 1971]; oxides were then normalized to 100%, water-free 

See Table 2 for key to samples 
Analyst for all samples, except BP-51, was G. K. Hoops 

rare, dispersed, and restricted to the con- 
tinents. They include the volcanic rocks of 
the Leucite Hills• Wyoming [Carmichael, 1967]• 
the Bearpaw and Highwood Mountains of Montana 
[Weed and Pirsson, 1895, 1896], leucite- 
bearing rocks from West Kimberley [Carmichael. 
1967] and New South Wales [Cundari, 1973], Aus- 
tralia, and jumillites from Spain [Borley, 
1967]. These are all basic rocks with K20} 
Na20 and peculiar trace element chemistry: Cr, 
Ni, Ba, Rb, Sr, Nb, Zr, P• and F are all abun- 
dant [Carmichael et •1.• 1974]. The volcanic 
rocks from the Leucite Hills and West Kimber- 

ley are the most extreme members of this suite• 
having K20/Na20 generally greater than 8 
[Carmichael• 1967], 

Discussion 

Relation•h.•p• of the Minette Varieties 

The association in time and space of mafic and 
felsic minettes at Buell Park• and their identi- 
cal initial 87Sr/86Sr ratios, 0.708 [Powell and 
Bell, 1969]• suggest that the felsic and mafic 
minettes are Renetically related, and are 
consistent with the felsic minerres being derived 
from the mafic minettes by fractionation of the 
observed phenocrysts: diopside, phlogopite• and 
olivine. Alternatively• the ring dike minette 
could be parent plus cumulate. Crystal fract•on- 
ation was modeled by a MgO-variation diagram [Fi- 
gure 8] and by a least squares mixing program 
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TABLE 8. An Example of a Mixing Model: Model A 

Parent 

BPR-5 Diop. 

Daughters Best fit to 

Phlog. O liv. Apa t. BP-37 BPR-5 Residuals 

$iO 2 51.29 54.50 
TiO 2 2.13 0.25 
A1203 10.60 0.64 
FeO* 7.99 3.37 
MnO 0.13 0.14 

MgO 10.51 18.20 
CaO 9.41 22.50 

Na20 1.34 0.37 
K20 5.47 0.02 
P205 1.13 0.00 

36.60 39.40 0.00 57.40 51.68 -0.39 
11.60 0.00 0.00 1.10 2.48 -0.35 
16.40 0.00 0.00 12.39 10.56 0.04 

8.69 13.42 0.00 5.41 5.73 2.26 
0.02 0.18 0.00 0.08 0.08 0.05 

17.10 46.80 0.00 6.77 11.09 -0.58 
0.04 0.16 56.00 6.50 8.98 0.43 
0.63 0.00 0.00 2.65 1.86 -0.52 
8.79 0.00 0.00 6.90 5.78 -0.31 
0.00 0.00 44.00 0.79 1.73 -0.80 

Solution 14.29 14.36 
Sum of Absolute Residuals = 5.54 

Sum of Squares of Residuals = 6.86 

3.32 2.73 64.66 

*Total Fe as FeO 

All analyses calculated to 100 percent, water-free 

similar to that of Wright and Doherty [1970]. A 
ring dike minette (BPR-5, Table 7) was chosen as 
the parent or parent plus cumulate and a minette 
clast from the tuff-breccias (BP-37, Table 7) 
was chosen as the daughter to test whether the 
most mafic of the felsic minettes (Figure 7) 
could be derived by crystal fractionation from 
the ring dike minette. Representative mineral 
compositions, chosen on the basis of histogram 
plots of microprobe analyses, were normalized 
to 100 weight percent, water-free, for most 
models; duplicate models, including water, were 
run for the best models. 

The results can be understood by looking at 
Figure 8. The crystal cumulate must have a 
composition within the area outlined by the phase 
compositions, but all compositions within these 
areas are too FeO-poor, and most are too SiO 2- 
rich to cause differentiation of BPR-5 towards 

BP-37. Relating the more felsic minettes, such 
as the minette plug (BP-35, Table 7) to the mi- 
nette clast (BP-37) in a similar model encoun- 
ters the same difficulties. The residuals from 

the mixing model (Table 8), and the variation 
plot (Figure 8) suggest that an Fe-Ti oxide 
would improve the model, Models C and D (Fi- 
gure 9, Table 9), which include magnetite as 
a fractionation phase give better fits to the 
whole rock chemistry. Fractional crystalliz- 
ation can no longer be ruled out on the basis of 
the mixing model. The best model (Figure 9) re- 
quires fractionation by weight of 18 percent 
diopside, 12 percent phlogopite, 1.6 percent oli- 
vine, 2.2 percent apatite, and 3.1 percent spinel 
from BPR-5 to obtain BP-37. Sample BP-35 can 
similarly derived from BP-37 by fractionation of 
diopside and phlogopite with minor spinel 
and apatite (Figure 9). Models C and D (Fi- 
gure 9, Table 9) are similar to fractionation 
models suggested by Ehrenberg (1977a) to ex- 

$76 

plain mafic and felsic minettes at Washing- 
ton Pass and Sonsela Buttes. 

The best mixing model requires fractionation 
of magnetite which is unlikely in light of 
petrography, magma viscosity and density, and 
phase size and density. In all the Buell Park 
minettes, primary oxides are restricted to the 
groundmass. In the chill zone of the ring dike 
groundmass oxides are approximately 0.025 mm in 
diameter; oxides in clasts from the tuff- 
breccia are on the order of 0.05 mm in diameter. 

Rare large oxide grains have vermicular or era- 
hayed edges with reaction rims of phlogopite; 
some have high Cr203 contents (53 weight percent, 
M. Roden, unpublished data). These grains are 
most likely xenocrysts. Petrographically, 
the oxides do not appear to have been liqui- 
dus phases in either the ring dike minette or 
in the felsic minette clasts from the tuff- 

breccia. As Eggler and Burnham [1973] pointed 
out, it is impossible to derive a daughter 
magma by subtraction of an oxide from a parent 
magma if the oxide is not stable near the 
liquidus of the daughter. 

Hypothetical settling velocities of minerals 
in a liquid of minette composition were inves- 
tigated [Roden, 1977] to shed further light on 
the mixing model. Stokes Law behavior was as- 
sumed [Shaw et al•, 1968; Shaw, 1965; Sparks 
et al., 1977] and an empirical relation [see 
discussion in Shaw, 1965] which relates the 
velocity determined from Stokes Law to the velo- 
city of a particle in a suspension was also 
used• Olivine and spinel were treated as 
spheres, diopside as a cylinder• and phlogopite 
as a disc [McNown and Malaika, 1950]. Viscosity 
and density were calculated by the methods of 
Shaw [1972] for viscosity, and Bottinga and 
Weill [1970] for density with assumed water 
contents of 3 weight percent for BP-37 and 2 
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Fig. 8. MgO variation diagram with total 
Fe as FeO and SiO 2 contents of samples BP- 
35, BP-37, BPR-5, and phenocrysts of diop- 
side, phlogopite, and olivine. All analyses 
water-free, recalculated to 100 percent. Net 
composition of cumulate must lie within 
outlined areas. Both trends, SiO 2 and FeO, 
would be more easily explained if an Fe-Ti 
oxide was also fractionated. 

weight percent for BPR-5, The calculated set- 
tling velocities show that diopside and olivine 
settle at approximately the same speed, 1 x 
10-2 cm sec -1, phlogopite settles about an order 
of magnitude slower, and magnetite settles 2 
orders of magnitude slower than phlogopite. 
These rates are for 1 bar and 1250øC. With 

increasing depth the net effect of increasing 
temperature and pressure is to increase the 
settling velocities [Kushiro et al., 1976]. 
The relatively slow settling velocity of spinel 
is not consistent with the rapid settling velo- 
city needed to fractionate a late crystallizing 
phase. Furthermore, although the mixing model 
requires sub equal amounts of diopside and phlo- 
gopite and essentially no olivine to settle, 
the greater settling velocities of olivine rela- 
tive to phlogopite combined with the greater 
modal proportion of olivine (Table 1) in the 
ring dike makes the model improbable. A parent 
with three times as much olivine as phlogopite 
as in the case of the ring dike, would not 
likely fractionate subequal amounts of phlogo- 
pite and diopside and essentially no olivine. 
Thus, the settling velocities and the modal 
proportions are not consistent with the weight 

percent of the various phases required by the 
mixing model Co 

Intuitively, the abundance of dense inclu- 
sions in the felsic minettes appears also 
to be inconsistent with crystal fractionation. 
However, Sparks et al. [1977] argued that mag- 
mas below the liquidus may behave as Bingham 
liquids and possess a yield strength. The 
net result is that xenoliths more than ten 

t•mes the diameter of the size of the pheno- 
crysts that are causing the Bingham behavior 
will not settle out, however, the pheno- 
crysts may still settle [see discussion in 
Sparks et al., 1977, and Shaw et al., 1968]. 
Clinopyroxene and orthopyroxene xenocrysts 
of the same size as diopside phenocrysts are 
common in the felsic minettes and their presence 
is inconsistent with the crystal settling of 
diopside and phlogopite, at least in the upper 
crust, 

