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Abstract The primary garnet (pyrope-almandine)-om-
phacite (Cpx 1, 6.5–7 wt% Na2O)-sulfide (Fe-Ni-Co
mss) assemblage of the two diamondiferous eclogite
xenoliths studied (U33/1 and UX/1) experienced two
mantle metasomatic events. The metasomatic event I
is recorded by the formation of platy phlogopite (�
10 wt% K2O), prior to incorporation of the xenoliths
in the kimberlite. The bulk of the metasomatic alter-
ation, consisting of spongy-textured clinopyroxene
(Cpx 2A, 1–3 wt% Na2O), coarser-grained clinopy-
roxene (Cpx 2B, 2–5 wt% Na2O), pargasitic amphi-
bole (� 0.8 wt% K2O; 3–3.5 wt% Na2O), kelyphite
(Cpx 3, mostly <1 wt% Na2O; and zoned Mg-Fe-Al
spinel), sodalite, calcite, K-feldspar, djerfisherite
(K5.95Na0.02Fe18.72Ni2.36Co0.01Cu4.08S26Cl ) and a small
amount of K-Ca-Fe-Mg glass, is ascribed to the
metasomatic event II that occurred also in the upper
mantle, but after the xenoliths were incorporated in
the kimberlite. A pervasive chloritic alteration (mainly
clinochlore + magnetite) that overprints earlier
assemblages probably took place in the upper crustal
environment. The diamonds are invariably associated
with secondary clinopyroxene and chlorite, but the
diamonds formed before the entrainment of the
xenoliths in the Udachnaya kimberlite.

Introduction

Diamond-bearing xenoliths in kimberlites account for
less than 1% of all xenoliths in kimberlites, but are
particularly valuable samples because of their potential
to provide insight into not only the metasomatic pro-
cesses in the mantle but also the genesis of diamonds.
Peridotites (garnet peridotite, lherzolite, and harzburg-
ite) are the most common mantle-derived xenoliths in
kimberlites, but they seldom contain diamond. In con-
trast, eclogite xenoliths, consisting essentially of clino-
pyroxene and garnet, are much less common, an
observation consistent with the conceptual model (Nix-
on and Davies 1987) that the upper mantle is composed
of peridotites with randomly distributed lenses/pods of
eclogite. Eclogite xenoliths, however, are exceptionally
abundant in some kimberlites, such as Orapa, Botswana
(e.g., Shee and Gurney 1979) and Roberts Victor, South
Africa (e.g., Hatton and Gurney 1987), and are more
likely to be diamondiferous (Reid et al. 1976).

The presence of diamondiferous eclogite xenoliths
in South African kimberlites was recognized as early
as 1899 (Bonney 1899) and in Yakutian kimberlites
(north-central Siberian platform, Russia) much later
(Bobrievich et al. 1959). However, such eclogites are
rather common in the collected Yakutian mantle
xenolith suites, especially from the Mir pipe and the
Udachnaya pipe located in the central region of the
Siberian Platform, and have been described in a
number of recent publications (e.g., Jerde et al. 1993;
Ireland et al. 1994; Beard et al. 1996; Snyder et al.
1997). In addition, Sobolev et al. (1994) presented an
excellent summary of diamondiferous eclogite xeno-
liths from the Udachnaya kimberlite pipe (Russia);
Taylor et al. (2000) discussed a detailed ‘‘pull-apart’’
of one such xenolith (U51) from the same kimberlite;
Misra et al. (2001) reported preliminary results on the
characterization of metasomatic alteration in two
Udachnaya eclogite xenoliths (U33/1and UX/1); and
Spetsius and Taylor (2002) emphasized the role of
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partial melting in metasomatic alteration of Uda-
chnaya eclogite xenoliths.

Almost all mantle xenoliths, both peridotitic and
eclogitic, exhibit some degree of metasomatism as evi-
denced by the compositions and textures of secondary
minerals. An understanding of these metasomatic pro-
cesses is important not only from the perspective of
mantle and crustal metasomatism, but also because of
the possible relationship between mantle metasomatism
and diamond genesis (Spetsius and Griffin 1998; Spetsius
1999; Taylor et al. 2000; Misra et al. 2001; Spetsius and
Taylor 2002). The focus of the present study is to char-
acterize in detail and interpret the metasomatic alteration
in two highly diamondiferous eclogite xenoliths (U33/1
and UX/1) from the Udachnaya kimberlite pipe and to
examine possible connections between the metasomatism
and formation of the associated diamonds.

Samples studied

The two Udachnaya eclogite xenoliths we have studied,
U33/1 and UX/1, are ovoid in shape, weighing 42 and
66 g, and with maximum dimensions of 3.5x2.2x3 cm
and 4.1x3x3 cm, respectively. Both are highly dia-
mondiferous; diamonds exposed on the surface ranged
from five in U33/1 to eight in UX/1 and were predom-
inantly octahedral.

The xenoliths were first examined by high-resolution,
X-ray-computed tomography (HRXCT), employing the
technique used for U51 as described by Taylor et al
(2000). In essence, this non-destructive technique results
in the production of a computed 3-D image of an entire
sample from X-ray imaging data acquired in a series of
2-D slices through the sample. One such slice from UX/1
is shown in Fig. 1; the resulting 3-D image of the entire
sample is much more vivid in colored versions. The
software allows the viewer to rotate the 3-D image about
a vertical axis, thus permitting a view of the entire vol-
ume of the sample in terms of mineralogy and textures,
without any physical slicing of the sample. In addition,
the 3-D reconstruction renders considerable help in
deciding how the sample should eventually be dissected
to recover the enclosed diamonds and prepare thin sec-
tions for detailed petrologic study.

Several macroscopic features became apparent from
the HRXCT 2-D and 3-D images of U33/1 and UX/1.
The two xenoliths are composed essentially of four
mineral suites, which in order of decreasing abundance
are: garnet (and its alteration products), clinopyroxene
(and its alteration products), sulfides (and their alter-
ation products), and diamonds. Much of the clinopy-
roxene is metasomatically altered, whereas the garnet
grains are relatively fresh except for peripheral alter-
ation. The sulfides occur as irregularly distributed pat-
ches associated with both clinopyroxene and garnet.
Octahedral and cubo-octahedral diamond crystals are
quite abundant in both xenoliths and are surrounded
invariably by secondary clinopyroxenes. Some diamond

crystals seem to occur close to garnet grains but never in
direct contact with or as inclusions in garnet. The total
number of diamonds of all sizes counted from the 3-D
images amounted to 47 in U33/1 and 74 in UX/1, with
estimated tenors of 90,000 carats/ton and 144,000 car-
ats/ton, respectively. The largest diamonds in U33/1 and
UX/1 are just over 1 carat.

Petrography

Mineralogy

The primary mineralogy of the eclogite xenoliths is
essentially a two-phase assemblage consisting of pyrope-
almandine garnet (Gt) and omphacitic clinopyroxene
(Cpx 1), with small amounts (<3%) of polyphase sulfide
grains. Secondary mineral assemblages in the two xe-
noliths are dominated by Na-depleted secondary clin-
opyroxenes, relatively K-enriched amphibole (Amph),
Mg-Fe-Al spinel (Sp), and chlorite (Chl). The secondary
clinopyroxene suite consists of two texturally and com-
positionally distinct clinopyroxenes (Cpx 2 and Cpx 3)
related to the alteration of Cpx 1 and Gt, respectively.
As will be discussed later, the Cpx 2 can be further
subdivided into two subtypes (Cpx 2A and Cpx 2B) on
the basis of texture. Other secondary minerals include
K-feldspar (K-fel), calcite (Cal), sodalite (Sod), djer-
fisherite (Djf), magnetite (Mt), Ba-Sr sulfate, and apa-
tite. A small amount (<1%) of K-Ca-Fe-Mg glass
occurs in both xenoliths. As will be elaborated later, the
small amount of phlogopite (Phlog) in one of the
xenoliths (UX/1) is interpreted to be ‘‘modal metaso-
matic’’ (as defined by Harte 1983). Serpentine has been

Fig. 1 Example of a two-dimensional HRXCT slice of diamond-
iferous eclogite xenolith UX/1. Di = diamond (dark gray to black,
euhedral to subhedral); Gt = garnet with altered margins (light
gray, subhedral to subrounded); Cpx = clinopyroxene and its
alteration products (medium gray mass); Sulf = sulfide minerals
(disseminated white spots)
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reported in eclogite xenoliths from Mir and Udachnaya
pipes (e.g., Beard et al. 1996; Sobolev et al. 1999) but
was not observed in either U33/1 or UX/1.

