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Abstract Trace element concentrations in the four
principal peridotitic silicate phases (garnet, olivine, or-
thopyroxene, clinopyroxene) included in diamonds from
Akwatia (Birim Field, Ghana) were determined using
SIMS. Incompatible trace elements are hosted in garnet
and clinopyroxene except for Sr which is equally dis-
tributed between orthopyroxene and garnet in harz-
burgitic paragenesis diamonds. The separation between
lherzolitic and harzburgitic inclusion parageneses, which
is commonly made using compositional fields for garnets
in a CaO versus Cr,0O5 diagram, is also apparent from
the Ti and Sr contents in both olivine and garnet. Ti-
tanium is much higher in the lherzolitic and Sr in the
harzburgitic inclusions. Chondrite normalised REE
patterns of lherzolitic garnets are enriched (10-20 times
chondrite) in HREE (Lan/Yby = 0.02-0.06) while
harzburgitic garnets have sinusoidal REEyN patterns,
with the highest concentrations for Ce and Nd (2-8
times chondritic) and a minimum at Ho (0.2-0.7 times
chondritic). Clinopyroxene inclusions show negative
slopes with La enrichment 10-100 times chondritic and
low Lu (0.1-1 times chondritic). Both a lherzolitic and a
harzburgitic garnet with very high knorringite contents
(14 and 21 wt% Cr,O;3 respectively) could be readily
distinguished from other garnets of their parageneses by
much higher levels of LREE enrichment. The REE
patterns for calculated melt compositions from
lherzolitic garnet inclusions fall into the compositional
field for kimberlitic-lamproitic and carbonatitic melts.
Much more strongly fractionated REE patterns calcu-
lated from harzburgitic garnets, and low concentrations
in Ti, Y, Zr, and Hf, differ significantly from known
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alkaline and carbonatitic melts and require a different
agent. Equilibration temperatures for harzburgitic in-
clusions are generally below the C-H-O solidus of their
paragenesis, those of lherzolitic inclusions are above.
Crystallisation of harzburgitic diamonds from CO,-
bearing melts or fluids may thus be excluded. Diamond
inclusion chemistry and mineralogy also is inconsistent
with known examples of metasomatism by H,O-rich
melts. We therefore favour diamond precipitation by
oxidation of CHgy-rich fluids with highly fractionated
trace element patterns which are possibly due to “chro-
matographic” fractionation processes.

Introduction

Here we present the first account of the abundance of
REE (rare earth elements), HFSE (high field strength
elements), and LILE (large ion lithophile elements) in
garnet, ortho- and clinopyroxene, and olivine inclusions
found as lherzolitic and harzburgitic parageneses in di-
amonds from Akwatia (Ghana). Such data provide in-
sights into ancient (Richardson et al. 1984, 1993)
metasomatism in lherzolitic and harzburgitic parts of the
subcratonic lithospheric upper mantle. Equally impor-
tantly, these data may contribute to a better under-
standing of the environment of formation of diamond.

In all, twenty-four non-touching silicate inclusions
were obtained from alluvial diamonds from Akwatia, in
the Birim diamond field of Ghana. For the major ele-
ment chemistry of these mineral inclusions and the
physical characteristics of the host diamonds (nitrogen
contents, nitrogen aggregation levels, carbon and ni-
trogen isotope signatures) see Stachel and Harris
(1997).

Analytical method

Trace element analyses were carried out using the CAMECA IMS
4f ion microprobe with Charles Evans and Associates interface and
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control system at Edinburgh University. Positive secondary ions
were sputtered by bombardment of the sample with an 8 nA pri-
mary beam (beam size about 20-25 um) of negatively charged
oxygen ions. The nominal impact energy of the primary beam on
the sample surface was 14.5 keV. An energy offset of 75 + 20 eV
was applied to suppress molecular interferences. Count rates for
each element and the background were collected for 50 s. Normally
three spots were analysed per sample and then averaged. For
smaller samples, however, count rates for 75 s were collected.
Corrections were made for the molecular interference of ZrH on
Nb, Si + Fe on Rb, BaO on Eu and the LREE oxides on the
HREE. Element abundances were normalised to the SRM610 glass
standard and concentrations were calculated from intensity ratios
against silica. Analyses were verified by analyses of secondary
minerals (Dutsen Dushowa garnet of Irving and Frey 1978 and
Kilbourne Hole clinopyroxene of Irving and Frey 1984) and glass
standards.

Analytical uncertainties are determined by the elemental
abundances but also by the ion yields which are different for each
element. In general analytical errors for concentrations in the ppm
level are small (<1% for concentrations >100 ppm, <10% be-
tween 1-10 ppm) but become increasingly large at sub-ppm levels.
Concentrations between 1-10 ppb are not reported since errors
exceed 50%.