A final argument against crystal fractionation 
is based on Sr analyses of the Buell Park mi- 
nettes [Powell and Bell, 1969]. A felsic minette 
from Buell Mountain contains 973 ppm Sr, and a 
ring dike minette contains 1579 ppm Sr. This 
decrease in Sr from mafic to felsic minettes 

requires a Sr-rich phase to fractionate from the 
ring dike minette. The only fractionating 
phase in the mixing model with a partition coef- 
ficient (K D = concentration of Sr in solid/con- 
centration of Sr in liquid) for Sr greater than 
1 is apatite, but its partition coefficient is 
probably too small, less than 5 (from data in 
Dasch, 1969) to make the bulk solid/liquid par- 
tition coefficient for Sr greater than 1, based 
on model C. Hence, Sr should increase with 
fractionation, not decrease as is observed. 
The mixing models do not satisfactorily explain 
the Sr data. 

CRYSTAL FRACTIONATION MODEL FOR BUELL PARK 

BPR-5 

Ring Dike 

M•nette 

Model C Model D 

BP-37 I BP-35 

Bomb, Minette 
Tuff-Breccia 

•37% 13% 

Cumulate Cumulate 

49% Diopside 47% Phlogopite 
:52% Phlogopite 39% Diops•de 

8.5% Spinel 8.0% Spinel 
5,9% Apatite 6.0% Apatite 
4.4% Oilvine 

Felsic Minetie 

Plug 

Fig. 9. Fractional crystallization model 
for the Buell Park minettes based on major 
element concentrations in whole rocks and 

phenocrysts. 
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In summary, crystal fractionation of the ob- 
served phenocrysts does not satisfactorily ex- 
plain the relationship between mafic and felsic 
minettes. However, the relatively minor chemi- 
cal variation between felsic minettes 

on Buell Mountain probably reflects •ractiona- 
tion of diopside and phlogopite with minor 
amounts of apatite and magnetite. Possibly, 
a combination of crystal fractionation and 
assimilation of silicic material in a mafic 

parent explains the felsic minettes but this 
possibility remains unexplored. An alternative 
model involving fractionation in the mantle will 
be developed in the next section. 

Petrogenesis 

Hypotheses for the origin of mafic, potassium- 
rich magmas include fractionation of olivine or 
eclogite from peridotitic magmas, assimilation 
of various materials by a wide variety of parent 
magmas, partial melting of potassium-rich source 
rocks, and zone refining [see summary in Bell 
and Powell, 1969]. Most of these hypotheses 

TABLE 9. Mixing Models 

Model B Model C Model D 

best best best 

fit to fit to fit to 

BPR-5* BP-37* BP-37 BPR-5 BP-37 

SiO2 51.29 57.40 58.09 51.17 57.72 
TiO 2 2.13 1.10 1.05 2.69 1.22 
A120 3 10.60 12.39 12.42 9.98 12.25 
FeO 1 7.99 5.41 4.59 7.82 5.41 
MnO 0.13 0.08 0.06 0.10 0.07 

MgO 10.51 6.77 7.04 10.38 6.78 
CaO 9.41 6.50 6.42 9.10 6.41 

Na20 1.34 2.65 2.26 1.84 2.26 
K20 5.47 6.90 7.13 5.42 6.99 
P205 1.13 0.79 0.99 1.45 0.94 

Sum of Absolute Resid. 2.80 2.83 1.33 
Sum of Squares of 
Residuals 1.49 1.22 0.33 
Amount of Cumulate, 14.6 36.3 14.4 

(Wt. %) 
Composition Diop. 5.4 17.8 5.6 
of Cumulate Phlo. 8.2 11.7 6.8 

Oliv. - 1.6 - 

Magn. - 3.1 1.2 
Apat. 1.0 2.2 0.9 

*Recalculated to 100 percent, H20-free 
1Total Fe as FeO 

Model B -- BP-37 differentiates to BP-35 with-- 

out magnetite fractionation 
Model C = BPR-5 differentiates to BP-37 with 

magnetite fractionation 
Model D = BP-37 differentiates to BP-35 with 
magnetite fractionation 

For sample key, see Table 2 
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attribute the peculiar chemistry of these rocks 
to processes divorced from the source material. 
However, the Navajo minettes probably represent 
primary melts from the mantle because of the 
following characteristics: (1) abundant spinel 
lherzolite and websterite inclusions, (2) garnet 
peridotite inclusions which equilibrated at 45 
to 52 kbars [Ehrenberg, 1977b], (3) •'Mg-rich oli- 
vine phenocrysts (Fo89_91) in some minette dikes, 
and (4) the high Ni, 270-360 ppm, and Cr, 300- 
450 ppm, contents of many minettes [Nicholls, 
1969]. If the minettes are primary melts from 
the mantle, then the source was rich in K20 and 
P205 which were probably contained in accessory 
phases such as phlogopite, which is stable to 
]75 km in regions of low geothermal gradient 
[Modreski and Boettcher, 1972], and apatite• 
which has been found in some lherzolite inclu- 

sions in basalts [for example, Frey and Green, 
1974]o 

The Navajo minettes have high initial Sr ra- 
tios, 0.7056 to 0.7081, and high Rb, 75-234 ppm, 
and St, 1000-1800 ppm, concentrations [Powel] 
and Bell, 1970]. Sr concentration and 87Sr/865r 
ratio are not inversely correlated, and this 
fact, combined with the high Sr concentrations, 
makes contamination an unlikely explanation for 
the high initial 87Sr/86Sr ratios. Hence• the 
isotopic characteristics of the minettes may 
reflect source characteristics. If this assum- 

ption is correct, and if the relatively low 
Rb/Sr ratio of the mafic minettes, 0.05 [Powell 
and Bell, 1970], is representative of the source, 
then the initial 87Sr/86Sr ratios of the minettes 
can be explained if the source of the minettes 
was enriched in Rb relative to continental man- 

tle [Faure and Powell, 1972] about 1.5 billion 
years ago (•,[87Rb] = 1.42 x 10-11yr-1). 

Rare earth elements [Kay and Gast, 1973; 
Ehrenberg, 1977a, Roden, unpublished data] in 
the Navajo minettes are highly fractionated 
relative to chondrites with extreme light rare 
earth enrichment (La -- 320-870 x chondrite, Yb = 
2-10 x chondrite). These data suggest that 
(1) both mafic and felsic minettes formed by 
a small degree of partial melting of a garnet 
peridotite in which garnet formed a significant 
amount of the residuum [Kay.and Gast, 1973], or 
(2) the mafic minettes formed by partial melting 
of a garnet perdotite as above, while the 
felsic minettes formed by crystal fractionation 
from a mafic parent. In the latter case, 
fractionation of a REE-rich phase such as apa- 
tite, must have "buffered" the REE concentra- 
tions [Roden and Smith, in preparation]. 

The writers suggest that the mafic minettes 
of Buell Park were generated within the garnet 
peridotite stability field in the upper man- 
tle by partial melting of a phlogopite- and 
apatite-bearing garnet peridotite. This idea 
is generally consistent with experimental 
work by Modreski [1972] who showed that K20- 
rich liquids result when a phlogopite-rich 
source is melted, and Edgar et al. [1976] who 
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found that a biotite mafurite equilibrated 
with olivine, diopside, and phlogopite at 
pressures to 30 kbars. 