Textures

In hand specimen, each xenolith is an aggregate of
coarse-grained (up to 2 mm across), subhedral to sub-
rounded, peripherally altered garnet crystals and a mass
of largely altered clinopyroxene, similar in texture to
Group I eclogite xenoliths of MacGregor and Carter
(1970). However, lamellar exsolution of garnet from
clinopyroxene, considered by Smyth and Caporuscio
(1984) a characteristic feature of Group I eclogite
xenoliths of McGregor and Carter (1970), was not ob-
served in U33/1 or UX/1. Despite extensive metasomatic
alteration, especially of the clinopyroxene, chemical
compositions of the primary minerals could readily be
obtained from their unaltered remnants. The remnants
of primary clinopyroxene (Cpx 1) occur as isolated
islands, which in a single clinopyroxene grain are in
optical continuity with each other (simultaneous
extinction) and are separated by optically continuous
secondary clinopyroxenes. The secondary clinopyrox-
enes may be subdivided into three textural types
(Fig. 2a, b): (a) fine-grained, ‘‘spongy-textured’’ clino-
pyroxene (Cpx 2A) — a term first used by Wilshire and
Binns (1961) to describe similar alteration texture at the
contact between peridotite xenoliths and host volcanic
rock in New South Wales, Australia — with numerous
islands of Cpx 1 in optical continuity and small amounts
of K-feldspar ± glass (Fig. 3a, b); (b) relatively coarse-
grained clinopyroxene (Cpx 2B) that occurs at the outer
margins of original Cpx 1 grains; and (c) fine-grained
clinopyroxene (Cpx 3), which is invariably associated
with garnet and intergrown with spinel (and at places
with other secondary minerals) and represents one of the
products of kelyphitic alteration of garnet.

The most conspicuous texture in the xenoliths arises
from the disposition of the spongy-textured clinopy-
roxene (Cpx 2A) that occurs as anastomosing veins
crisscrossing Cpx 1 in all directions (Fig. 3c), most
probably controlled by fractures. Similar alteration
textures in eclogite and peridotite mantle xenoliths have
been described in many other studies of eclogite and
peridotite xenoliths (Donaldson 1978; Kutolin and
Frolova 1970; Carswell 1975; Reid et al. 1975; Taylor
and Neal 1989; Beard et al. 1996; Sobolev et al. 1999;
Taylor et al. 2000; Misra et al. 2001). Texturally, Cpx 2A
may be further divided into two subtypes that com-
monly show a crude zonal pattern (Fig. 2a, b): a finer-
grained type (Cpx 2A1) that occurs at the contact with
Cpx 1 islands; and a slightly coarser-grained type (Cpx
2A2) beyond the immediate contact zone. In veins of
secondary clinopyroxene bounded by Cpx 1 islands on
two sides, this zonal arrangement results in a crudely
symmetrical zoning composed of Cpx 2A1 at the mar-
gins and Cpx 2A2 in the core zone (Fig. 2a). The com-

monly observed saw-tooth outline of the Cpx 1 islands
(Fig. 2a) probably reflects a control of cleavages in the
original clinopyroxene. None of the clinopyroxenes
contain any exsolution lamellae.

Fig. 2a,b Alteration assemblages and textures near the original
contact of Gt and Cpx 1 (U33/1). a The secondary pyroxenes show
gradational textural zoning, from fine-grained (Cpx 2A1) at the
contact with Cpx 1 island to slightly coarser grained in the middle
portion (Cpx 2A2) to relatively coarser-grained near the contact
with Gt (Cpx 2B). A coronitic rim of kelyphitic alteration (Cpx 3+
Sp) marks the original boundary of garnet. Amphibole occurs at
the contact between kelyphite and Cpx 2B, and also as a narrow
lens within the kelyphite. b Well developed textural zoning of Cpx
2A1, 2A2, and Cpx 2B, and pervasive chloritic alteration of both Gt
and Cpx. The chloritic alteration zone (Chl + Mt + very fine-
grained unidentified phases) in Gt contains numerous relict islands
of Gt, Cpx 3, Sp, and perhaps amphibole adjacent to Cpx 2B. The
composition of Gt occurring as islands in chloritic alteration has
been modified. Mineral abbreviations: Phlog = phlogopite; Gt =
garnet; Cpx 1 = primary clinopyroxene; Cpx 2 = secondary
clinopyroxene; Cpx 3 = secondary clinopyroxene associated with
garnet alteration; Amph = amphibole; Kelyp = kelyphite (Cpx 3
+ Sp); Sod = sodalite; Sp = spinel; Chl = chlorite; K-fel = K-
feldspar; Cal = calcite; Mt = magnetite; Sulf = sulfide. BSE =
Back-scattered electron image. The bar scale represents 100 lm
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Schrauf (1882) coined the term ‘‘kelyphite’’ (derived
from the Greek word kelyphos, meaning rind or shell) to
describe symplectitic intergrowth of amphibole and

spinel in a reaction rim around garnet in serpentinite.
We follow the usage of the term in recent literature to
describe dominantly peripheral alteration of garnet
irrespective of the minerals in the alteration assemblage
(Reid and Dawson 1972; Garvie and Robinson 1984;
Messiga and Bettini 1990; Obata 1994). Much of the
kelyphitic alteration in U33/1 and UX/1 occurs as cor-
onitic rims within the limits of original garnet crystals
(Fig. 2a), but also common are thin (commonly 50 to
500 lm wide), continuous and discontinuous veins of
kelyphitic alteration traversing the garnet grains without
any preferred orientation, presumably along fractures
(Fig. 3d). The alteration product is dominated by
nodular masses of intergrown Cpx 3 and spinel (pleon-
aste) (Figs. 2a, and 3e). The spinel is invariably euhedral
and compositionally zoned, the zoning being optically

Fig. 3a–f Alteration textures in U33/1 and UX/1. a A vein of
secondary clinopyroxene, with islands of Cpx 1 and a small amount
of glass, at the original contact between Cpx 1 and Gt (U33/1).
Note the well-developed chloritic alteration (Chl + Cal + very
fine-grained mixture of unidentified phases) mantling a sulfide
grain. b A thin vein of texturally zoned secondary clinopyroxenes
(Cpx 2A1 and Cpx 2A2) with interstitial Chl and K-fel (UX/1). c
Veins of secondary clinopyroxene (Cpx 2A), commonly rimmed by
Chl, and islands of Cpx 1 (U33/1). d Part of a kelyphite vein
containing an intergrown assemblage of Cpx 3 and euhedral Sp,
Sod, Chl, Cal, and a few grains of K-fel (U33/1). The Sp is optically
and compositionally zoned. e Part of a kelyphite vein in Gt, with
well-developed Amph, Sod, Cal, and a small amount of glass (U33/
1). f Platy Phlog and kelyphitic alteration in garnet (UX/1). Note
the textural zoning of secondary clinopyroxenes. Mineral abbrevi-
ations as in Fig. 2. The bar scale represents 100 lm
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discernible in the larger crystals (Fig. 3d). Amphibole
(pargasite) occurs typically at the contact zone between
the nodular masses of kelyphitic alteration (garnet side)
and Cpx 2B (clinopyroxene side). Other associated sec-
ondary minerals in small amounts include glass, calcite,
sodalite, K-feldspar, and Ba-Sr sulfate (Fig. 3b, e),
although all of these do not necessarily represent com-
ponents of kelyphitic alteration.

Polyphase sulfide grains are disseminated throughout
the xenoliths. Most of the sulfide particles occur as
subrounded inclusions (up to about 400 lm in maxi-
mum dimension) in clinopyroxene. A few occur as
inclusions in garnet or are interstitial to the primary
garnet-clinopyroxene assemblage; the interstitial sulfide
grains commonly have thin tentacles extending into the
surrounding silicates (Fig. 4a). The sulfide phases con-
sist of pyrrhotite and pentlandite, the pentlandite
occurring predominantly as hair-thin lamellar inter-
growths with pyrrhotite, but also as fine-grained gran-
ular aggregates at the outer margins of the sulfide grains.
The sulfide grains invariably have a partial to complete
rind of djerfisherite (Fig. 4a). Spetsius (1999) reported
sulfides at the rims of some of the diamonds in eclogite
xenoliths and considered this association as evidence
for diamond growth in a silicate-sulfide partial melt that
was slightly supersaturated in carbon. In the two xeno-
liths we have investigated there is no specific association
between sulfide grains and diamonds (Anand et al.
2003).

A pervasive chloritic alteration overprints both the
xenoliths. The chloritic alteration assemblage consists of
chlorite (clinochlore), magnetite, calcite, a fine-grained
mixture of unidentified minerals, and in a few places tiny
needles of apatite. It occurs as interstitial material and
veins in clinopyroxenes (Figs. 2a, 3b, and 4b), and as
interstitial material within and discontinuous rims at the
margins of kelyphitic alteration veins in garnet (Fig. 3a).
In U33/1, the chloritic alteration invades large parts of
some garnet grains, preserving islands of relict garnet
and kelyphitic assemblage (Fig. 2b). The sulfide grains
also have been invaded by veinlets of chloritic alteration,
and some are largely replaced by an assemblage of
chlorite + magnetite. The chloritic alteration cuts and
mantles djerfisherite; in the latter case, the chloritic
alteration is associated with a small amount of what
appears to be a second generation of calcite.

Mineral chemistry

Major- and minor-element compositions of the minerals
were determined with a Cameca SX-50 four-spectrom-
eter electron microprobe (EMP) at the University of
Tennessee. Minerals and metals were used as standards.
All data were collected using wavelength dispersive
techniques and corrected with the Cameca PAP proce-
dure. Analytical conditions included an accelerating
voltage of 15 keV, a beam current of 20 nA, a beam size
of 5 lm, and 20 second counting time for all elements,

except K and Na in clinopyroxene and garnet (40 sec-
onds each). Examples of EMP analytical data for the
different minerals are presented in Tables 1, 2, 3, 4, and
5; a complete listing of the analytical data may be viewed
at the web-site of the Planetary Geosciences Institute,
University of Tennessee (http://web.utk.edu/�PGI) or
obtained on request from the senior author.