Mineral inclusion chemistry
Garnet

All ten garnets examined are chromian pyropes and
belong to the peridotitic diamond inclusion suite. Con-
ventionally, Ca-saturated peridotitic garnets are as-
signed to the lherzolitic paragenesis (4 garnets) and
subcalcic pyropes to the harzburgitic paragenesis
(6 garnets). Akwatian garnets may be unusually rich in
the knorringite component (Mg;Cr,[SiOy4];) and thus for
each paragenesis the pyrope with the highest Cr content
(Stachel and Harris, 1997) was included (see Table 1).
The chondrite normalised REE (i.e. REEy) patterns
for these ten garnets compared in Figs. 1 and 2 are
clearly distinctive, excluding the two knorringite-rich
specimens. The harzburgitic garnets have sinusoidal
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Fig. 1 REE concentrations in harzburgitic garnet inclusions in
diamond, normalised to the Cl-chondrite composition of McDono-
ugh and Sun (1995). Lherzolitic garnet compositions are shown for
reference
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Fig. 2 REE concentrations in lherzolitic garnet inclusions in dia-
mond, normalised to the Cl-chondrite composition of McDonough
and Sun (1995)

patterns, beginning at Lay 0.8-2, peaking at Ceyn (2-6)
to Ndy (2-8), then decreasing towards the HREE with a
minimum at Hoyn (0.2-0.7), with Luy being generally
enriched (1.1-6). In one sample (G104-107) the trough at
the MREE-HREE transition is pronounced because Gd
to Ho were not detected (Fig. 1). Generally the REEy
patterns for harzburgitic garnet inclusions in diamond
are very similar to subcalcic garnets in heavy mineral
concentrates from the Finsch and Bultfontein kim-
berlites (Shimizu and Richardson 1987) and to garnets
in diamond facies harzburgites (Nixon et al. 1987).
Conversely, the chondrite normalised patterns of the
lherzolitic garnets show simple HREE enrichment (Lay/
Ybn = 0.02-0.06). The patterns become flat at about 10
times chondrite MREE and HREE (Fig. 2) having risen
steeply from Lay (0.4-0.6) and Cey concentrations (0.9—
2) that are lower than the harzburgitic garnets.

The clear distinction between harzburgitic and
lherzolitic garnets is further emphasised for the HFSE,
where Ti, Y, Zr, Hf are very low in the harzburgitic
garnets and high in the lherzolitic garnets (Fig. 3).
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Fig. 3 Compositional fields for trace elements in harzburgitic
(shaded) and lherzolitic (black) garnet inclusions, normalised to the
Cl-chondrite composition of McDonough and Sun (1995). The high-
Cr garnets for each paragenesis (shaded squares harzburgitic, triangles
lherzolitic) are shown separately. Element order corresponds to
increasing distribution coefficient between garnet-melt (Green 1994)
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Fig. 4 Sr and Ti concentrations (wt ppm) in garnet inclusions of
harzburgitic and lherzolitic paragenesis. Note the clear separation
between the parageneses and the increased Sr concentrations for the
high-Cr garnets

Strontium concentrations of more than 1 ppm are
found only in harzburgitic garnets (Fig. 4, Sr vs. Ti),
which is due to preferential partitioning of Sr into
clinopyroxene compared to garnet for the lherzolitic
paragenesis.

For lherzolitic garnet inclusions the Ti/Zr ratios are
very variable (53-120) and one sample (G201-302: Ti/
Zr = 86, Ti = 3383 ppm, Zr = 39.4 ppm) actually
falls into the fertile garnet lherzolite field as defined by
Shimizu and Allegre (1978). According to Shimizu and
Richardson (1987) Ti concentrations and Ti/Zr ratios in
garnet inclusions from diamonds are low compared to
those from garnets in fertile lherzolites, but the values
are similar to those in “metasomatized” garnet lherzolite
xenoliths, with Ti/Zr of about 1-10 (Shimizu 1975).