The relationship of the felsic minettes to 
the mafic minettes at Buell Park remains puz- 
zling. Two of the simpler explanations are 
(1) the felsic minettes, because of their mini- 
mal normative olivine contents, were derived 

by a smaller degree of partial melting than the 
mafic minettes, or (2) the felsic minettes were 
derived by crystal fractionation from the 
mafic minettes, but subtraction of the present 
phenocryst population does not explain the 
fractionation as discussed above. This latter 

fact suggests that a significant period of time 
or movement occurred between differentiation and 

extrusion. The abundance of spinel lherzolite 
inclusions in the felsic minerres contrasted with 

their absence in the mafic ring dike minettes 
at Buell Park supports this contention. This 
difference must be due to the physical proper- 
ties of the liquids (for example, viscosity), 
and this difference probably existed prior to 
the incorporation of the inclusions into the 
minettes. It is likely that the difference in 
physical properties between the felsic and mafic 
minette liquids was a function of their different 
compositions, and therefore the compositional 
difference was established in the upper mantle, 
and not the crust. 

The relationship between minette and kimber- 
litic tuff remains obscure as no intermediate 

rock type is exposed. The fact that these two 
rock types occupy the same conduit at Buell Park 
and neighboring diatremes, and are of the same 
age, strongly argues that these two rock types 
are genetically related. The kimberlitic tuff 
may have been a fluid phase rich in H20 and 
CO 2 which separated from the minette magma, 
perhaps in the upper mantle [see also Smith 
and Levy, 1976; McGetchin and Silver, 1972]. 

Origin of Green Pyroxene Cores. The wide- 
spread occurrence of the green cores suggests two 
possibilities for their origin: (1) they are 
high-pressure phenocrysts, which were later man- 
tled by diopside, or (2) they are xenocrysts from 
a widespread rock type in the lower crust or upper 
mantle. Edgar et al. [1976] studied the exper- 
imental petrology of a mafic, potassic magma at 
high pressures. They found that in the range 
10 to 30 kbars the clinopyroxene in equilibrium 
with the melt was lower in A1203 (0.8 to 1.9 
weight percent), Na20 (0.17 to 0.40 weight per- 
cent), and FeO (3.2 to 7.3 weight percent) than 
the green cores. The diopside compositions ob- 
served in the experiments, however, match closely 
the diopside phenocrysts in the minettes. Fur- 
thermore, the green cores have consistently low 
Cr20 3 contents, although their minette host 
is Cr-rich [Nicholls, 1969], and coexisting diop- 
side phenocrysts have Cr-rich cores (Figure 5, 
Table 2). Because of the relatively high par- 
tition coefficient of clinopyroxene for Cr 

[for example, Irving, in press], the low Cr203 
contents of the green cores suggests that they 
are xenocrysts and not phenocrysts. Finally, 
the presence of exsolutuon lamellae in the 
cores suggest that the green cores have reequil- 
ibrated at a lower temperature than that that 
they initially crystallized at, a history not 
compatible with being phenocrysts. 

The green cores are probably xenocrysts from 
a widespread rock type in the upper mantle or 
lower crust. A logical source is the Colorado 
Plateau eclogites; however, their pyroxenes are 
typically more jadeitic (D. Smith, unpublished 
data). The green cores are, however, similar 
to salites in garnet granulite xenoliths at 
The Thumb and SoN. Ehrenberg [McGetchin et al., 
1977] has suggested that the granulites are the 
source for some green cores. 

Conclusions 

Kimberlitic tuff and minette are associated in 
four diatremes in the Zildlitloi volcanic field. 

The minette and kimberlitic tuff were essentially 
contemporaneous, although the bulk of kimberlitic 
eruptions was earlier than minette eruptions. 
At Buell Park there was a time overlap between 
minette and kimberlitic tuff: minette clasts 

occur in layered kimberlitic tuff, and two post- 
minette ultramafic breccia pipes are similar in 
mineralogy to xenocryst-bearing kimberlitic tuff. 
The field geology of the Buell Park minette dia- 
treme can be successfully related to a diatreme 
model in which the tuff-breccias formed as 

vent filling and splatter plastered on to the 
sides of the vent throat. The present outcrops 
are probably on the order of 200 m below the 
original crater floor. 

The mineralogy of the Buell Park minettes is 
typical of potassium-rich, mafic volcanic rocks: 
phlogopite, diopside, and sanidine predominate. 
Most notable is the high TiO 2 content of phlogo- 
pite from the ring dike. Crystal fractionation 
models using phenocryst compositions do not ex- 
plain the compositional range of the minetteso 
Inclusion of magnetite as a fractionating 
phase improves the model, however, the mixing 
model is •generally inconsistent with phase pro- 
portions, and probable settling velocities. 
The mafic and felsic minettes may be related by 
varying degrees of partial melting of the 
same source or by crystal fractionation of 
phases not now observed as phenocrysts plus 
diopside and phlogopite in the upper mantle. 

Green, aluminous salite cores in diopside 
phenocrysts are widely but sparsely distributed 
in the Navajo field. These cores are inter- 
preted as xenocrysts because of their exsolu- 
tion lamellae, and low Cr20 3 contents, and 
because of results from high pressure experiments. 
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THE OKA CARBONATITE COMPLEX: MAGNETITE COMPOSITIONS 

AND THE RELATED ROLE OF TITANIL•M IN PYROCHLORE 

Brendan M. McMmhon and Stephen E, Haggerty 

Department of Geology, University of Massachusetts, Amherst, Massachusetts 01003 

Abstract. Electron microorobe analyses of 
magnetites from the Oka carbonatite complex and 
associated alkaline rocks show that intermediate 

members of the melteigite-urtite series, ijolite• 
contain high concentrations of MnO (~12.0 wt% 
maximum, with an average of 8.01 wt%), but with 
TiO 2 (4.5 wt%), A1203 (2.2 wt%) and MgO (2.8 wt%) 
contents that are comparable to the compositions 
of magnetites in diopside-bearing carbonatites. 
Magnetites of the j acupirangite-okaite series 
also contain significant contents of MnO; these 
reach a maximum on the okaite-nepheline okaite 
end of the series (5.5 wt%) and decrease progres- 
sively to jacupirangite (3.5 wt%). Alnoitic 
magnetites are proportionately lower in MnO 
(0.5-2.0 wt%), but higher in TiO 2 (3.5 wt%) and 
MgO contents (7.5 wt%) than those of the associ- 
ated carbonatites, or those of the alkaline 
suite. Kimberlites from the Isle Bizard diatreme 
have low modal concentrations of magnetite; these 
are low in MnO (<0.25 wt%), have high oxidation 
indices, Fe•+/(Fe 2+ + Fe •+) = 0.636, and inter- 
mediate MgO (3.5-4.5 wt%), and A!205 (5.5 wt%) 
contents. The highest MnO contents in magnetite 
from the complex are in richterite s•vites, and 
these average ~12.0 wt%. Reactions between these 
magnetites and the calcite matrix results in 
Mn-siderite, and it is within these areas that 
pyrophanite-rich (MnTi03) ilmenites are observed 
containing between 25-75 mole % MnTiO 3. 

The results of a coupled pyrochlore study may 
be summarized as follows: (1) at least six dis- 
tinct pyrochlore varieties are identified ranging 
from those that are Zr-rich to others that have 
high contents of REE; (2) pyrochlore is complexly 
zoned on the micron to millimeter scale and the 
most complex zones are at the margins of crystals; 
(3) the margins of crystals are zoned with re- 
spect to TiO 2 and REE, suggesting that the final 
liquid was enriched in these constituents; (4) 
Nb is fractionated at an early stage in carbona- 
tite crystallization, followed by TiO 2 and REE, 
specifically Ce and Nd; (5) in the absence of 
high U contents, CaO is virtually constant at 
~18 wt% and we conclude that the activity of Ca 
was buffered by CaO saturation. 
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Carbonatitic magnetites from the Oka complex 
are characterized by high MnO contents and low 
TiO 2 concentrations, and we propose that the 
deficiency in Ti02 is related to co-precipitating 
pyrochlore and to the high affinity of Ca for Ti. 
The observation that the terminal stages of kim- 
berlite formation results in small scale carbon- 

atitic fractionation, with oxides having high 
MnO contents, is supported by the data on oxides 
from the Oka complex. 

Introduction 

Although much debate continues to be centered 
on the role of immiscible carbonatite fluids, on 
the relationship of carbonatites and kimberlites 
(e.g. Mitchell, 1978a) and on the nature of 
heavy element fractionation in the upper mantle, 
there is now a growing body of data which tends 
to indicate that carbonatite liquids are an in- 
tegral, but enigmatic, phase of the terminal 
stages of kimberlite formation (e.g. Haggerty, 
1975; McMahon and Haggerry, 1976). 