Fig. 4a,b a A sulfide grain, consisting of pyrrhotite (Po) and hair-
thin lamellar intergrowth of pentlandite (pn), is partially rimmed by
a thin (5 to 30 lm) rind of djerfisherite and a thicker zone of
chloritic alteration (Chl + Cal + fined-grained mixture of
unidentified minerals) (U33/1). The sulfide grain is also veined by
chloritic alteration. The sulfide grain is interstitial to Cpx 1 and Gt,
and has undergone some remobilization. b An example from UX/1
of the typical occurrence of diamond crystals in the studied
xenoliths. The diamond crystal (Di) is surrounded by chloritic
alteration and secondary pyroxene (Cpx 2B). Note that the
composition of Cpx occurring as small islands in chloritic
alteration has been modified to aegirine-augite. BSE = Back-
scattered electron image; RL = Reflected-light photomicrograph.
The bar scale represents 100 lm
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As is the case with other eclogites from Udachnaya
(Sobolev et al. 1994; Sobolev et al. 1999; Taylor et al.
2000), the primary minerals in U33/1 and UX/1 do not
show discernible zoning within individual grains or sig-
nificant compositional variation among grains in the
same xenolith. The secondary minerals are more vari-
able in composition because of disequilibrium.

Garnet

The garnets are virtually devoid of Cr (<0.1 wt%
Cr2O3), K (<0.05 K2O) and P (<0.1 P2O5), and contain
only small concentrations of Ti (0.3–0.6 wt% TiO2) and
Mn (0.3–0.4 wt% MnO). Considering that the wt%

oxide totals of garnet analyses, with all Fe calculated as
FeO, are invariably close to 100 (between 99.5 and
100.5 wt%) and the total cations per 12 oxygen range
between 7.98 and 8.04, the Fe3+ content of the garnets is
inferred to be negligible. The garnets are pyropic in
composition, most containing about 20–30% almandine
component and about 10–20% grossular component
(Fig. 5). The Al2O3 content is quite uniform around
22 wt%. Excluding three analyses with unusually high
MgO (18.0 to 18.5 wt%), all adjacent to the kelyphitic
rim around one garnet crystal, and one analysis with
unusually low MgO (10.9 wt%), the MgO concentra-
tions in U33/1 garnets show a continuous spectrum from
about 15.5 to 12.0 wt%, with corresponding systematic
increase in CaO and FeO* (total Fe calculated as FeO)

Table 1 Selected major-element analyses (wt%) of major minerals in eclogite xenolith U33/1

Mineral Garnet
(Gt)

Clinopyroxenes (Cpx)a Amphibole
(Amph)

Spinel (Sp)
(zoned)

Cpx 1 Cpx 2A1 Cpx 2A2 Cpx 2A2 Cpx 2B Cpx 2B Cpx 3 Cpx 3 Cpx 3 Core Rim

SiO2 40.5 55.9 52.2 52.8 53.4 53.9 51.8 48.0 47.6 48.4 40.7 0.21 0.23
Al2O3 21.9 11.2 4.92 6.74 2.74 8.83 6.70 8.74 10.8 8.57 17.5 61.6 60.1
TiO2 0.55 0.50 0.55 0.71 0.32 0.60 0.44 0.57 1.17 0.70 1.44 0.31 0.47
Cr2O3 0.06 0.07 0.09 0.09 0.09 0.04 0.07 0.03 0.05 0.07 <0.03 0.25 0.22
V2O3 - - - - - - - - - - - 0.04 0.05
MgO 12.2 9.01 14.4 13.3 15.9 12.1 14.2 18.6 13.0 16.3 14.7 13.6 13.2
CaO 6.95 11.7 18.8 17.4 18.6 14.1 17.3 5.68 17.9 10.5 9.66 0.08 0.07
MnO 0.34 0.04 0.07 0.09 0.08 0.13 0.18 0.50 0.19 0.41 0.13 0.23 0.21
FeO* 17.3 4.87 6.35 5.78 7.10 5.14 6.76 17.5 7.53 14.5 9.54 22.8 24.7
Na2O 0.23 6.67 1.70 2.66 1.11 4.37 2.06 0.11 1.23 0.41 3.46 - -
K2O 0.04 0.12 0.03 0.02 0.03 0.03 0.03 <0.03 - - 0.81 - -
P2O5 - - - - - - - - - - - - -
H2O - - - - - - - - - - 2.07 - -
Total 100.07 100.08 99.11 99.59 99.37 99.24 99.54 99.73 99.47 99.86 100.01. 99.12 99.25
Mgb 55.6 76.7 80.1 80.4 80.0 80.8 79.0 65.4 75.4 66.8 73.3

aCpx-1=primary; Cpx 2=secondary after Cpx 1; Cpx-3=secondary after garnet;
bMg=[Mg/(Mg+Fe total)]100; FeO*=total Fe as FeO

Table 2 Selected major-element analyses (wt%) of major minerals in eclogite xenolith UX/1

Mineral Garnet
(Gt)

Clinopyroxenes (Cpx)a Amphibole
(Amph)

Spinel (Sp)
(zoned)

Cpx 1 Cpx 2A1 Cpx 2A2 Cpx 2A2 Cpx 2B Cpx 2B Cpx 3 Cpx 3 Cpx 3 Core Rim

SiO2 40.1 55.7 52.9 54.2 53.7 53.3 53.4 49.4 53.1 39.5 42.9 0.33 0.78
Al2O3 22.3 11.1 4.10 3.81 4.50 7.44 4.69 9.12 3.35 22.3 14.0 61.5 55.23
TiO2 0.52 0.45 0.52 0.45 0.58 0.63 0.58 0.54 0.48 0.50 1.04 0.36 1.86
Cr2O3 0.03 0.07 0.09 0.09 0.09 0.09 0.11 <0.03 0.10 0.04 0.03 0.30 0.25
V2O3 - - - - - - - - - - - - -
MgO 12.6 8.96 15.7 14.8 14.4 12.5 14.4 23.8 15.1 12.8 15.4 18.6 16.6
CaO 6.34 11.8 17.8 18.6 18.2 16.6 18.5 1.94 19.2 6.38 11.5 0.08 0.03
MnO 0.31 0.02 0.13 0.07 0.12 0.11 0.10 0.38 0.12 0.36 0.22 0.10 0.08
FeO* 17.3 5.02 5.92 5.61 5.67 5.31 6.04 13.8 6.14 17.6 9.49 18.2 24.2
Na2O 0.18 6.71 1.76 2.09 2.38 3.59 2.14 0.22 1.52 0.19 2.51 - -
K2O - 0.10 0.18 0.03 0.07 0.03 0.03 <0.03 0.03 <0.03 0.75 - -
P2O5 0.06 - - - - - - - - - - - -
H2O - - - - - - - - - - 2.07 - -
Total 99.74 99.93 99.10 99.75 99.71 99.60 99.99 99.20 99.14 99.67 99.91 99.47 99.03
Mgb 56.5 76.1 82.5 82.5 81.9 80.8 81.0 75.5 81.4 56.4 74.3

aCpx-1=primary; Cpx 2=secondary after Cpx 1; Cpx-3=secondary after garnet;
bMg=[Mg/(Mg+Fe total)]100; FeO*=total Fe as FeO
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(Fig. 6). The garnets in UX/1 show an apparent bimodal
compositional pattern, but this probably is an artifact of
relatively small number of analyses.

The Na content of the U33/1 and UX/1 garnets (0.1
to 0.2 wt% Na2O) is in accord with the published data
on Yakutian diamondiferous eclogites (Reid et al. 1976;

Table 3 Selected major-element analyses (wt%) of phyllosilicates in eclogite xenoliths U33/1 and UX/1

Mineral Phlogopite Chlorites Chlorites

UX/1 UX/1 U33/1 U33/1 U33/1 UX/1 UX/1 UX/1
Gt association Cpx 2A association Sulfide association Gt association Cpx 2A association Sulfide association

SiO2 38.8 39.6 30.9 32.0 32.7 35.7 34.5 34.0
Al2O3 15.6 15.3 22.3 20.0 15.0 14.3 16.6 11.7
TiO2 3.15 3.25 0.04 0.38 0.45 <0.03 0.32 <0.03
Cr2O3 0.05 0.07 <0.03 <0.03 <0.03 0.04 <0.03 <0.03
MgO 20.3 19.7 27.5 25.8 19.6 29.8 23.5 20.2
CaO <0.03 0.10 0.44 1.53 2.36 2.00 7.63 0.70
MnO 0.07 <0.03 0.19 0.22 0.21 0.39 0.89 0.22
FeO* 7.12 7.45 4.64 5.01 15.7 3.73 2.42 20.8
Na2O 0.25 0.29 0.08 0.30 1.01 0.09 0.29 0.14
K2O 10.2 9.92 0.03 0.24 0.31 0.07 0.95 0.12
H2O 3.97 4.18 12.5 12.3 11.9 12.3 13.07 11.7
F 0.39 0.18 <0.03 <0.03 - 0.37 0.34 0.02
Cl 0.05 0.04 0.29 0.53 0.15 0.43 0.30 0.13
Total 99.95 100.08 98.91 98.31 99.39 99.22 100.81 99.73