Both, the harzburgitic and the lherzolitic high-Cr
garnets have distinctively higher LREE contents than
the garnets poorer in Cr (Figs. 1 and 2). The lherzolitic
garnet (Table 1, G4-3: Cr,O; 14.2 wt%) has LREEy/
HREEyN > 1 (Lan/Yby = 2.1) with generally high
REEy enrichment levels compared to the harzburgitic
garnets and low MREE and HREE contents for the
lherzolitic paragenesis. It has the characteristically high
Ti, Y, Zr, and Hf contents of the lherzolitic paragene-
sis, but atypically high Sr (5.5 ppm) and a faint sinu-
soidal pattern like the harzburgitic garnets. The high-Cr
garnet from the harzburgitic paragenesis (G303-305:
Cr,05 20.6 wt%) has the highest knorringite compo-
nent so far observed in an inclusion in diamond and
also is slightly hyper-silicic. Both high Cr and excess in
Si (i.e. formation of majoritic garnet) are pressure de-
pendent and thus derivation of this garnet from a
greater than usual depth is indicated (equivalent to just
below 80 kbar; Stachel and Harris, 1997). It has the
sinusoidal REE pattern typical for the harzburgitic
paragenesis, but the LREE enrichment reaches far be-
yond normal levels (Lan/Ybyn = 20), peaking at Pry
(81) and Ndn (99). The HREEyN (0.6-2) basically
represent normal harzburgitic values. Strontium is
extremely high (28.5 ppm).
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Fig. 5 Trace element concentrations (excluding the REE shown in
Fig. 6) in clinopyroxene inclusions, normalised to the Cl-chondrite
composition of McDonough and Sun (1995). Element order
corresponds to increasing distribution coefficient between garnet-melt
(Green 1994). Inclusion G41-69 (black symbols) is characterised by
very high potassium (K,O 0.72 wt%), which corresponds to the high
Ba and Sr concentrations shown here. The HFSE enriched
clinopyroxene inclusion G201-201 also shows unusually high concen-
trations of MREE and HREE in Fig. 6

Clinopyroxene

The four clinopyroxenes are lherzolitic chromian augites
(““‘chrome diopsides’). Three have very similar major
and minor element compositions (Table 1) with similar
Lan/Luy ratios (9—170) and Lay (9-15) values. Sample
(G41-69) has an unusually high potassium content (K,O
0.72 wt%), the highest Ba content (Fig. 5) and a sig-
nificantly different REE pattern, with a Lay/Luy ratio
of 519 and Lay of 111, representing prominent LREE
enrichment (Fig. 6). For all clinopyroxenes the Lay/Luy
increases with decreasing sodium content. Sample G201-
201 has a very smooth REE pattern with a bulge around
Nd and sample G50-83 has a steadily decreasing REE
pattern while samples G41-69 (K-rich) and G23-29 have
spiky HREE (Fig. 6), which are probably due to in-
creasing analytical errors for concentrations close to the
detection limits. Sample G201-201 is also different in
having generally several times higher concentrations of
Zr, Hf, Ti, and Y (Fig. 5). Inter-element correlations
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Fig. 6 REE concentrations in clinopyroxene inclusions, normalised
to the Cl-chondrite composition of McDonough and Sun (1995)
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between minor and trace elements seem to exist between
Mn and Sr (positive, * = 0.90) and between Ni and Ba
(negative, > = 0.89). The slope from LREE to MREE
(Lan/Smyy) generally decreases with increasing Ni.

Orthopyroxene

Enstatite inclusions (five samples analysed) in the
Akwatian diamonds seem to belong entirely to the
harzburgitic paragenesis, since they never occur together
with clinopyroxene or lherzolitic garnet and have rather
low Ca contents (Stachel and Harris, in press). They are
not a significant repository for the incompatible trace
elements. Concentrations of Ba, Rb, Zr, Y, Hf, Nb and
the REE generally were very low (<0.2 ppm) and only
Ti (49 ppm) and Sr (1.7-4 ppm) detectable at ppm
levels.

Olivine

Three olivines of the harzburgitic paragenesis and two of
the lherzolitic paragenesis were analysed for trace ele-
ments. As with the orthopyroxenes, concentrations for
the analysed LILE, HFSE and REE are low
(<0.4 ppm), with slightly higher values for Sr (0.3—
0.6 ppm) and variable Ti (0.6-54 ppm). As with garnet,
the lherzolitic and harzburgitic parageneses can be dis-
tinguished in a plot of Sr versus Ti (Fig. 7), with Sr being
higher in the harzburgitic and Ti being higher in the
lherzolitic paragenesis. For the harzburgitic samples
G125-158 and GI127-160 REE patterns show strong
relative HREEy enrichment with Lay/Yby of 0.18
(G126-158) and 0.10 (G127-160) and HREEy abun-
dances at about 1.1 and 0.4 respectively. For the third
harzburgitic and the two lherzolitic olivines LREE and
HREE abundances are extremely low.

60 I
A
50 — [l Harzburgitic -
A Lherzolitic
40 - -
= 30 B

20+ B
10-A .