Our previous studies have concentrated on the 
opaque mineral chemistry in kimberlites and these 
have provided some insight to the progressive 
changes in composition and in •O2 as a function 
of kimberlitic evolution (Haggerty, 1973). The 
early formation of the opaque mineral oxides in 
kimberlites, their continued growth during a 
substantial period of crystallization, and 
their sensitivity to redox changes, makes this 
mineral group an ideal indicator of the compo- 
sitional variations that are attendant during 
kimberlite and carbonatite formation. In a 

continued effort to understand the potential re- 
lationship between kimberlites and carbonatites 
and kimberlite formation, we have directed our 
attention in this initial study to a systematic 
examination of the mineral chemistries of mag- 
netite, ilmenite and pyrochlore in a wide spec- 
trum of host rocks from the Oka carbonatite 

complex. We conclude that the opaque mineral 
oxides in the Oka complex are comparable to 
those produced during the final stages of crys- 
tallization typical of many kimberlites, and 
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Fig. 1. Photomicrographs of s6vite magnetites in which coarse lamellae of pleonaste-hercynite have 
developed along {111} spinel planes. The large white inclusion in (a) is a complex intergrowth of 
pyrrhotite + pentlandite. Alteration of this assemblage along the margins of the inclusion consist 
of marcasite + magnetite. The light gray area in (b) is maghemite. ?•nger-textu•ed, bin-depleted 
magnetite, which is intergrown with Mn-siderite is illustrated in (c). An incipient form of the 
•nger-tex•za•e is shown in (d) in association with fresh and partially altered pyrophanite laths. 
Scale: Width of photomicrograph = 0.15 mm. Oil-immersion and reflected light. 

(b) 

that these are characterized by high manganese 
contents. One of several major differences be- 
tween kimberlites and carbonatites is the vir- 

tual absence of large radius, high valency ca- 
tions (e.g. Th, U, Ce, Zr, Hf, Nb, Ta) in the 
former and their widespread association in the 
latter, specifically in the minerals pyrochlore 
and latrappite (Nb-perovskite). The magmaphile 
(i.e. high partitioning coefficients between 
liquid and crystal) nature of these elements may 
account for their preferred concentration in 
carbonatites if it is assumed that carbonatitic 

liquids persist beyond those of kimberlite for- 
mation. Although this study does not shed any 
new light on the petrological affinities of these 
elements it has established that the systematics 
of mineral zonation trends are complex, that Ti 

partitioning is preferentially into pyrochlore 
in the presence of coexisting opaque mineral ox- 
ides, and that a consistent heavy element para- 
genesis in pyrochlore is the exception rather 
than the• rule. 

The Oka carbonatite complex is located in the 
Monteregian Hills, 20 miles NW of Montreal, Que- 
bec, Canada. The estimated radiometric age of 
this atectonic intrusive complex is approximately 
117 m.y. (Gold, 1966; Shafiqullah et al., 1969) 
placing it in the lower Cretaceous. Erosion has 
exposed the alkaline igneous sequence to the ring 
dyke and cone sheet level and an entire cross- 
section of calc-alkaline igneous rocks appears 
to be present with cross-cutting relationships 
indicating the relative order of emplacement (Gold 
1966, 1969). Among the alkaline silicate rocks 
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Fig. 2. Repetitive and concentric fine zoning (a), and coarse banded zoning (b) in sSvite pyro- 
chlores. Scale' Width of photomicrographs TM 0.15 mm. Oil-immersion and reflected light. 

in the complex are members of the j acupirangite- 
okaite series, and members of the melteigite- 
urtite series (nephelinites), in association with 
melilitite, kimberlite and alnoite diatremes. 
The carbonate rocks (s6vites) are highly variable 
in texture and in silicate mineralogy. The ma- 
trix of these carbonatites is dominantly calcite, 
but enrichment trends in manganese and in iron 
are present in calcite which has undergone par- 
tial reaction with adjacent Mn-rich opaque min- 
eral oxides. 

Mineral Microscopy 

Magnetite is a ubiquitous phase among the 
variety of rock types in the Oka carbonatite 
complex. This mineral is commonly present in 
euhedral to anhedral phenocrysts but it is also 
a major constituent of the groundmass assem- 
blage. Primary silicate inclusions within mag- 
netite are relatively rare, whereas large ovoid 
blebs of pentlandite, pyrrhotite and chalcopy- 
rite complexes are widespread (Fig. la). The 
titanium contents of carbonatitic magnetites are 
typically low (~5 wt.%), and the oxidation exsolu- 
tion of ilmenite from these spinels is, hence, 
relatively sparse. On the other hand, although 
Mg, Cr, and A1 are also present in relatively 
low abundances, the incidence of hercynite-pleo- 
naste exsolution along {111} spinel planes tends 
to be common (Fig. la-b). A characteristic 
feature of many magnetites is the presence of 
a peripheral and concentric reaction zone with 
the carbonate matrix. This zone varies from 

being a gradational contact in some crystals to 
others that exhibit a marked discontinuity with 
the unaltered portions of the crystal; the 
zone may vary from <10 •m to 50 •m in width 
and we describe this zone as finger textured as 
illustrated in Fig. lc-d. 

The low bulk titanium contents of carbonatites 

(0.05-0.30 wt.%) and the variable concentrations 

of TiO 2 in the associated alkaline suite (0.66 
wt.% in urtite-ijolite to 3.7 wt.% in jacupiran- 
gite) of the Oka complex (Gold, 1966) is re- 
flected in the mineralogy of these rocks, and is 
particularly apparent in the low modal concentra- 
tions of ilmenite. Primary ilmenite is restrict- 
ed to the late stage intercrystalline matrix of 
these carbonatites (Fig. ld), but is also pre- 
sent as rare oxidation lamellae in magnetite. 

Pyrochlore is a prominently developed mineral 
in most s6vites and is also present as a rare 
associated phase in members of the melteigite- 
urtite series. It is present in euhedral pheno- 
crysts, contains an abundance os •xide, silicate, 
and sulfide inclusions, and exhibins pronounced 
oscillatory zoning on the sub-micron to milli- 
meter scale (Fig. 2). 

Magnetite Mineral Chemistry 

Magnetite compositions were determined by 
electron microbeam analyses in the 10 dominant 
and distinct rock types that constitute the Oka 
carbonatite complex (Gold, 1966) . Mineral 
averages are listed in Table 1 and these data 
are summarized on oxide variation diagrams as 
a function of rock type in Figs. 3-4. 

The distinctive characteristics in major 
element chemistry in the alkaline suite are: 
(1) alnoitic magnetites have the highest 

average MgO (7.85 wt.%) and TiO 2 (8.44 wt.%) 
contents; (2) okaite and ijolite magnetites 
have higher average MnO contents (6.48-8.01 wt.%) 
than alnoite or jacupirangite magnetites (1.49- 

2.71 wt.%); (3) Cr203 concentrations in this 
suite are uniformly low (average = 0.3 wt.%); 
(4) A1203 contents are relatively constant 
and vary between 2.19-4.01 wt%; and (5) al- 
though the absolute values of Fe203 vary from 
53.66 to 61.85 wt.% in these magnetites, the 
oxidation ratio of Fe¸/(Fe¸ + Fe203) is 
within narrow limits, between 0.270 for 
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nepheline okaites and 0.326 for alnoites. 
Among the carbonatites, which include diop- 

side sSvite, niocalite sSvite, monticellite 
s•vite, and richterite s•vites (with and without 

pyrochlore, respectively), we note that these 
magnetites have high, but variable, concen- 
trations of MnO (richterite sovite = 11.69 wt.%; 

pyrochlore-bearing richterite s•vite = 4.46 wt.%), 
that TiO 2 is in the range 3.15-6.30 wt.%, and 
that A1203 and Cr203 are rarely in excess of a 
total of 1.5 wt.%. Magnetites in richterite- 
(pyrochlore absent) and monticellite-bearing 
s•vites have relatively high MgO contents (~4 
wt.%) in contrast to the pyrochlore, diopside 
and niocalite s•vites which are in the range of 
1.3-1.6 wt.%. The ratios of FeO/(FeO + Fe203) 
in the sSvites are, on average, lower than 
that of magnetites in the alkaline suite with 
the former varying between 0.241-0.310, and the 
latter between 0.270-0.326. 