FeO*=total Fe as FeO

Table 4 Selected major-element analyses (wt%) of K-feldspar and glass in eclogite xenoliths U33/1 and UX/1

Mineral K-feldspar Sodalite Glass Glass

Cpx 2A assoc Gt assoc

U33/1 UX/1 U33/1 U33/1 U33/1 U33/1 U33/1 U33/1 U33/1

SiO2 63.4 63.3 37.6 37.2 51.5 62.1 60.2 49.1 57.6
Al2O3 18.3 18.7 31.1 31.0 14.5 19.5 18.2 16.2 18.6
TiO2 <0.03 <0.03 - - 0.33 <0.03 0.06 0.73 0.60
Cr2O3 <0.03 0.03 - - <0.03 <0.03 <0.03 0.03 <0.03
MgO <0.03 0.11 - - 8.79 1.47 0.90 4.67 1.75
CaO 0.08 0.16 0.16 0.32 6.71 0.42 7.30 3.23 2.51
MnO <0.03 <0.03 - - 0.18 0.04 0.12 0.22 0.13
FeO* 0.56 0.12 0.18 0.24 4.68 0.72 1.03 11.5 7.01
Na2O 0.14 0.62 24.2 24.4 0.86 0.78 0.09 1.08 0.92
K2O 16.9 15.63 0.14 0.08 6.16 6.32 4.24 5.30 4.66
Cl - - 6.64 6.64 - - - - -
Total 99.38 98.67 100.02 99.88 93.71 91.35 92.14 92.06 93.78

FeO*=total Fe as FeO

Table 5 Average compositions in wt% (with standard deviation) of sulfide minerals in eclogite xenoliths U33/1 and UX/1

Mineral Djerfisherite Pyrrhotite Pentlandite

U33/1 U33/1 UX/1 U33/1 UX/1

N 18 12 5 7 4
Fe 40.2 (8) 62.6 (2) 62.6 (1) 36.2 (3) 36.1 (6)
Ni 5.33 (66) 0.16 (15) 0.14 (18) 26.6 (10) 26.3 (2)
Co 0.03 (2) 0.02 (2) 0.01 (2) 1.90 (9) 4.11 (54)
Cu 9.95 (96) 0.02 (2) 0.02 (3) 1.00 (88) 0.07 (7)
Na 0.02 (2) - - - -
K 8.94 (18) - - - -
S 32.0 (3) 36.1 (3) 36.5 (2) 31.8 (3) 33.1 ( 6)
Cl 1.36 (5) - - - -
Total 97.83 98.90 99.27 97.50 99.71
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Sobolev et al. 1994; Sobolev et al. 1999) and is charac-
teristic of Type I eclogites described from Bellsbank
(MacGregor and Carter 1970; McCandless and Gurney
1986). The presence of low but significant Na content of
diamondiferous eclogite garnets was attributed by
Sobolev and Lavrentyev (1971) to the high pressure of
garnet crystallization, a conclusion supported qualita-
tively by subsequent experimental studies (Thompson
1975; Irving and Frey 1976), but no experimental cali-
bration of the Na content of garnet as a function of
pressure is currently available.

Clinopyroxenes

The primary clinopyroxene (Cpx 1) in the two xenoliths
is omphacite. Its composition is remarkably uniform in

each xenolith and lies at the high-Na end of the field for
clinopyroxenes in Udachnaya eclogites; the composi-
tions of the secondary clinopyroxenes, in contrast, are
quite variable, especially of Cpx 3 (Fig. 7). The TiO2,
Cr2O3, MnO, and K2O contents of all clinopyroxenes
are invariably low (Tables 1 and 2). The most apparent
discrimination among the textural varieties of clinopy-
roxenes is provided by their wt% Na2O contents
(Fig. 7d): Cpx 1 – 6.5 to 7.0%; Cpx 2B – 2 to 5%; Cpx
2A2 – 1 to 3.5%; Cpx 2A1 – 1 to 2%; and Cpx 3 – <2%
(but predominantly <1%). The decrease in Na2O in
Cpx 2A and Cpx 2B is accompanied by a corresponding
increase in MgO and CaO, the former in turn showing a
negative correlation with Al2O3 (Fig. 7b) and a positive
correlation with CaO (Fig. 7a). The FeO* content of the
Cpx 1-associated secondary clinopyroxenes is relatively
uniform at about 5 to 7 wt%, except for a few values up
to about 10 wt% in UX/1 (Fig. 7c). There is no sys-
tematic compositional difference between Cpx 2A1 and
Cpx 2A2, indicating that the two textural varieties of
Cpx were cogenetic. The composition of Cpx 3, the
secondary clinopyroxene associated with garnet alter-
ation, is markedly different and much more variable. In
addition to consistently lower Na2O, it is characterized
by generally higher Al2O3 and significantly higher FeO*
and lower CaO, all of which correlate systematically
with MgO (Fig. 7). The CaO–Na2O plot for the clino-
pyroxenes (Fig. 8b) confirms that Cpx 2 and Cpx 3 are
distinctly different populations — the Na content of Cpx
2 increasing with decreasing Ca and an opposite trend
for Cpx 3 — and support the textural observation of
different precursors for the two. There is also a sugges-
tion of a positive correlation between Ca and Na in the
garnet (Fig. 8a), but the range of Na concentrations in
the garnet is too low for a discernible trend.

Phlogopite

Phlogopite is a common metasomatic mineral in peri-
dotite mantle xenoliths (Erlank et al. 1987) but not so in
eclogite xenoliths, as it does not form readily by reaction
of metasomatizing fluids with clinopyroxene or garnet
(Kushiro and Aoki 1968). This is because clinopyroxene
and garnet contain substantial amounts of Ca that
cannot be accommodated in the phlogopite structure. Of
the two xenoliths studied, only UX/1 contains phlogo-
pite and that also as a minor phase. The phlogopite
occurs as a few relatively large, platy crystals (up to �
0.4·0.1 mm) in apparent textural equilibrium with pri-
mary garnet (Fig. 3f). The phlogopite has a mottled
appearance and appears to be mildly deformed. We
interpret the UX/1 phlogopite as ‘‘primary’’ (after Car-
swell 1975) or ‘‘modal metasomatic’’ (after Harte 1983),
a product of subsolidus crystallization in equilibrium
with the primary eclogite assemblage. The phlogopite
has jagged margins embayed by later kelyphitic alter-
ation (spinel + Cpx 3), but ‘‘secondary’’ phlogopite that
occurs in many peridotite and eclogite xenoliths as

Fig. 5 Ca–(Fe+Mn)–Mg plot of garnets in U33/1 and UX/1,
indicating that they are Group B eclogites. The three points falling
in the Group A eclogite field represent one small garnet crystal at
the edge of a kelyphitic rim. The garnets are clearly a subset of the
eclogite xenoliths recovered from the Udachnaya kimberlite
(Sobolev et al. 1994). The boundaries for the three groups of
eclogites (A, B, and C), at 30 and 55 mol% pyrope, are from
Coleman et al. (1965)

Fig. 6 Variation of Al2O3, FeO* and CaO relative to MgO (all in
wt%) in U33/1 and UX/1 primary garnets. FeO* = total Fe as
FeO
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masses of small and irregular crystals produced by
alteration of the primary assemblage was not observed
in either U33/1 or UX/1.

The chemical composition of the UX/1 phlogopite
(Table 3), with a K2O content of about 10 wt%, is
similar to that reported for phlogopites in eclogite

xenoliths from Udachnaya (Sobolev et al. 1999) and
Bellsbank (Taylor and Neal 1989; McCormick et al.
1994), all characterized by very low Cr2O3

(<0.20 wt%). Phlogopites in these eclogite xenoliths,
however, are of the secondary type that occurs as
alteration rims around either garnet crystals

Fig. 7 Variation of CaO,
Al2O3, FeO* and Na2O relative
to MgO (all in wt%) in primary
clinopyroxene (Cpx 1) and
different textural types of
secondary clinopyroxenes (Cpx
2A1, Cpx 2A2, Cpx 2B, Cpx 3)
in U33/1 and UX/1. FeO* =
total Fe as FeO. Sources of data
for Cpx in other Udachnaya
eclogite xenoliths (Fig. 7d):
Sobolev et al (1994), Sobolev
et al. (1999), and Taylor et al.
(2000). Note that the
composition of Cpx 3 islands in
garnet-associated chlorite,
designated as Cpx 3A, has been
significantly modified during
chloritic alteration
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(Udachnaya) or garnet and clinopyroxene crystals
(Bellsbank). Apparently, the chemical discrimination
between primary and secondary phlogopite in peridotite
xenoliths based on wt% Cr2O3 content — 0.5 to 1.1 for
primary phlogopite and >1.1 for secondary phlogopite
(Dawson and Smith 1975) — does not apply to eclogite
xenoliths.