0 D\ O \ 11

0.3 0.4 0.5 0.6 0.7

Sr

Fig. 7 Sr versus Ti (wt ppm) for olivine inclusions in diamond. As is
the case of garnet inclusions the harzburgitic paragenesis is very poor
in Ti and the lherzolitic paragenesis is very poor in Sr

Discussion

Calculation of hypothetical melt compositions
from mineral data by using Kps

To investigate the relative volume and the character of
the metasomatic agent it is useful to convert the trace
element concentrations of minerals into melt compo-
sitions. Ignoring modal relationships, melt composi-
tions can be calculated from mineral analyses for every
element just by applying distribution coefficients
(CLiquia = Csoiia/Kp). The internal consistency of the
distribution coefficients used and the presence of equi-
librium between minerals can be tested by comparing the
melt compositions calculated from paired mineral in-
clusions, e.g. the two pairs of garnet and clinopyroxene
which were included in the same diamond (Table 1). In
Fig. 8 the chondrite normalised REE patterns for hy-
pothetical melts in equilibrium with these inclusions are
shown which were calculated using the distribution co-
efficients of Fujimaki et al. (1984) derived from kim-
berlite megacrysts. The same authors also give slightly
higher distribution coefficients for garnet and clinopy-
roxene synthesised at 20.5 kbar, 1150 °C from olivine
tholeiite, which yield almost identical patterns. For di-
amond G50 the melt in equilibrium with clinopyroxene
shows a higher degree of REE fractionation than the
melt composition calculated from garnet. The different
LREE/HREE ratio may be interpreted either as a result
of disequilibrium between clinopyroxene and garnet or
in terms of distribution coefficients which are not ap-
propriate for the physical conditions of crystallisation of
the phases. For diamond G201 (Fig. 8) garnet and
clinopyroxene yield identical hypothetical melt compo-
sitions. This suggests not only equilibrium between
garnet and clinopyroxene in this sample but also
indicates the internal consistency of the distribution
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Fig. 8 Melt compositions (chondrite normalised) calculated from the
REE concentrations of paired (non-touching) garnet-clinopyroxene
inclusions. Whereas in the case of diamond G50 garnet and
clinopyroxene indicate different enrichment levels for HREE, the
melts calculated from garnet and cpx inclusions in diamond G201
show perfect agreement



100005 T T T T T T T T T T T T T
E O .
Co\ ] Harzburgitic
1000 4y /Q\ M Lherzolitic
o 100k
g
p= 10
Qo
=
2 1
£
Q. 01k
0.01k
0001 C 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Ce Nb Nd Hf Zr SmEuGdDy Yb Er Y Ti Lu

Fig. 9 Compositional fields for melt compositions in equilibrium with
garnet inclusions of the harzburgitic and lherzolitic paragenesis. Melt
compositions calculated for the high-Cr harzburgitic (triangles) and
lherzolitic (squares) inclusions are shown separately. All compositions
are normalised to primitive mantle (Hofmann 1988)

coeflicients of Fujimaki et al. (1984) which were used for
the calculations.

Figure 9 shows hypothetical melt compositions for
all the garnets analysed using the distribution coeffi-
cients for REE, Hf and Zr of Fujimaki et al. (1984,
megacrysts) together with the values of Green et al.
(1989, tholeiitic basalt, run 1132, 25 kbar, 1100 °C) for
Ti, Y and Nb. The order of the elements and normali-
sation coeflicients for primitive mantle are taken from
Hofmann (1988). Cerium abundance data indicate that
the LREE are about 70400 times enriched in the hy-
pothetical melt compositions in equilibrium with
lherzolitic and harzburgitic Akwatian garnets. Note that
the bulge within the LREE observed in the harzburgitic
garnets (Fig. 1), disappears in the calculated melt com-
positions (Fig. 9), and thus is only a function of in-
creasing incompatibility towards La. Calculated melts
(Fig. 9) show an increase in LREE from lherzolitic to
harzburgitic to high-Cr garnets. Harzburgitic melts are
characterised by a trough at Hf and Zr, compositions
ranging from 2 times primitive mantle to about 0.08
(Zr), with a second trough at Y (down to 0.002 times
primitive mantle). The same troughs are also charac-
teristic for the melt composition calculated for the high-
Cr harzburgitic garnet, where the depletion in Hf is even
more prominent. However, the second trough at Y de-
rived for both types of harzburgitic garnets might be
spurious since it is based on an element for which the
distribution coefficient was derived using experimental
conditions different to those for the REE. Due to the
scale used for Fig. 9 the increase in normalised HREE
contents from Er towards Lu is not well displayed,
whereas reference to Fig. 1 shows a strong slope from
Ho or Er to Lu. Very similar REEy patterns with an
upward kink within the HREEy at Er were found by
Nixon et al. (1987) for garnets in diamond facies harz-
burgite xenoliths from Lighobong (Lesotho). This
positive slope in the HREE might actually represent the
original depleted pattern of the harzburgites (with Lay/

149

Yby < 1), before enrichment processes re-introduce
LREE and MREE (cf. Bulatov et al. 1991; Shimizu et al.
1996).