The kimberlitic magnetites from the Oka com- 
plex have no internally distinct characteris- 
tics in terms of major element chemistry. However, 
these do differ from the magnetites in the 
alkaline suite and the magnetites in the sSvite 
series in that MnO contents are extremely low 
(0.25 wt.%) and the oxidation ratio of FeO/ 

(FeO + Fe203) is relatively high (0.340). 
Magnetites containing the highest average 

MnO contents are those in richterite and monti- 

cellite sSvites with 11.69 and 11.26 wt.% MnO 

respectively (Table 1). The richterite sSvites 
also contain the finger-textured reaction 
mantles (Fig. lc) and a detailed examination of 
the zonal and reaction trends in major element 
chemistry are illustrated in Figs. 3 and 4. 
The cores of magnetites in the monticellite 
sSvites show a slight depletion in MnO, FeO 
and Fe203 contents (Fig. 3a), and correspond- 
ingly higher concentrations of MgO and A1203, 
with constant TiO 2 values. In contrast, there 
is a marked manganese enrichment from the cores 
of magnetites in richterite sSvites towards the 
inner margin of the reaction zones; at the 
reaction zone, and within the finger textured 
magnetite, the MnO content decreases progressive- 
ly and reaches a minimum of 0.5 wt. % MnO (Fig. 
3b). This variation in MnO is mirror-imaged by 
variations in FeO contents and is compensated by 
progressive changes in MgO and TiO 2 contents; the 
trivalent cations Fe 3+, Cr and A1 appear to be- 
have independently of this reaction chemistry- 
The relationship of Mn0 versus MgO for the core- 
mantle variation and the associated reaction as- 

semblage (Fig. 3b) is illustrated in Fig. 4. 
The protruding magnetite fingers that extend into 
the groundmass (Fig. lc) alternate with mangani- 
ferous siderite which changes progressively away 
from the reaction rim into calcite. Changes in 

MgO contents are continuous (Fig. 3b and 4) but 
there is a 4-7 wt.% MnO depletion in the fingered 
magnetite, and a substantial increase in FeO (Fig. 
3b); the absolute margins of magnetite crystals 
contain <0.05 wt.% MgO and ~2 wt.% MnO. It is 
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Fig. 3. Oxide variations as a function of rock type for magnetite compositions. The dashed line 
emphasizes the variation in MnO contents. 

within this reaction assemblage that the rare 
occurrences of discrete crystals of ilmenite- 
pyrophanite (FeTiO 3 - MnTiO 3) solid solution 
members are observed (Fig. ld). These crystals 
range from 25-75 mole % pyrophanite and appear 
unaltered when partially wedged between mag- 
netite phenocrysts, but exhibit extensive alter- 
ation to magnetite, Nb-rich rutile, and Mn-sider- 
ite in all other regions of the calcite matrix. 

In summary, the associated alkaline ultrabasic 
rocks in their relative order of emplacement are 
the jacupirangite-okaite series (titanaugite 
pyroxenites-melilitites), the melteigite-urtite 

386 

series of the nephelinites (diopside pyroxene- 
nepheline rocks), and the alnoite-kimberlite dia- 
tremes. The magnetites of the jacupirangite- 
okaite series contain significant MnO contents 
(5.5 wt.%) on the okaite to nepheline-okaite end 
of the series and these decrease progressively 
to the jacupirangite value of 3.5 wt.% (Fig. 4). 
TiO 2 ranges from 1.5 to 5.5 wt.% with a minimum 
in nepheline-okaite and a maximum in j acupiran- 
gite. Nepheline-okaite magnetites have the 
lowest Ti/Ti + Cr + A1 (cations/24 cations) en- 
countered in this study (0.281). Ti/Ti + Cr + 
A1 increases to 0.325 (Fig. 4) at the titanaug- 
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ite end of the series and these magnetites are 
the most aluminous. MgO remains relatively uni- 
form at 3.5 wt.% throughout the series, whereas 
A1203 reaches a maximum of 4.9 wt.% in nephe- 
line-okaite and is at a minimum (2.5 wt.%) for 

the series in j acupirangite. 
The magnetites of the nephelinite series (mel- 

teigite-urtite) are only abundant in the inter- 
mediate member, ijolite, in which the nepheline/ 
pyroxene ratio 2 1:1. In ijolite, MnO reaches 
a maximum for the alkaline silicate rocks at 

8.01 wt.%. The contents of TiO 2, A1203, and 
MgO average 4.5, 2.2, and 2.8 wt.% respectively 
and these values are extremely close to those 
of magnetites in the diopside-bearing carbon- 
atites (MnO = 7.29 wt.%, TiO 2 = 3.5-4.0 wt.%, 
A1203 <1 wt.%, MgO = 1.5 wt.%). 

The magnetites in alnoites are low in MnO 
(0.5-2.0 wt.%), high in TiO 2 (3.5 wt.%) and MgO 
(7.5 wt.%) and have the lowest Fe2+/Fe 2+ + Mg 
encountered (0.630) as illustrated in Fig. 4. 
The magnetites in the Isle Bizard kimberlite 
have the lowest MnO content of any of the 
associated rocks (<0.25 wt.%) , the lowest modal 
concentration, and the highest oxidation ratio 
(Fe3+/Fe 2+ + Fe 3+) = 0.636. TiO 2 is constant 
at ~5.5 wt.%, A1203 is <1 wt.% and MgO increases 
from 3.5 to 4.5 wt.% from crystal cores to 
mantles. 

A comparison of spinel compositions deter- 
mined in this study from the Oka carbonatite com- 
plex, with those of previous studies from Oka 
(Gold, 1966; Mitchell, 1978a), and with those 
from other carbonatite complexes (Fleischer, 
1965; Prins, 1972; Bergst%l, 1972; Gittens et 
al., 1975; Mitchell, 1978b) may be summarized 
as follows: (1) the Oka carbonatite magnetites 
are low in Cr, A1, Ti and Mg and characteris- 
tically high in MnO; (2) the high MnO contents 
of the Oka magnetites are not typical of those 
from the East Africa carbonatites (0.4-1.0 wt.% 

MnO), and this results in part because of oxi- 
dation exsolution and the preferential parti- 
tioning of MnO into ilmenite along {111} spinel 
planes; (3) magneties from the Magnet Cove 
(1.8-2.1 wt.% MnO) and Kaiserstulh complexes 
are also typically low in Mn0, but are high in 
MgO concentrations (2.6-9.5 wt.%) , and this is 
coupled with the highly aluminous nature of 
these spinels (6.8-15.1 wt.%); (4) spinel (MgA12 
04 ) and Mg-rich magnetites are identified in 
the Jacupiranga carbonatite, and these are also 
low in MnO (0.5-0.6 wt.%); and (5) in closely 
associated carbonatite-kimberlite sequences 
(e.g. Premier, Oka and Arvida) relatively high 
MgO (~5 wt.%) and MnO (•12 wt.% max.) contents 
are typical of magnetites in the carbonatitic 
fraction of these complexes. 
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Pyrochlore Mineral Chemistry 

The principle results of a detailed electron 
microprobe study of the pyrochlore mineral group 
in the Oka carbonatite complex are presented here 
and a more complete discussion will appear else- 
where. Our emphasis in this study, which is 
based on a 19 element matrix (F, Na, Mg, A1, Si, 
Sr, Y, Zr, Nb, Ca, Ti, La, Ce, Nd, Mn, Fe, Ta, 
Th, U), is related to the zonation trends that 
are present in pyrochlore, specifically with 
respect to the effects of coupled substitution, 
and is related also to the partitioning behavior 
of Ti in the context of the coexisting opaque 
mineral oxides, which are generally low in Ti02. 

The empirical formula for the pyrochlore 
mineral group may be expressed in two different 
forms: 

AyB2X7_ z where O<y<2 and O<z<l.5. 
The A site = Ca, Na, U 4+, U 6+, Fe 2+, Th, Hn2+• 
Sr, K, the light lanthanides La + Eu (ZCe), and 
Y + the heavier lanthanides Ga + Lu (ZY). The 
B site = Nb, Ta, Ti, Fe 3+, Sb 5+, Zr, Sn and W. 
X = O, OH, F and perhaps C1, N. 