Amphibole

The amphibole in U33/1 and UX/1 is pargasitic in
composition with <2 wt% TiO2, about 3 wt% Na2O,
and a characteristic K2O content of about 0.8 wt%
(Tables 1 and 2) that serves as a useful criterion for
distinguishing it from Cpx 2B with which it is com-
monly associated. The MgO content of amphibole
varies from about 13 to 16 wt%, and the increase in
MgO is compensated largely by a corresponding de-
crease in FeO* and Al2O3, as is the case with Bells-
bank and other Udachnaya eclogite xenoliths (Fig. 9).
Note that the compositions of amphiboles from Jag-
ersfontein (South Africa) peridotite xenoliths are quite
different and, according to the compilation of Field
et al. (1986), plot within the field of upper mantle
amphiboles from other intrusives. Most of the eclogite
amphiboles have lower MgO but higher FeO* and
Al2O3, compared with the upper mantle amphiboles
considered by Field et al. (1986). This compositional

difference is compatible with, but not an evidence of,
an origin of the eclogite by subduction of oceanic
crust.

Spinel

The spinel, which occurs as easily recognizable euhedral
crystals in both the xenoliths, is a Fe-Mg-Al spinel
(pleonaste) that contains only minor amounts of Ti (0.3–
0.6 wt% TiO2), Cr (<0.3 wt% Cr2O3), V (<0.1 wt%
V2O3), Mn ( £ 0.2 wt% MnO), and Ca (<0.1 wt%
CaO) (Tables 1 and 2; Fig. 10). In U33/1, most of the
spinel crystals are zoned from a core with lower Fe to a
rim with higher Fe, which is compensated by lower Mg
and lower Al. Similar compositional zoning is present
also in UX/1 spinel, but in most crystals the rims are too
thin (<10 lm) for reliable EMP analysis. Such a core-
to-rim Fe-enrichment trend appears to be characteristic
of garnet kelyphites and is the opposite of that observed
in all other petrogenetic types of spinels in kimberlites
(Haggerty 1975). The spinel composition is similar to
that of two other eclogite xenoliths analyzed by Sobolev
et al. (1999), except for much higher Fe enrichment
(35.3 wt% FeO*) in one of the samples, but is markedly
different compared to the zoned spinels in kimberlites
reported by Pasteris (1983). The spinel zoning is likely
due to exsolution from a higher temperature pleonaste
solid solution.

Fig. 8 Variation of Na2O
relative to CaO in
clinopyroxenes and garnet of
U33/1 and UX/1. Note the
negative correlation for
secondary clinopyroxenes (Cpx
2A1, Cpx 2A2, Cpx 2B) related
to the alteration of Cpx 1 in
contrast to the positive
correlation for Cpx 3 related to
the alteration of garnet. FeO*
= total Fe as FeO
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K-feldspar and Glass

K-feldspar is quite common in U33/1 and UX/1, and it
is interstitial to Cpx 2A1 and Cpx 2A2 (Fig. 3b); no
K-feldspar was observed associated with Cpx 2B or Cpx
3. The composition of the K-feldspar — K2O mostly in
the range of 14.5 to 16.5 wt%; Na2O <1 wt% and CaO
<1 wt% — is similar to that reported for other eclogite
xenoliths from Udachnaya (Sobolev et al. 1999) and
Roberts Victor (Reid et al. 1976). The K-Ca-Mg-Fe
glass in the two xenoliths is easily distinguished from
K-feldspar by its composition — much lower K2O (4 to

7 wt%) but much higher MgO (up to � 9 wt%), FeO*
(up to � 11%), and CaO (up to � 7 wt%) (Table 4;
Fig. 11). The glass composition is much more variable,
without any apparent difference in terms of its associa-
tion with Cpx or Gt.

Sulfides

The pyrrhotite is invariably close to troilite (FeS) in
composition (atomic metal:sulfur ratio=0.98 to 1.01)
with very little Co, Ni, or Cu (Table 5). The associated
pentlandite, a product of exsolution from an Fe-Ni-Co-

Fig. 9a–c Variation of CaO (a),
Al2O3 (b), and FeO* (c)relative
to MgO (all in wt%) for U33/1
and UX/1 amphiboles. Note
that there is no systematic
difference between the
amphiboles of Udachnaya and
Bellsbank kimberlites, but
amphiboles from the
Jagersfontaine peridotite
nodules constitute a separate
population characterized by
higher MgO and lower FeO
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Fig. 10a,b MgO vs. Al2O3 (a)
and FeO* (b) plots for U33/1
and UX/1 spinels. The spinel
(pleonaste) is compositionally
zoned with relatively Fe-rich
rim

Fig. 11a,b Compositions of
K-feldspar and glass in U33/1
and UX/1 compared with those
in other eclogite xenoliths
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Cu monosulfide solid solution (mss), contains variable
amounts of Cu (up to 6.2 wt%) and Co (up to 4.7 wt%),
and is approximately stoichiometric in composition
(atomic metal:sulfur ratio=1.10 to 1.17). The composi-
tions of the coexisting pyrrhotite and pentlandite are
consistent with relatively low temperature of equilibra-
tion (less than 300 �C) of the two sulfide phases (Misra
and Fleet 1973).

Almost all of the sulfide grains in U33/1 and UX/1,
whether they are interstitial to or included in the primary
silicate minerals, are mantled by a discontinuous rim of
djerfisherite, which we interpret as a metasomatically
altered product of Fe-Ni-Co sulfides. Djerfisherite, a
cubic mineral with a unit cell edge of 10.34 ± 0.01Å,
was identified as a possible new mineral in two enstatite
chondrites by Fuchs (1966). He determined the idealized
composition as K3(Na,Cu)(Fe,Ni)12S14. EMP analyses
of the mineral consistently showed about 1 wt% Cl, but
the Cl was assumed to represent contamination from
traces of lawrencite, although no lawrencite was actually
observed. Considering Cl to be part of the sulfide
structure, Bulanova et al (1982, quoted in Sobolev et al.
1999) proposed K6Fe26-xS26Cl as the ideal formula of
djerfisherite. The formula, based on the average djerfi-
sherite composition in U33/1 (Table 5), works out to be
K5.95Na0.02Fe18.72Ni2.36Co0.01Cu4.08S26Cl, close to the
composition of djerfisherite in Udachnaya eclogite

xenoliths reported by Spetsius et al (1985) and Sobolev
et al (1999). Currently available data indicate that sig-
nificant amounts of Ni and Cu are characteristic of
djerfisherite in eclogite xenoliths.

Chlorite

The chlorites may be described as clinochlores with
highly variable composition (MgO – 12 to 33 wt%;
FeO* – less than 1 to 27 wt%), but with a strong neg-
ative correlation between MgO and FeO* (Table 3;
Fig. 12). There is also a discernible correlation between
the chlorite composition and its association, the chlorite
associated with the Cpx 2A being characterized by
higher Mg/Fe ratios than the chlorite associated with
Gt; the chlorite associated with sulfides has the lowest
Mg/Fe ratios. The chloritic alteration has significantly
affected the composition of enclosed islands of Cpx 3
(see Fig. 7) and Cpx 2A (see Fig. 4b). The aegirine-au-
gite islands in chloritic alteration contain up to about
22 wt% Fe2O3 and 9 wt% Na2O.

Geothermometry

We have used the Gt-Cpx geothermometer to estimate
the equilibration temperature of the primary eclogite

Fig. 12a–c Compositional
variation of chlorites associated
with Gt, Cpx 2, and Sulfides in
U33/1 and UX/1
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assemblage at an assumed pressure that is reasonable for
the mantle underlying the Yakutia region. The contacts
between garnet and Cpx 1 in U33/1 and UX/1 are
invariably marked by a zone of secondary minerals.
However, considering the small compositional variation
in both the garnet and Cpx 1 (Tables 1 and 2), it is
reasonable to assume that they were in equilibrium at
the time of crystallization and to calculate the equili-
bration temperature from their average compositions.
The mineral chemistry of the eclogites does not permit a
direct estimation of the equilibration pressure. So, a
pressure of 6.5 GPa, corresponding to a depth of
180 km in the mantle and well within the stability field
of diamond, was assumed. This was the pressure esti-
mated by Taylor et al. (2000) for a Yakutian diamond-
iferous eclogite based on the geotherm for the Siberian
craton.

Calculated equilibration temperatures for the pri-
mary eclogite assemblage, using average garnet and
clinopyroxene compositions and a pressure of 6.5 GPa,
range from about 1,250–1,270 �C based on the calibra-
tions by Ellis and Green (1979) and Krogh (1988) to
more than 1,400 �C based on the empirical formulation
of Ai (1994) (Table 6). Using the calibration of Ellis and
Green (1979), Taylor et al (2000) had obtained a tem-
perature of 1,260 �C for a Yakutian diamondiferous
eclogite. The similar temperature for both U33/1 and
UX/1 indicates these two xenoliths were derived from
eclogite lenses at about the same depth, possibly from
the same region of the mantle.