The melt compositions for the lherzolitic garnets
(Fig. 9) show only a minor trough between Hf and Zr,
with Zr being about 10 times that of the primitive
mantle. A small trough at Y is also present, but this is
mainly due to a positive peak at Ti. The HREE con-
centrations for the lherzolitic melts are similar to the
concentrations in the primitive mantle, i.e. HREE have
not been significantly enriched. Assuming that the dia-
mond inclusions actually crystallised from melts similar
to those calculated, it implies that either the HREE were
retained in the source region of this melt or, if the melt
was generated in situ during the introduction of an en-
riching fluid, that no HREE were contained in that fluid.
The high-Cr lherzolitic garnet (Fig. 9) yields a similar
picture, although with a steeper LREE/HREE slope.
Thus the melt composition calculated for the high-Cr
garnet is transitional between the melts in equilibrium
with lherzolitic and with harzburgitic garnets. This result
indicates that Akwatia Cr-rich lherzolitic garnets crys-
tallised in a chemical environment which is more similar
to that of harzburgitic diamonds than to that of “‘nor-
mal” low-Cr lherzolitic garnets.

The high-Cr harzburgitic garnet (Figs. 9 and 10) ap-
pears to be in equilibrium with a melt composition with
an extreme REE fractionation. Since this garnet is de-
rived from an unusually great depth (just below 80 kbar,
Stachel and Harris, 1997), its extreme LREE concen-
trations may be interpreted as due to an increase in
LREE enrichment with increasing depth (i.e. closer to
the base of the lithosphere). Alternatively, a decreasing
incompatibility of LREE with increasing depth (i.e. in-
creasing P and T) would give the same result. Figure 10
illustrates how the hypothetical melt compositions from
these two Cr-rich garnets change, if the distribution
coefficients between majoritic garnets and an ultramafic
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Fig. 10 Melt compositions calculated from REE concentrations in
high-Cr garnets using distribution coefficients for kimberlitic meg-
acrysts (open symbols) and majoritic garnets (filled symbols). The high
pressure and temperature distribution coefficients for majoritic garnets
result in less fractionated REE patterns for calculated melts, thus
possibly relating the extreme REE fractionation in the high-Cr garnets
to an unusually deep origin
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melt (Yurimoto and Ohtani 1992, run 59, 160 kbar,
1900 °C) are used for the calculation. Application of the
majoritic D-values results in a much flatter pattern, with
LREE enrichment decreasing from 10 000 times to 100
times chondrite. Compatibility of HREE in contrast,
decreases slightly, leading to further flattening of the
REEy pattern. Although the majoritic distribution co-
efficients derived at 160 kbar, 1900 °C are not appro-
priate for an inclusion trapped at about 70-80 kbar and
1350-1450 °C, the general conclusion might still be
correct, in that changes in garnet composition with in-
creasing depth are a result of changing distribution co-
efficients.

Comparison with mantle-derived alkaline melts

In the following section the hypothetical melts for
lherzolitic and harzburgitic garnets are compared with
kimberlites (Dawson 1980) and lamproites (ranges for
West Kimberley Province and Argyle, Mitchell and
Bergman 1991) as these two rock types represent the
most likely candidates capable of producing the ob-
served enrichment. In addition, the kimberlite and
lamproite fields generally are similar to the compositions
of primitive OIB-like asthenospheric melts assumed to
be the agent of mantle metasomatism by Harte et al.
(1993), as well as of carbonatitic melts.

The melt compositions calculated from the lherzolitic
garnets coincide with the compositional range observed
for kimberlites and lamproites (Fig. 11) with slightly
lower HREE concentrations for the hypothetical melts.
Compatible trace elements (Ni and Cr) also fall within
the compositional ranges of kimberlite-lamproite mag-
mas both for lherzolitic and harzburgitic parageneses.
The Ni contents of about 3000 ppm in olivines and
about 1000 ppm in orthopyroxenes (Stachel and Harris,
in press) yield a Ni content of 300-600 ppm for a melt in
equilibrium with these inclusions (Kp from Beattie et al.
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Fig. 11 Compositional fields of melts in equilibrium with harzburgitic
and lherzolitic inclusions in diamond compared with the composi-
tional ranges of kimberlites (Dawson 1980) and lamproites (Mitchell
and Bergman 1991). Note the similarity of the “lherzolitic melts” with
the kimberlite and lamproite fields

1991) and from the average Cr contents of clinopyrox-
enes (about 5500 ppm) a lherzolitic melt has about
1500 ppm (Kp from Hart and Dunn 1993). The result-
ing Ni/Cr ratio of about 0.1 seems, however, rather low.

Thus crystallisation of the lherzolitic garnet inclu-
sions from a silicate or carbonate melt with trace ele-
ment compositions similar to lamproites or kimberlites
is a distinct possibility. However, possible melt compo-
sitions in equilibrium with harzburgitic garnets have
REE patterns with slopes too steep to be consistent with
crystallisation from a kimberlitic, lamproitic or car-
bonatitic melt (see also Shimizu and Richardson 1987).