Alternatively the formula may also be 
expressed as: 

A2_mB206 (O, OH, F) l-n. PH20 (Hogarth, 1977). 
Three subgroups are recognized based on the B- 

atoms N-b, Ta, and Ti: the pyrochlore subgroup has 
Nb + Ta > 2Ti and Nb > Ta; the microlite subgroup 
in which Nb + Ta > 2Ti and Ta > N-b; and the beta- 
fite subgroup in which 2Ti > Nb + Ta. Within the 
subgroups individual species are defined with 
respect to the A-atoms (Na, Ca, K, Sn, Ba, REE, 
Pb, Bi, U) as outlined by Hogarth (1977). 

Studies of the pyrochlore mineral group from 
the Oka complex have been undertaken by Hogarth 
(1961), Nickel (1962), Gold (1966), Perrault 
(1968), and by Petruk and Owens (1975). Complex 
optical and elemental zoning was recognized in 
these studies and our data support the broad 
color classification adopted by Gold (1966) which 
shows that at least 5 types of pyrochlore are 
present in the Oka complex. These are: Type 1 - 
deep red to reddish brown thorium-rich uranpyro- 
chlore; Type 2- chocolate brown ceriopyrochlore; 
Type 3- red sodium-rich pyrochlore; Type 4 - 
black zirconium-rich pyrochlore; and Type 5 - 
buff pyrochlore with exceptionally high concent- 
rations of Nb205 (65 wt% uersu$ 40.0-57.0 wt%), 
fluorine (4.6 wt% F), and sodium (6.2 wt% Na20). 
In addition to these pyrochlores we have also 
observed a variety of green to greenish brown 
pyrochlores which are high in Na20 (~3 wt%), F 
(~2 wt%), N-b205 (~60 wt%) and Ce203 (~5 wt%) but 
characteristically low in FeO (~1.5 wt%). 
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In Fig. 7 we have contrasted the pyrochlore 
zonation in crystals from a diopside s•vite with 
those from a richterite s•vite for variations of 

Ti02 versus Nb205, TiO 2 versus Ce203, and for 
Ce203 versus Nd203. These relationships are 
an expression of B site substitution (i.e. Ti 
and Nb), of A and B site substitution (i.e. Ti 
and Ce), and of cationic substitution exclusive- 
ly in the B site (i.e. Ce and Nd). The A site 
trend and the A-B site trends, which involve 

titanium, show that TiO 2 increases towards the 
margins of pyrochlore crystals but the data 
also show: (1) that reversals in trends are 
possible; and (2) that hairpin loop variations 
are characteristic. High concentrations of 
Ce203 are clearly responsible, in part, for 
the variations in TiO2 systematics in these 
richterite and diopside sovite pyrochlores, 
and the maximum of 10.6 wt.% Ce203 that we have 
observed at the margins of crystals is the high- 
est that has yet been recorded from the Oka 
complex; values between 2 and 8 wt.% Ce203 ap- 
pear to be more typical. Among the substi- 
tutional trends that are possible within the A 
site for the REE group, we note that Nd-Ce 
variations also exhibit the reversals and 

hairpin characteristics that are present in the 
Ti relationships. In particular, it is the 
outermost zones of these crystals that are 
the most complex and from these data we con- 
clude: (1) that the magma was highly enriched in 

Ti and REE at the terminal stages of carbona- 
titic crystallization; (2) that the liquid was 
highly fluidal or that the magma chamber was 
intensely convective; and (3) that the rela- 
tive partitioning coefficients of Ti among py- 
rochlore, co-crystallizing opaque mineral 
oxides, and liquid is that TiO 2 fractionation 
is highest in pyrochlore, followed by the ox- 
ides, and lastly by the residual liquid. 

The betafite end member of the pyrochlore min- 
eral group (2Ti > Nb + Ta), although not recog- 
p. ized in the Oka carbonatite complex, shows that 
Ti may be a significant component of this mineral 
series. The concentrations of TiO 2 that have 
been determined in this study and previous 
analyses of pyrochlore from the Oka complex vary 
between 2.6 and 10.4 wt.% Ti02, and these con- 
trast with the TiO 2 contents of coexisting mag- 
netite solid solution members which range from 
0.83 to 7.45 wt.% (Gold, 1966), but are most 

connnonly in the 2-4 wt.% TiO 2 range for mem- 
bers of the carbonatite suite. An important 
facet of the behavior and the partitioning char- 
acteristics among crystal-liquid and crystal- 
crystal equilibria of Ti is related to the acti- 
vity of Ca and the high affinity of Ca for Ti 
(Verhoogen, 1962a, 1962b). Our analyses of pyro- 
chlore show that Ca0 is virtually constant at 18 
wt%, a value that is consistently reported in the 
averages obtained in other investigations (Gold, 
1966; Perfault, 1968; Petruk and Owens, 1975); 
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the only exceptions are those pyrochlores that 
are highly enriched in uranium (Petruk and Owens, 
1975) in which the CaO content of the A site de- 
creases to a minimum of 5 wt% CaO. 

In summary, we have established: (1) that Nb 
is fractionated at an early stage in pyrochlore 
petrogenesis and is gradually replaced by Ti with 
increasing degrees of crystallization; (2) that 
the rare earth elements, Ce and Nd correlate with 
TiO 2 concentrations from pyrochlore crystal cores 
to margins; (3) that Ti, Ce and Nd vary in oscil- 
latory patterns that are most complex at the 
margins of pyrochlore crystals; and (4) that in 
the absence of high uranium concentrations, the 
activity of Ca is relatively constant and that Ti 
is preferentially partitioned into pyrochlore, 
resulting in low Ti-magnetite and rare ilmenite. 

Summary and Conclusions 

A characteristic feature of the terminal 

stages of kimberlite crystallization is the high 
incidence of primary calcite, perovskite (CaTiOB), 
and Mn-rich opaque mineral oxides (Haggerty, 1973; 
1975; 1976; McMahon and Haggerty, 1976; Raber and 
Haggerty, 1978). These observations have resulted 

in the proposal that immiscible carbonatite 
liquids may fractionate from the more silicious 
kimberlite at the intrusive or fluidization stage 
of kimberlite formation. However, the overall 
relationship of carbonatites, kimberlites and 
their associated alkaline complexes is highly 
contentious and is, for example, regarded by 
Mitchell (1978) as a matter of "myth or fiction". 
The supportive documentation that Mitchell 
presents is impressive and we may conclude that 
although kimberlites and carbonatites may not in 
fact be related in the upper mantle petrogenesis 
of these rock types there is, nevertheless, a 
tantalizing episode of kimberlite formation which 
does result in carbonatitic fractionation. The 

extent of such fractionation may, of course, be 
limited to only a small scale as is the case of 
the Benfontein sill (Dawson and Hawthorne, 1973) 
and may not be applicable to large complexes. 

Our approach to this study was motivated by 
the followin9 questions: (1) How do carbonatite 
oxides differ from those of kimberlites?; (2) Do 

carbonatite oxides reflect the final sta9es of 
kimberlite oxide crystallization?; and (3) Be- 
cause Ti and Ca are major constituents of in- 
tracrystalline kimberlite groundmass assem- 
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blages and have the appearance of carbonatitic 
affinities, do these assemblages, in fact, bear 
any resemblance to the mineralogy and chemistry 
of carbonatites? 

We conclude in general that the oxides from 
the Oka carbonatite complex are comparable, in 
terms of mineral chemistry, to those of the 
final stages of kimberlite formation and this is 
manifested specifically in the MnO contents of 
magnetite solid solution members along the join 
magnetite-jacobsite (MnFe204). A comparison be- 
tween oxides in the Oka complex with those in 
other carbonatites is compounded by two inde- 
pendent effects: The first is related to the 
oxidation exsolution of magnetite solid solution 
members, which yield ilmenite-pyrophanite mem- 
bers along {111} spinel planes; induced separa- 
tion of the rhombohedral phase results in an 
elemental partitioning of Mn and the spinel 
phase has, hence, been interpreted to contain 
low MnO contents (e.g. Prins, 1972) , whereas 
in reality the primary magnetite must have 
contained substantial proportions of MnO. The 
second effect is related to the TiO 2 contents 
of carbonatitic magnetites; these are typical- 
ly low in titanium in the Oka sSvites and are 
also characteristically low in other carbona- 
tites. An explanation of the Ti-deficiency in 
carbonatitic magnetites is perhaps most ap- 
propriately expressed in terms of the extraordin- 
arily high Nb contents of carbonatites, the re- 
lationship of Nb and Ti, Ce and Ti, and of Ce 
and Nd in coexisting pyrochlore. From these 
data we suggest that because carbonatites are 
highly enriched in REE, are saturated in Ca, and 
have high Ti contents in their late stage 
liquids that titanium is preferentially frac- 
tionated into pyrochlore, and that this results 
in low Ti-magnetite and in low modal concentra- 
tions of ilmenite. 