Interpretation

Eclogite type

Coleman et al. (1965) classified eclogites into groups A,
B, and C on the basis of geologically similar occurrences,
but they also recognized consistent differences in min-
eralogy and mineral chemistry (garnets and clinopy-
roxenes) among the three groups, which they attributed
to different P-T conditions of crustal metamorphism of
basaltic rocks. Additional oxygen, strontium, and neo-
dymium isotopic data have shown that the three-fold
classification is a valid one (e.g., Shervais et al. 1988;
Taylor and Neal 1989; Snyder et al. 1997). However, the
origin of each of the eclogite groups — whether through
subduction and high-pressure melting of oceanic crust

(Helmstaedt and Doig 1975; Jagoutz et al. 1984; Mac-
Gregor and Manton 1986; Shervais et al. 1988; Neal
et al. 1990), or by crystallization of juvenile mantle melts
(MacGregor and Carter 1970; Smyth and Caporuscio
1984; Smyth et al. 1989), or both — may not be unique.
For example, in the Yakutia region of Russia, the dia-
mond-bearing eclogite xenoliths from the Mir kimberlite
pipe (predominantly Group B and Group C eclogites)
are interpreted to have been derived from a subducted
ophiolite complex (Beard et al. 1996), whereas those
from the Udachnaya kimberlite pipe (predominantly
Group B eclogites) lack crustal signatures and may be
mantle-derived (Sobolev et al. 1994; Snyder et al. 1997,
1998). In terms of bulk compositions of the garnets,
U33/1 and UX/1, along with most of the other Uda-
chnaya eclogite xenoliths (Sobolev et al. 1994), plot
within the field of Group B eclogites (Fig. 5). The
Udachnaya eclogites do not show any evidence for the
involvement of a crustal component and may, at least in
part, represent a mafic mantle-derived protolith (Snyder
et al. 1993, 1995; Taylor et al. 2000) rather than recycled
altered oceanic crust as proposed by Jacob et al. (1994,
1998).

Mantle metasomatic events

The common occurrence of K-bearing hydrous minerals
(e.g., amphibole, phlogopite), with textures strongly
indicative of alteration, in both peridotite and eclogite
mantle xenoliths from all cratonic areas in the world
provides strong evidence for widespread metasomatism
in the upper mantle (e.g., Reid et al. 1975; Gurney and
Harte 1980; Bailey 1984; Dawson 1984; Nixon and
Davies 1987; Nielson and Noeller 1987; Wilshire 1987).
Metasomatism in the mantle has been classified into two
main types (Dawson 1984): (a) ‘‘patent’’ metasomatism
(largely equivalent to ‘‘modal’’ metasomatism of Harte
1983, 1987), recognized by the presence of secondary
alkali-bearing hydrous minerals such as phlogopite and
amphibole; and (b) ‘‘cryptic’’ metasomatism, recognized
by enrichment in incompatible trace elements, especially
of clinopyroxene in LREE relative to HREE.

The textures, despite pervasive alteration, clearly
indicate that the original assemblage in U33/1 and UX/1
consisted essentially of garnet (pyropic) and clinopy-
roxene (omphacite), with a small amount of Fe-Ni-Cu-
Co monosulfide solid solution (mss). The various

Table 6 Garnet – Clinopyroxene (Cpx 1) geothermometry (P=6.5 GPa)

Eclogite xenolith Garnet (wt%) Cpx 1 (wt%) Kd
Gt-Cpx 1 Ellis and Green

(1979) (�C)
Krogh
(1988) (�C)

Ai
(1994) (�C)

FeO* MgO MnO CaO FeO* MgO

U33/1a 16.5 13.7 0.36 6.14 4.74 9.05 2.304 1,273 1,275 1,447
UX/1b 17.1 13.2 0.35 6.18 4.84 9.02 2.410 1,250 1,248 1,415

aNo. of analyses: Gt=52, Cpx 1=19;
bNo. of analyses: Gt=12, Cpx 1=31; FeO*=total Fe as FeO
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components of metasomatic alteration are: (a) platy
phlogopite associated with garnet; (b) spongy-textured,
fine- to medium-grained clinopyroxene (Cpx 2A1 and
Cpx 2A2)+K-feldspar±glass; (c) relatively coarse-
grained secondary clinopyroxene (Cpx 2B); (d) kely-
phitic alteration of garnet, characterized by intergrown
low-Na clinopyroxene (Cpx 3)+zoned spinel; (e) parg-
asitic amphibole (f) alteration rims of djerfisherite
around polyphase sulfide grains; (g) other secondary
minerals such as sodalite, calcite, glass, K-feldspar, and
Ba-Sr sulfate; and (h) chloritic alteration that overprints
all earlier assemblages. It is our interpretation that the
alteration assemblages observed in U33/1 and UX/1
(excluding that resulting from chloritic alteration) are a
composite of two distinct metasomatic events (I and II)
imposed on the primary eclogite assemblage, and that
each event was the result of fluid infiltration along
cracks and grain boundaries, accompanied by local-scale
diffusion of metasomes across grain boundaries.

Metasomatic Event I: Formation of Phlogopite

The small amount of phlogopite in UX/1 is considered to
be metasomatic, resulting from infiltration of K- and
H2O-bearing fluids. Garnet and clinopyroxene contain no
more than about 1,000 ppmofwater atmost (Wilkins and
Sabina 1973; Skogby et al. 1990). The present K2O con-
tents of garnet or Cpx 1 is in the order of 0.1 wt% or less,
and the lack of phlogopite exsolution lamellae in either
suggests that theK2O content was not significantly higher
when the eclogites formed in the upper mantle. Thus, an
external source of K and H2O would be necessary for the
formation of phlogopite. At high pressures (>about
3 GPa), where carbonate is stable to provide a repository
for CO2 but amphibole is not to provide a repository for
H2O, the fluid in the mantle should be H2O-rich (Watson
et al. 1990). The apparent textural equilibrium of the
phlogopite with the primary garnet and its mild defor-
mation indicate that this metasomatic event probably
occurred in situ (i.e., prior to the incorporation of the
xenoliths in the kimberlite) within the stability field of
phlogopite in mantle rocks, which may extend to pres-
sures in excess of 6 GPa (Kushiro and Aoki 1968).

Metasomatic Event II: Formation of Secondary
Pyroxenes, Amphibole, Spinel, Sodalite

The bulk of the secondary mineral assemblage observed
in U33/1 and UX/1 is believed to have formed in several
stages after the incorporation of the xenoliths into the
kimberlite, in course of its upward transport toward the
surface. The main reason for this interpretation is that
the pressure estimated for the source region of the
eclogite xenoliths (in the range of 6.5 GPa) is well above
the stability fields of two main components of the
secondary mineral assemblage, amphibole and spinel.
The interpretation is also compatible with a lack of

deformation in the secondary minerals and a lack of
apparent metamorphic equilibration textures between
the primary and secondary minerals.

The alteration assemblage formed by the second
metasomatic event is interpreted to have resulted from
four sets of complementary reactions involving garnet,
Cpx 1, and a K-rich fluid containing H2O, CO2, and Cl.
These reactions may be represented as:

Gtþ Cpx 1þ fluid ¼ Amph þ Cpx 2Bþ Sodþ Cal

ð1Þ

Cpx 1þ fluid ¼ Cpx 2AþK� fel ð2Þ

Gtþ ¼ 3þ ð3Þ

Fe�Ni� Cosulfideþ ¼ ð4Þ

The fluid also probably contained minor amounts of
Ti to account for the enrichment of Ti in the amphibole
relative to all other associated phases, and of Ba, Sr, and
SO2 to account for the small amount of Ba-Sr sulfate in
the metasomatic assemblage. This metasomatic event
occurred in the spinel lherzolite zone of the upper mantle
(1–2 GPa) where both spinel and amphibole are stable
phases. The fluid may have been the vapor phase asso-
ciated with the kimberlite melt. Many authors have as-
cribed mantle metasomatism to volatile-rich fluids of
mafic melts (Griffin et al. 1984; Menzies et al. 1985;
Nielson and Noller 1987).

Amphibole, where present, occurs exclusively in the
original contact zones between garnet and Cpx 1 and is
always associated with Cpx 2B, toward the Cpx 1 side of
the contact. The bulk of the sodalite occurs adjacent to
Cpx 2B and amphibole, and is commonly accompanied
by granular calcite (first generation) (Fig. 3e). The tex-
ture, in combination with the significant amount of K in
amphibole (up to about 0.8 wt% K2O), suggests that
garnet and Cpx 1 reacted in the presence of a K–CO2–
H2O fluid to produce amphibole, Cpx 2B, sodalite, and
calcite. The additional Na and Al needed to satisfy the
stoichiometry of this reaction was provided by the con-
version of Cpx 1 to Na- and Al-depleted Cpx 2 in the
interior portions of the original clinopyroxene crystals
and by the alteration of garnet into Cpx 3 and spinel.