Origin of diamonds and mantle enrichment

The formation of subcalcic, Cr-rich garnets typical for
inclusions in diamonds was addressed in experimental
work of Bulatov et al. (1991) and Canil and Wei (1992).
Bulatov et al. (1991) concluded from experiments in the
garnet stability field (50-60 kbar, Green et al. 1986; Brey
et al. 1990) that the formation of chromium-rich garnets
as result of Cr enrichment during melt extraction was
not possible. Melting in the spinel peridotite stability
field (5-20 kbar, Bulatov et al. 1991), however, results in
residua with high-Cr contents and high Cr/Al ratios. It
was suggested, therefore, that Cr-rich, subcalcic garnets
are the product of high pressure metamorphism of spinel
harzburgites which originated at shallow depth and were
then subducted. A similar mechanism has to be evoked
for the high-Cr lherzolitic garnets.

This is consistent with the very high Ni contents in
olivines of both, the harzburgitic and lherzolitic para-
genesis (Stachel and Harris, 1997) which implies that the
source for both parageneses must have experienced de-
pletion events of a similar extent, followed by differing
degrees of re-enrichment. The present study indicates
not only different degrees of re-enrichment for lherzolitic
and harzburgitic paragenesis inclusions but also differ-
ent modes of enrichment. For the lherzolitic paragenesis,
diamond formation from low volume melts derived from
a previously depleted and re-enriched peridotitic source
seems possible. Alternatively, they may have grown in a
peridotitic source that experienced strong enrichment
from infiltrating melts or fluids. Growth of diamond
may be in the solid state or from the low volume melts
that formed only during the enrichment event (e.g. by
lowering of the peridotite solidus due to the introduction
of H,O or CHy rich fluids).

On the basis of the very high LREEy together with
depleted HREEy required for possible melts in equilib-
rium with harzburgitic garnets (Fig. 11), Shimizu and
Richardson (1987) proposed solid state growth of peri-
dotitic (only subcalcic garnets analysed) diamonds.
Shimizu and Richardson (1987) attributed the isotopic
and trace element characteristics of peridotitic garnets to
“ancient mantle metasomatism”. A priori, there are no
obvious reasons why incorporation of REE into garnet
(in the presence of olivine and orthopyroxene) must



occur at subsolidus conditions and cannot occur when
garnet crystallises from a melt. Lack of evidence on the
Earth’s surface for melts as highly fractionated as those
required for harzburgitic diamond inclusions is not a
sufficient argument to reject the existence of such melts
within the lithospheric mantle. By strictly separating the
enrichment and the diamond formation event, Shimizu
and Richardson (1987) also provide no explanation as to
why diamond should suddenly be formed in an appar-
ently closed system. Decarbonation reactions, as in-
voked by Shimizu et al. (1989), seem inconceivable to us,
since the buffering capacity of peridotite at the pressures
in the diamond stability field is far too high (see Eggler
1987 and references therein) and major changes in oxy-
gen fugacity without introduction of a melt or fluid are
not to be expected.

If involvement of melts is assumed, the harzburgitic
garnet inclusions may have crystallised from low volume
partial melts which were formed during an enrichment
event related to infiltration of highly fractionated melts
or fluids. Whereas the major element characteristics of
the inclusions in such a scenario are provided by the
melting of the depleted harzburgitic host rocks, the trace
element distribution largely reflects the composition of
the enriching agent. During crystallisation, in the ab-
sence of clinopyroxene, the LREE would be concen-
trated completely in the harzburgitic garnets. Thus, if re-
enrichment of the source and diamond formation are
coupled processes, then diamonds and their silicate in-
clusions could well crystallise from low volume partial
melts, if the peridotite solidus is sufficiently lowered
during this enrichment event.

Agents for metasomatism

Silicate and carbonate melts and C-H-O rich fluids may
be considered as metasomatising agents to account for
the enrichment patterns observed in harzburgitic and
lherzolitic inclusions in diamond. For the harzburgitic
paragenesis the melt or fluid responsible for the re-en-
richment has to be very rich in LREE, rich in Rb and Sr
(ca. 10-50 times primitive mantle), low in Hf and Zr,
and void of HREE, Y and Ti. In addition, the major
element characteristics of the Akwatian inclusion suite
(Stachel and Harris, 1997) require the introduction of
Fe. Chromatographic processes analogous to laboratory
methods (Hofmann 1972; Navon and Stolper 1987
Bodinier et al. 1990) which modify an already highly
fractionated fluid or melt are capable of producing the
required selective LREE enrichment. Stosch and
Lugmair (1986) interpret depletions in Hf (and by
analogy Zr and Ti) in terms of fluid phase metasomatism
rather than silicate melt metasomatism. Menzies et al.
(1987) also use low-Ti characteristics as an argument
against melt enrichment. Their interpretations thus do
not support enrichment by a silicate melt for the source
of the harzburgitic diamonds. Harte et al. (1993), how-
ever, suggest that infiltrating silicate melts may be Ti
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depleted due to early stages of ilmenite fractionation.
Infiltration of silicate melts into subsolidus peridotite
requires H,O-rich compositions since all other melts
would solidify rapidly. According to Harte et al. (1993)
mantle metasomatism by such silicate melts is charac-
terised by high Ba, Sr, and Zr concentrations. These
enrichment processes would cause growth of minerals
such as ilmenite, biotite or K-richterite which are not
common as inclusions in diamond.