Magnetite compositional variations in the Oka 
carbonatite suite, and the associated alkaline 

complex show that these are typically charac- 
terized by high MnO contents, and that these 
range from a maximum of ~12 wt. % Mn0 in richter- 
ite s•vites, to ~8 wt.% MnO in ijolites, •6 wt.% 
in okaites, ~3 wt.% MnO in j acupirangite, •1.5 
wt.% MnO in alnoite, and •0.25 wt.% Mn0 in the 
Isle Bizard kimberlite. Magnetite crystals are 
zoned with respect to MnO contents from crys- 
tal cores to margins, and in some instances have 
reacted with the carbonate matrix to produce 
Mn-siderite. 

Although the regional relationships between 
kimberlites and carbonatites remain enigmatic, 
these rock types do appear to have some cogen- 
eric association. 
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RELATIONSHIP OF THE MURFREESBORO 

KIMBERLITE AND OTHER IGNEOUS 

ROCKS OF ARKANSAS, U.S.A. 

Kenneth F. Steele and George H. Wagner 

Department of Geology, University of Arkansas, Fayetteville, Arkansas 72701 

Abstract. Kimberlite, syenite lamprophyre and 
carbonatite are exposed in or along the border of 
the Ouachita Mountain Region in central Arkansas. 
These types of rocks are often found in intimate 
association with regard to space, time and tecton- 
ic environment. Although the kimberlite and some 
of the carbonatite exposures in Arkansas are not 

of local sedimentary rock (mostly shale) are pres- 
ent as well as rare fragments of igneous rocks. 
The mineralogy of the breccia and tuff is similar 
to that of the massive peridotite (Lewis et al., 
1976; Miser and Ross, 1923a). The absence of 
magnesian ilmenite, enstatite, and chrome diopside 
and the rarity of garnet are of special interest 

in close proximity to other types of igneous rocks, and have been noted by other workers. (Bolivar 
these igneous Arkansas rocks appear to be asso- and Brookins, 1977). Most of the diamonds have 
ciated chemically, in time and in tectonic environ- been found in the weathered breccia at Prairie 
ment. Creek (Thoenen et al., 1949). 

Introduction Scott County Peridotite 

Outcrops of igneous rocks in Arkansas are pres- A small 2 m wide peridotite sill resembling the 
ent in the Ouachita Mountain Region, or near its kimberlite at Murfreesboro is exposed along Free- 
borders. The exposures are of a variety of unusual dom Creek in Scott County (Fig. 1). This peri- 
and rare rocks, including kimberlite, lamprophyre, 
carbonatite and syenite. However, the kimberlite 
is not found with these other igneous rocks as has 
been indicated (Dawson, 1967, p. 248). This paper 
will be concerned with the relationships of the 
kimberlite and other igneous rocks in terms of 
petrography, chemistry, space and time as revealed 
by the surface exposures. 

Petrologic and Spatial Relationships 

Murfreesboro Kimberlite 

The Murfreesboro kimberlite located in Pike 
County in the Gulf Coastal Plains along the 
southern edge of the Ouachita Mountain Region is 
the site of the only diamond mine in North Amer- 
ica (Fig. 1). There are four distinct outcrops 
of kimberlite, all within 4 km 6f Murfreesboro. 
The Prairie Creek intrusion covering 0.3 km 2 is 
the major one. 

Three rock types are associated with the 
Murfreesboro intrusions: 1) massive porphyritic 
peridotire, 2) kimberlitic breccia, and 3) asso- 
ciated tuff (Fig. 2). The massive periodotite 
is composed primarily of olivine phenocrysts 
(many serpentinized) in a phlogopite groundmass. 
Pyroxene is also present, and perovskite and 
magnetite are present in minor amounts. Xenoliths 

dotite contains phenocrysts of phlogopite and 
serpentinized olivine in a groundmass of phlogo- 
pite, calcite and magnetite. The Scott County 
peridotite differs from the Murfreesboro samples 
in that no diamonds have been found and there is 
little brecciation at this site (Miser and Ross, 
1923b). 

Carbonatite 

Arkansas carbonatite occur as massive carbon- 
atites associated with the Magnet Cove and Potash 
Sulfur Springs complexes and as smaller brecciated 
types along the northern edge of the Ouachita 
Mountains in Perry and Conway Counties (Wagner 
and Steele, 1978, and Fig. 1). These smaller 
carbonatite intrusions differ from those asso- 
ciated with the igneous complexes in terms of' 
1) size- they occur as dikes, sills and circular 
plugs only a few meters across, 2) xenoliths- 
they contain predominantly shale xenoliths from 
the country rock, although carbonatite xenoliths 
are present and at one locality rounded syenite 
xenoliths presumably from the basement are abun- 
dant. The larger carbonatites at Magnet Cove 
and Potash Sulfur Springs in comparison have 
appreciably fewer xenoliths or are devoid of them. 
3) texture- they are composed of fine-grained, 
gray calcite crystals and many large biotite 
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Fig. 1. Surface outcrops of major igneous activity in Arkansas, U.S.A. Small map shows location 
of Ouachita Mountain Region in Arkansas. 

phenocrysts several centimeters across; whereas, 
the carbonatite associated with the syenite is 
composed of large, white calcite crystals and 
if biotite is present it may have a maximum 
diameter of about 0.5 centimeters. 4) associated 
igneous rocks - they are about 20 km from the 
nearest exposed igneous dikes. 

Syenite and Lamprophyre 

The most abundant rock types, lamprophyre and 

nepheline syenite here is the parent material for 
the bauxite mined in the area. Orthoclase is 

the dominant constituent of the rock with nephe- 
line, biotite, amphibole and pyroxene being other 
important constituents. Geophysical data (Stearn, 
1930; Malamphy and Vallely, 1944; and Malamphy 
et al., 1948) indicate that the Granite Mountain 
and Saline County intrusions are a continuous 
body. The differences between the two intrusions 
can be attributed to cooling rate -- pulaskite 
having cooled more quickly than the nepheline 

feldspathoidal syenite intrusions, are concentrated syenite. 
at the eastern edge of the Ouachita Mountains 
(Fig. 1). Althouth various types of lamprophyre 
are present as thin dikes and sills, monchiquite 
and ouachitite are the dominant varieties (Steele 
and Robison, 1976). Syenite occurs as tinguaite 
dikes and sills and also as larger intrusions. 
The largest intrusion is located at Granite Moun- 
tain in Pulaski County about 150 kmnortheast 
of the Murfreesboro kimberlite. Granite Mountain 

About 48 km west of these two larger syenite 
intrusions are the Magnet Cove, Potash Sulfur 
Springs and the "V" Intrusive complexes. Magnet 
Cove has been interpreted as a series of ring 
dikes: 1) an inner core of carbonatite and 
•jolite; 2) an intermediate ring of trachyte- 
phonolite, and 3) an outer ring of nepheline 
syenite and jacupirangite (Erickson and Blade, 
1963). Potash Sulfur Springs has a crude ring 

is predominantly pulaskite. Williams (1891) intro- structure with the outer part pulaskite, leuco- 
duced the term pulaskite to include those rocks pulaskite and fenite, and the center is dominant- 
that are trachytic in texture and composed of ly nepheline syenite. Isolated exposures of 
orthoclase, biotite, hornblende, and lesser amounts carbonatite and mafic rocks such as melteigite 
of augite, nepheline and sodalite. Although sev- and ijolite are present throughout the complex. 
eral types of syenite dikes cut the pulaskite, the Pollack (1965) has interpreted the Potash Sulfur 
presence of miarolitic syenite warrants special Springs complex as a ring dike similar to Magnet 
note. Cove; however, others have suggested that the 

Twenty-four km southwest of Granite Mountain, leucopulaskite and pulaskite is the result of 
similar syenite is exposed in Saline County. The fenitization of the original nepheline syenite 
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Fig. 2. Generalized geologic map of the Prairie Creek kimberlite intrusion near Murfreesboro, Arkansas. 

(Howard and Steele, 1975). The "V" Intrusive is a 
complex system of criss-crossing dikes. The dikes 
are of various rock types which listed in order of 
decreasing age are malignite, melteigite, micro- 
ijolite, sannaite, feldspathoidal syenite, pulas- 
kite, alkali syenite, alkali syenite aplite and 
fluorite-pyrite-silica veins (Owens, 1967). 