The development of the Na- and Al-depleted, spongy-
textured clinopyroxene (Cpx 2A1 and 2A2) with intersti-
tial K-feldspar probably was the combined effect of de-
creased pressure with the upward movement of the host
kimberlite and partial melting of the omphacite due to
fluid influx. Na and Al depletion in ‘‘cloudy porous’’
clinopyroxene rims around clear primary clinopyroxene
cores in garnet lherzolite xenoliths from South African
kimberlites was attributed by Carswell (1975) to a pres-
sure decrease during kimberlite emplacement. In the
eclogite xenoliths we have investigated, partial melting of
the omphacite due to fluid influx, as advocated in other
studies of xenoliths (Donaldson 1978; Taylor and Neal
1989; Taylor et al. 2000; Spetsius and Taylor 2002),
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probably played a more important role in the conversion
of jadeite-rich Cpx to relatively jadeite-poor, optically
continuous spongy-textured clinopyroxene. The effect of
various fluids on the melting behavior of omphacite has
not been experimentally investigated, but it is expected to
be similar to that of diopside (Eggler 1973; Rosenhauer
and Eggler 1975), a significant depression of the solidus
temperature in the presence of H2O-rich fluid. Experi-
mental studies by Ryabchikov et al. (1982) have also
shown that hydrous fluids coexisting with omphacitic
clinopyroxenes leach sodium silicate component from the
solid leaving less jadeitic pyroxenes behind, the amount of
Na leached at constant temperature increasing with
decreasing pressure. Without an apparent source of K in
the eclogites, the invading fluid must have had a high
activity of K to form the interstitial K-feldspar, utilizing
the Al released from the Cpx 1 alteration. The grain size
difference between Cpx 2A1 and Cpx 2A2 was probably a
consequence of local thermal gradients set up within the
relatively large Cpx 1 crystals during fluid circulation.

The formation of djerfisherite rims around sulfide
grains is attributed to the interaction of the K- and Cl-
bearing fluid with Fe-Ni-Co sulfides, the sulfides serving
as a source of Fe, Co, and Ni. A metasomatic origin of
djerfisherite was also proposed by Bulanova et al. (1982)
and Spetsius et al. (1985). The thin tentacles of sul-
fide±djerfisherite extending from interstitial sulfide
grains into the adjacent silicates (Fig. 4a) appear to be
related to this metasomatism. The small amount of glass
in the xenoliths formed at this stage was probably due to
extremely localized partial melting induced by the hot
K-rich fluid, as noted by Taylor et al. (2000) in the case
of U51 eclogite xenolith. Evidence of more widespread
partial melting — veinlets and stringers of glass con-
taining small crystals of spinel, microlites of plagioclase,
and augite- and analcime-filled vesicles — documented
in eclogite xenoliths from the Roberts Victor mine (Reid
and Dawson 1972) were not observed in U33/1 or UX/1.

Kelyphitic alteration (Cpx 3+Sp) is confined to gar-
net and has no consistent spatial relationship to any of
the other metasomatic minerals. The Na content of Cpx 3
(up to about 2 wt% Na2O), however, precludes the for-
mation of kelyphite by an isochemical breakdown of
garnet. The kelyphite, therefore, is interpreted as a
metasomatic product of reaction between garnet and the
fluid, the Na being supplied by the alteration of Cpx 1 to
Cpx 2. The fluid penetrated the garnet crystals along
fractures that are now represented by kelyphite veins,
some of which at the margins contain small amounts of
K-feldspar, sodalite, and calcite (Fig. 3d). The small
amount of glass in kelyphite, as in the case of Cpx 2, may
be attributed to local partial melting of the garnet, or it
may represent the residual product of kelyphitic reaction.

Chloritic alteration

Not much information is available in the literature on
chloritic alteration in eclogite xenoliths. Smith (1979)

reported chlorite as one of the hydrous minerals in the
peridotite inclusions from the Green Knobs and Buell
Park diatremes (Colorado Plateau). He interpreted the
hydrous mineral suite, which shows apparent equilib-
rium metamorphic textures, as ‘‘primary’’ in the sense
that it was formed in peridotite at depth before the
peridotite was disaggregated and incorporated in the
erupting diatreme. In contrast, chloritic alteration in
U33/1 and UX/1 clearly replaces garnet and secondary
clinopyroxenes, and, as discussed earlier, the chlorite
composition has been controlled by the mineral it re-
places (Fig. 12). Thus, chloritic alteration appears to be
the last pervasive alteration event experienced by these
xenoliths. Considering that chlorite is a common prod-
uct of hydrothermal alteration in low- and medium-
grade metamorphic rocks, we speculate that the chloritic
alteration occurred in the upper crustal environment.

Relationship between alteration and diamond formation

An important feature of U33/1 and UX/1, as was re-
ported earlier for the Udachnaya eclogite xenolith U51
(Taylor et al. 2000), is that the diamond crystals are
always surrounded by secondary clinopyroxene or
chlorite (Fig. 4b), and are never in contact with garnet
or its kelyphitic alteration assemblage. This spatial
relationship raises the possibility that the diamond for-
mation was genetically related to at least some part of
the metasomatic alteration.

We have no direct data for the age of the two eclogite
xenoliths we have studied or of their diamonds, and age
data available in published literature are limited. The
age of the xenoliths, however, should be comparable to
the ages reported for other diamond-bearing eclogites
from the Udachnaya kimberlite pipe. These include a
whole rock Pb-Pb age of 2.76 Ga (Jacob et al. 1994), a
whole-rock Re-Os age of 2.9±0.4 Ga (Pearson et al.
1995), and a sulfide Re-Os age of 2.6±0.6 Ga (Taylor
et al. 2000). Burgess et al. (1992) determined a 40Ar-39Ar
age of 1149±37 Ma for a clinopyroxene inclusion in
Udachnaya diamond. This age is significantly younger
than the ages determined for the eclogites, but still
considerably older than the 360–390 Ma age of Uda-
chnaya kimberlite (Davis 1978; Jagoutz 1986; Snyder
et al. 1993; Kinny et al. 1997). Thus, it is reasonable to
conclude that the diamonds in U33/1 and UX/1 formed
long before the xenoliths were entrained in the kimber-
lite. This conclusion is consistent with the non-fibrous
nature of the diamonds in U33/1 and UX/1, as the high
degree of nitrogen aggregation characteristically associ-
ated with such diamonds is indicative of their long res-
idence time in the mantle (Taylor et al. 1996).

As discussed earlier, the Event II alteration assem-
blage includes amphibole and spinel, which must have
formed at a significantly lower pressure (shallower
depth) compared to the source region of the eclogite
xenoliths (estimated pressure in the range of 6.5 GPa).
That this metasomatic alteration of the primary eclogite
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assemblage occurred after diamond formation is also
supported by the presence of spongy-textured alteration
of Cpx inclusions in diamonds from other eclogite
xenoliths in the Udachnaya pipe (Taylor et al. 2000).
They found the spongy-textured alteration to be Na-
depleted secondary Cpx, similar in composition to the
spongy-textured secondary Cpx in the host eclogites,
and attributed the alteration to fluid penetration along
numerous cracks in the diamonds.

The formation of eclogitic diamonds from C-rich
metasomatic fluids has been advocated by many authors
(e.g., Spetsius 1999; Navon 1999; Taylor et al. 2000,
2001; Spetsius and Taylor 2002). However, the observed
metasomatic alterations in U33/1 and UX/1 appear to
have taken place much later than the emplacement of
diamonds in the eclogite xenoliths. The concentration of
secondary pyroxenes and chlorite around the diamond
crystals in U33/1 and UX/1 appears to be an artifact of
impediment to the flow of metasomatizing fluids because
of already existing diamond crystals.

Summary and conclusions

The primary mineralogy of the two diamondiferous
xenoliths, U33/1 and UX/1, from the Udachnaya
kimberlite pipe was essentially a two-phase assemblage
of pyrope-almandine garnet and omphacitic clinopy-
roxene (Cpx 1, 6.5–7 wt% Na2O), with small amounts
(<3%) of interstitial and included Fe-Ni-Cu-Co
sulfides.

Metasomatic alteration products in the two xenoliths
consist of the following: (a) platy phlogopite (�10 wt%
K2O) associated with garnet; (b) spongy-textured, fine-
to medium-grained, Na-depleted clinopyroxene (Cpx
2A, 1–3 wt% Na2O)+K-feldspar±K-Ca-Fe-Mg glass
(<1%); (c), relatively coarser grained, Na-depleted
clinopyroxene (Cpx 2B, 2–5 wt% Na2O), (d) kelyphite
characterized by low-Na clinopyroxene (Cpx 3, mostly
<1 wt% Na2O) intergrown with zoned, Mg-Fe-Al spi-
nel (pleonaste) characterized by Fe-enriched rims; (e)
relatively K-enriched, pargasitic amphibole (�0.8 wt%
K2O; 3–3.5 wt% Na2O); (f) alteration rims of djerfi-
sherite (K5.95Na0.02Fe18.72Ni2.36Co0.01Cu4.08S26Cl)
around pyrrhotite-pentlandite sulfide grains; and (g)
other secondary minerals such as sodalite, calcite,
K-feldspar, and Ba-Sr sulfate. This alteration assem-
blage is overprinted by a pervasive chloritic alteration,
represented by clinochlore + magnetite±apatite.