The capability of C-H-O-rich fluids to cause the ob-
served enrichment is difficult to assess, since only limited
data are available on the solubility of major and trace
elements. Meen et al. (1989) demonstrated that CO,-rich
fluids have very low solubilities for REE at mantle
conditions and thus are inapt as agents for LREE en-
richment. Eggler’s review (1987) indicates that H,O
fluids at high pressures are well capable of causing REE
enrichment, but have low solubilities for Sr, Ba and
major elements. This seems to be inconsistent with the Sr
and Fe enrichment observed for the harzburgitic inclu-
sions. High pressure experiments (Stalder et al. 1997) on
the partitioning of trace elements between garnet or cpx
and a hydrous fluid showed that the solubility in the
fluid decreases from LFSE to HFSE and accordingly
from LREE to HREE. Solubility data for CHy-rich
fluids are not available.

Infiltration of peridotite by CO,-rich fluids is also
inconsistent with dihedral angle data (Watson et al.
1990) since the observed high values prevent the inter-
connectivity of the fluid necessary for penetration along
grain edges. More importantly, CO,-rich fluids are un-
stable under the pressures in the diamond stability field,
since CO, reacts with peridotite at subsolidus conditions
to form carbonate phases (Brey et al. 1983). The same
would apply for a CO,-rich melt percolating through
mantle peridotite at subsolidus conditions. Thus, a
percolative process involving a CO,-rich fluid or melt is
not a feasible explanation for the observed REE frac-
tionation in the harzburgitic inclusions.

Neither silicate melts nor CO»-rich fluids seem to be
likely agents for the observed metasomatism which
leaves only Ti-poor carbonatitic melts or, depending on
the oxygen fugacity, H,O- or CH4-H,-rich fluid phases,
as probable candidates to explain the observed LREE
enrichment in harzburgitic inclusions. Fluids rising from
the deep mantle may indeed be reduced (Wyllie 1980;
Foley 1988; Ballhaus 1995), so that a situation may be
envisaged where the infiltration of CHy4-H,-rich fluids
into more oxidised lithospheric peridotite initiates a re-
dox melting process and as a consequence the precipi-
tation of carbon as diamond (Taylor and Green 1989).

In contrast to such reduced fluids rising from the deep
mantle, fluids emanating from intrusions into subsolidus
peridotite would be water rich after losing their possible
CO, content by carbonation reactions. However, meta-
somatism by infiltrating C-H-O-rich fluids (because of
high dihedral angles in subsolidus dunites) seems only to
operate near the peridotite solidus (Watson et al. 1990;
Nielson and Wilshire 1993). Yet, Watson et al. (1990)
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showed that dihedral angles for H,O-rich fluids are re-
duced considerably with increasing pressure and tem-
perature. Thus, at the P-T conditions within the
diamond stability field permeability of peridotite for
H,O-rich fluids seems conceivable at subsolidus condi-
tions. In peridotite with a strongly sheared texture,
subsolidus migration of H,O-rich fluids along grain
boundaries would be considerably facilitated.

Equilibration temperatures and peridotite solidus

If crystallisation of diamond in the presence of a melt is a
viable possibility temperatures of formation of diamond
should be compared with the position of the peridotite
solidus. Garnet-opx equilibria for Akwatian inclusions
yield P-T conditions of crystallisation of diamond along
a conductive geotherm corresponding to 40-42 mW/m?
surface heat flow. This geothermal gradient is similar to
that determined from garnet-opx pairs (Fig. 12) in dia-
monds from southern African localities (Stachel and
Harris, 1997, and references therein). Olivine-garnet
pairs were used to calculate temperatures (O’Neill and
Wood 1979) as a function of pressure for 25 Akwatian
diamonds. The shaded region in Fig. 12 marks the in-
tersection of the 1o range of the calculated temperatures
with the 40 to 42 mW/m? heatflow gradients. The upper
pressure limit of 80 kbar in Fig. 12 is the highest possible
pressure estimated from the slightly hyper-silicic chro-
mium-rich garnet (see above). Also shown are the
solidi of lherzolite-H,O/CO,-H,O (from Wyllie 1989,
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Fig. 12 P-T conditions calculated from garnet-opx equilibria (Brey
and Kohler 1990; Harley 1984) for diamonds from Akwatia (filled
squares) and other locations world-wide (small circles). The dashed
lines give the conductive shield geotherms for 40 and 42 mW/nY
surface heat flow (calculated after Pollack and Chapman 1977). The
dotted lines indicate the 1o-range [7(min), 7(max)] of temperatures
(O’Neill and Wood 1979; O’Neill 1980) calculated for various
pressures for 25 Akwatian diamonds containing olivine-garnet pairs
(Stachel and Harris, 1997). The shaded area represents the field where
the garnet-olivine temperatures coincide with the geothermal gradients
indicated by the garnet-opx geothermobarometry. In addition, the
solidi in the presence of C-H-O (Wyllie 1987, 1989) for harzburgite
and lherzolite and the graphite diamond phase boundary (Kennedy
and Kennedy 1976) are shown