Discussion 

From the above descriptions, two observations 
should be noted. Hypotheses concerning the origin 
of kimberlite often include rocks of the nepheline 
syenite-carbonatite suite (Dawson, 1967). The 
first observation is simply that these latter 
rocks are present in Arkansas. The second obser- 
vation is that although there is often an intimate 

dikes, in Garland County and the small carbonatite 
breccias are 20 km from other igneous rock types. 
However, it should be noted that there may be a 
much more intimate association at depth. 

Chemical Relationships 

The three varieties of kimberlite at Murfrees- 
boro are similar chemically; however, the tuff con- 
tains less Fe, Mg, Ni and Ba than the other two 
and more Na and K. The massive peridotite has the 
highest Cr values and the lowest Li, V and Zn 
values. Differences in Ba content are difficult 
to ascertain because barite veins are present 
in the breccia. The Murfreesboro kimberlite 
exhibits the general chemical characteristics 
of other kimberlites when compared to other 

spatial association of rocks of the nepheline peridotites, namely higher K/Na and lower Mg/Fe 
syenite-carbonatite suite and kimberlite (Mitchell, ratios, and relatively high Ti, A1, Fe, Cr, K, 
1970; Dawson, 1967 and Heinrich, 1966), the Mur- Li, Sr and Ba. However, the Murfreesboro sam- 
freesboro kimberlite is located 56 km from the ples contain less Ca than most other kimberlites 
nearest igneous outcrops, tinguaite and monchiquite (Table 1; and Miser and Ross, 1923a). 
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Fig. 3. Af-C-Fm diagram. Norris kimberlite 
(O; Meyer, 1975), and massive peridotite 
(•),breccia (•), and tuff (O) from 
Murfreesboro, Arkansas. 

The differences in the composition of these 
three varieties of kimberlite cannot be accounted 

for entirely by the xenoliths; thus, based on 
chemical data, the massive peridotite is slightly 
more mafic or primative than the breccia and the 
tuff is least mafic. Plots of Cr, A1203, K20+Na2 ¸ 
versus mafic index yield smooth trends suggestive 
of some differentiation. Although Miser and Ross 
(1923a) originally considered the massive perido- 
tite to have been intruded first followed by the 
breccia and then the tuff, recent work based on 
field and geophysical data (Bolivar and Brookins, 
1977; Lewis and Meyer, 1976; and Bolivar et al., 
1976) suggests the sequence of intrusion to be 
breccia, massive peridotite, and associated tuff. 

Meyer (1975) suggests that the scatter of 
points for kimberlite from Norris Lake on an AFC 
diagram parallel to the CF side is a reflection 
of the extensive alteration of the samples. It 
is of interest to note that the Murfreesboro 

samples exhibit a similar trend (Fig. 3). It is 
also interesting that the gradual increase in Ca 
content corresponds with increase in felsic 
character. 

The chemical composition of the Scott County 
peridotite is similar to other kimberlite. The 
greatest chemical difference between the Scott 
County and Murfreesboro rocks is that the Scott 
County peridotite contains about twice as much 
Ca. Slight differences in other element concen- 
trations are also present, e.g., the Scott County 
peridotite also contains more Mn and V, but less 
Ti than the Murfreesboro samples (Table 1). 

In comparing the carbonatites, generally the 
breccias have the highest elemental values, 
Magnet Cove next and Potash Sulfur Springs the 
least. These differences can be explained by 
varying amounts of minerals and calcite purity. 
The higher elemental values for the carbonatite 
breccias compared to the carbonatites from the 
igneous complexes may be in part due to the 
presence of xenoliths in these smaller carbona- 
tites. The carbonatite breccias and the Potash 

the Magnet Cove carbonatite is lower in both K 
and Na and its Na content greatly exceeds K 
(Table 1). 

Granite Mountain and Saline County syenite 
intrusions are very similar chemically (Table 1). 
The major difference is that all Granite Mountain 
rocks have Na>K. Samples from the Saline County 
intrusion may have either K or Na more abundant 
than the other; however, the average values for 
the Saline County intrusion indicate slightly 
more K than Na. 

The feldspathoidal syenites from the complexes 
are somewhat chemically different from the two 

•OO major intrusions discussed above (Table 1). Magnet 
Cove and the "V" intrusions contain much more Ca, 
Fe and Sr, and all three complexes contain more V 
than the major intrusions. Samples from the 
complexes may have K or Na more abundant than the 
other; however, the average values indicate the 
following K20/Na20 ratios: Magnet Cove, 0.64; 
"V" Intrusive, 0.84; and Potash Sulfur Springs, 
1.39 (Table 1). 

The lamprophyre elemental values have a large 
range and it is not possible to distinguish the 
types based on chemistry. Because the ouachitite 
and monchiquite average values are similar, they 
have been combined as an average lamprophyre in 
Table 1. The lamprophyre have K20/Na20 ratios 
(1.53), similar to the kimberlite. Although the 
various lamprophyre types exhibit considerable 
chemical overlap, the lamprophyre that has intruded 
the syenite complexes is characterized by both 
lower mafic indices and higher alkali content than 
the other lamprophyre samples and are most simi- 
lar to the kimberlite. 

Thus, many of the kimberlite, lamprophyre, 
syenite, and carbonatite samples exhibit similar 
chemical affinities, e.g. high K/Na ratios (Table 
1). All of the rocks follow an alkali-olivine 
basalt trend on an AFM diagram (Fig. 4). 

Time and Tectonic Relationship 

Most workers consider the age of the majority 
of Arkansas igneous rocks to be Cretaceous; how- 
ever, very few age determinations have been made 
for igneous rocks in Arkansas. Zartman et. al 
(1967) analyzed biotite from the Granite Mountain 
and Magnet Cove Intrusions using K/Ar and Rb/Sr 
methods and determined ages from 86+3 to 99+8 
million years. Stone and Sterling (1964) report 
an average age for Granite Mountain based on two 
K/Ar analyses of biotite as 89 million years. A 
lamprophyre from Pope County, in the Arkansas 
Valley Region, has been dated as 83+6 million 
years based on K/Ar analysis of biotite (Stone, 
written communication, 1976). The Murfreesboro 
kimberlite is narrowly dated geologically because 
it intrudes Lower Cretaceous sediments and some 

kimberlite is found in the lower part of an Upper 
Cretaceous formation (Miser and Ross, 1923a). 

Al'though there has been no investigation of 
the relationship of tectonic environment and 

Sulfur Springs carbonatite both have K>Na; whereas, igneous activity for Arkansas, major tectonic 
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Fig. 4. AFM diagram. Syenite field is outlined by dashed line, lamprophyre (O), average carbon- 
atite breccia (•), Potash Sulfur Springs carbonatite (A), Magnet Cove carbonatite (A), Murfrees- 
boro peridotite (I), Murfreesboro breccia (•), Murfreesboro tuff (O), and Scott County peridotite 
([:). 

trends for the 0uachita Mountain Region and the Coastal Plains, it is located close to the 
Gulf Coastal Plains (King, 1969) suggests that the southern edge of the Ouachita Mountains which 
igneous rocks of Arkansas (including those encoun- suggests a tectonic relationship for these igne- 
tered in wells in the Gulf Coastal Plains) are tec- ous rocks. Finally, although an intimate spatial 
tonically related. Dawson (1968) has pointed out 
that kimberlite and nepheline syenite-carbonatite 
suite rocks are associated in terms of time and 

tectonic environment, and although sufficient 
data is not available to adequately evaluate this 
statement for Arkansas, it is consistent with the 
available data. 

Summary 

relationship between kimberlite and other igneous 
rocks may be lacking, there may be a more intimate 
spatial relationship at depth. 
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The Murfreesboro kimberlite appears to be re- 
lated in terms of age, tectonic environment and 
chemistry with the syenite, lamprophyre and car- 
bonatite in Arkansas. The kimberlite is dated 

geologically as Cretaceous and radiometric dates 
for syenite and lamprophyre are about 89 mil- 
lion years. Many of the igneous rocks have 
K>Na, as does the kimberlite, and all of the 
rocks plot along a trend on an AFM plot. Most 
of the igneous rocks of Arkansas are exposed 
in the Ouachita Mountain Region, and although 
the Murfreesboro kimberlite is in the Gulf 
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