Fig. 10.6) and for harzburgite-H,O (from Wyllie 1987,
Fig. 318, extrapolated to pressures >70 kbar).

Most estimated P-T conditions for diamond forma-
tion plot at or above the lherzolite-H,O/CO,-H,O soli-
dus. Formation of low volume partial melts during
metasomatism of a lherzolitic lithospheric upper mantle
by H,O-rich fluids or through redox reactions with CHy-
H5-rich fluids seems inevitable. Conditions at or above
the lherzolite solidus would also allow infiltration of and
equilibration with kimberlitic, lamproitic or carbonatitic
melts.

The harzburgite-H,O solidus lies at higher tempera-
tures and partial melting would occur only at tempera-
tures above about 1300 °C (for the given geothermal
gradient). If crystallisation of diamond is linked to the
metasomatic event recorded in its inclusions, it must
occur at subsolidus conditions by an agent that is ca-
pable not only of causing the extreme LREE enrichment
but is also able to precipitate diamond. Carbon dioxide-
rich fluids can be excluded, so that carbon precipitation
must occur by redox reactions involving methane-rich
fluids. These fluids are highly enriched in LREE due to
“chromatographic” type interaction with peridotitic
wall rocks.

Concluding remarks

From trace element abundances in diamond inclusions
and from modelling the hypothetical trace element
composition of coexisting melts, differing scenarios for
the growth of diamonds with lherzolitic and harzburgitic
inclusions have been deduced:

1. Lherzolitic garnets would be consistent with crys-
tallisation from kimberlitic, lamproitic, or carbonatitic
melts. The PT estimates indicate that the inclusions were
trapped at temperatures at around or above the
lherzolite-H,O/CO,-H,O solidus and REE enrichment
occurred from percolating melts. Alternatively, perco-
lating CH4- or H,O-rich fluids would lower the solidus
sufficiently to induce partial melting and diamond
crystallisation in the presence of melt.

2. Harzburgitic garnets do not seem to be consistent
with crystallisation from normal kimberlitic, lamproitic
or carbonatitic melts because of their extremely frac-
tionated REE patterns. For diamonds of the harzburgitic
paragenesis the solidus temperature (harzburgite-H,O)
of their source is higher than the majority of observed
equilibration temperatures. Methane-rich fluids are the
most likely metasomatising agents from which diamonds
precipitate in a process analogous to the redox melting
model of Taylor and Green (1989). A “chromatograph-
ic” type fractionation process favoured the selective
LREE enrichment (Navon and Stolper 1987; Bodinier
et al. 1990) which was transposed onto the diamond
inclusions.

Carbon isotopic compositions favour precipitation of
diamond from CHy (Deines 1980; Kirkley et al. 1991) as



opposed to CO,, since CHy yields the observed mode
in 8'°C of about —5%,. Based mainly on the carbon
isotopic composition of diamond, the composition and
abundance of sulphide inclusions, and the presence of
water in the diamond structure, Deines and Harris
(1995) suggested crystallisation of diamond from CH,-
rich fluids containing sulphur, other volatiles and little
of the components of silicates. The comparatively low
concentrations of constituents of silicate phases in such a
fluid would account for the fairly large variations in the
major element composition of inclusions within a single
diamond suite, compared to the very narrow distribu-
tion of the carbon isotopic composition, as is the case,
for example, for Akwatia (Stachel and Harris, 1997). A
C-H-O fluid could also account for the rather large
variations in the REE contents and patterns of multiple
garnet inclusions in the same diamond (Shimizu and
Sobolev 1995). The chemistry of silicate inclusions in
diamond would be the result of the composition of the
introduced fluid and the chemical interaction with peri-
dotitic wall rock. The differences between lherzolitic and
harzburgitic paragenesis inclusions may simply result
from the interaction of similar fluids with different
peridotitic wall rocks.
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