The observed alterations in U33/1 and UX/1
(excluding that pertaining to chloritic alteration) appear
to be the result of two distinct metasomatic events
caused by fluid infiltration in the upper mantle. The first
event (Event I) was responsible for the formation of
phlogopite and occurred before the xenoliths were
incorporated in the kimberlite. The rest of the alteration
assemblage, except that due to chloritic alteration, is
interpreted to have formed during the second event
(Event II) through a series of complementary reactions

involving garnet, Cpx 1, and a K-rich fluid containing
H2O, CO2, Cl, Ti, Ba, Sr, and SO4. This event occurred
after the xenoliths were incorporated in the kimberlite
and transported to a level where spinel and amphibole
would be stable. The chloritic alteration probably was
an upper crustal phenomenon.

The diamond crystals in U33/1 and UX/1 are always
surrounded by secondary clinopyroxene (Cpx 2) and
chlorite, but the diamonds formed before the entrain-
ment of the xenoliths in kimberlite, whereas the ob-
served metasomatic alterations occurred at lower
pressures after entrainment.

Acknowledgements Financial support for this study was provided
by NSF grant EAR 99–09430 (L.A.T.). We are thankful to Allan
Patchen at the University of Tennessee, Knoxville for assistance
with the electron microprobe analyses, and to William D. Carlson,
Richard Ketchum, and Cambria Denison at the University of
Texas, Austin for their assistance with the HRXCT data. We also
thank Timothy Grove and Mark Schmitz for constructive reviews
that resulted in significant improvement of the manuscript.

References

Ai Y (1994) Garnet-pyroxene geothermometry. Contrib Mineral
Petrol 115:467–473

Anand M, Taylor LA, Misra KC, Carlson WD, Sobolev NV (2003)
Diamondiferous eclogite dissections: anomalous diamond gen-
esis? Extended Abstracts #FLA 0084, CD-ROM, 8th Interna-
tional Kimberlite Conf, Victoria, Canada

Bailey DK (1984) Kimberlite: ‘‘The Mantle Sample’’ formed by
ultrametamorphism. In: Kornprobst J (ed) Kimberlite I: Kim-
berlites and related rocks. Elsevier, Amsterdam, pp 323–332

Beard BL, Frarcci KN, Taylor LA, Snyder GA, Clayton RN,
Mayeda TK, Sobolev NV (1996) Petrography and geochemistry
of eclogites from the Mir kimberlite, Russia. Contrib Mineral
Petrol 125:293–310

Bobrievich AP, Smirnov GL, Sobolev VS (1959) An eclogite
xenolith with diamonds. Dokl Akad Nauk SSSR 126:637–640
(in Russian)

Bonney TG (1899) The parent rock of the diamond in South
Africa. Geol Mag 6:309–321

Bulanova GP, Shestakova OE, Leskova NV (1982) Sulfide inclu-
sions in diamonds. Zapiski Vesesoyuznogo Mineralogicheskogo
Obshchestva 111:557–562 (in Russian)

Burgess R, Turner G, Harris JW (1992) 40Ar-39Ar laser probe
studies of clinopyroxene inclusions in eclogitic diamonds.
Geochim Cosmochim Ac 56:389–402

Carswell DA (1975) Primary and secondary phlogopites and clin-
opyroxenes in garnet lherzolite xenoliths. Phys Chem Earth
9:417–429

Coleman RG, Lee DE, Beatty LB, Brannock WW (1965) Eclogites
and eclogites: their differences and similarities. Bull Geol Soc
Am 76:483–508

Davis GL (1978) Zircons from the mantle. Carnegie Inst Wash-
ington Year Book 77:895–897

Dawson JB (1984) Contrasting types of upper mantle metasoma-
tism in the lithospheric mantle. In: Kornprobst J (ed) Kim-
berlite II: The mantle and crust-mantle relationships. Elsevier,
Amsterdam, pp 289–294

Dawson JB, Smith JV (1975) Chemistry and origin of phlogopite
megacrysts in kimberlite. Nature 253:336–338

Donaldson CH (1978) Petrology of the upper-most mantle deduced
from spinel lherzolite nodules at Caton Hill, Derbyshire. Con-
trib Mineral Petrol 65:363–377

Eggler DH (1973) Role of CO2 in melting processes in the mantle.
Carnegie Inst Washington Year Book 72:457–467

712



Ellis DJ, Green DH (1979) An experimental study of the effect of
Ca upon garnet-clinopyroxene Fe-Mg exchange equilibria.
Contrib Mineral Petrol 71:12–22

Erlank AJ, Waters FG, Hawkesworth CJ, Haggery SE, Allsop HL,
Rickard RS, Menzies MA (1987) Evidence for mantle metaso-
matism in peridotite nodules from the Kimberly pipes, South
Africa. In: Menzies MA, Hawkesworth CJ (eds) Mantle meta-
somatism. Academic Press, London, pp 221–309

Field SW, Haggerty SE, Erlank AJ (1986) Subcontinental meta-
somatism in the region of Jagersfontein, South Africa. Geol Soc
Australia Spec Pub 14:771–783

Fuchs LH (1966) Djerfisherite, alkali copper-iron sulfide: a new
mineral from enstatite chondrites. Science 153:166–167

Garvie OG, Robinson DN (1984) The formation of kelyphite and
associated sub-kelyphytic and sculptured surfaces on pyrope
from kimberlite. In: Kornprobst J (ed) Kimberlite I: Kimber-
lites and related rocks. Elsevier, Amsterdam, pp 371–382

Griffin WL, Wass SY, Hollis JD (1984) Ultramafic xenoliths from
Bullenmerri and Gnotuk maars, Victoria, Australia; petrology
of a subcontinental crust-mantle transition. J Petrol 25:53–87

Gurney JJ, Harte B (1980) Chemical variations in upper mantle
nodules from Southern African kimberlites. Phil Trans Royal
Soc Lond Ser A 297:273–293

Haggerty SE (1975) The chemistry and genesis of opaque minerals
in kimberlites. Phys Chem Earth 9:295–307

Harte B (1983) Mantle peridotites and processes: the kimberlite
sample. In: Hawkesworth CJ, Norry MJ (eds) Continental
basalts and mantle xenoliths. Shiva Publishing, Nantwich, UK,
pp 46–91

Harte B (1987) Metasomatic events recorded in mantle xenoliths:
an overview. In: Nixon PH (ed) Mantle xenoliths. Wiley, New
York, pp 625–640

Hatton CJ, Gurney JJ (1987) Roberts Victor eclogites and their
relation to their mantle. In: Nixon PH (ed) Mantle xenoliths.
Wiley, New York, pp 453–463

Helmstaedet H, Doig R (1975) Eclogite nodules from kimberlite
pipes of the Colorado Plateau — samples of Franciscan-type
oceanic lithosphere. Phys Chem Earth 9:95–111

Hunter RH, Taylor LA (1982) Instability of garnet from the
mantle: glass as evidence of metasomatic melting. Geology
10:617–620

Ireland TR, Rudnick RL, Spetsius Z (1994) Trace elements in
diamond inclusions from eclogites reveal link to Archean oce-
anic crust. Earth Planet Sci Lett 128:199–213

Irving AJ, Frey FA (1976) Effect of composition of the partitioning
of rare Earth elements, Hf, Sc and Co between garnet and
liquid. EOS 57, 1976

Jacob D, Jagoutz E, Lowry D, Mattey D, Kudrjavtseva G (1994)
Diamondiferous eclogites from Siberia: remnants of Archean
oceanic crust. Geochim Cosmochim Ac 58:5191–5207

Jacob D, Jagoutz E, Lowry D, Zinngrebe E (1998) Comment on
‘‘The origins of Yakutian eclogite xenoliths’’ by GA Snyder,
LA Taylor, G Crozaz, AN Halliday, BL Beard, VN Sobolev,
NV Sobolev. J Petrol 39:1527–1533

Jagoutz E (1986) Sm-Nd systematics in eclogite from Siberia. 4th
International Kimberlite Conference, Extended Abstracts.
Geol. Soc. Australia, Perth, Australia, pp 265–266

Jagoutz E, Dawson JB, Hoernes S, Spettel B, Wanke H (1984)
Anorthosite oceanic crust in the Archean Earth. Lunar Plane-
tary Science XV:395–396

Jerde EA, Taylor LA, Crozaz G, Sobolev NV, Sobolev VN (1993)
Diamondiferous eclogites from Yakutia, Siberia: Evidence for a
diversity of protoliths. Contrib Mineral Petrol 114:189–202

Kinny PD, Griffin BJ, Heaman LM, Brakhfogel FF, Spetsius ZV
(1997) SHRIMP U-Pb ages of perovskite from Yakutian kim-
berlites. Russian Geol Geophysics 38:97–105

Krogh EJ (1988) The garnet-clinopyroxene Fe-Mg geothermome-
ter — a reinterpretation of existing experimental data. Contrib
Mineral Petrol 99:44–48

Kushiro I, Aoki K (1968) Origin of some eclogite inclusions in
kimberlite. Am Mineral 53:1347–1367

Kutolin VA, Frolova VM (1970) Petrology of ultrabasic inclusions
from basalts of Minusa and Trans Baikalian regions (Siberia,
U.S.S.R.). Contrib Mineral Petrol 29:163–179

MacGregor ID, Carter JL (1970) The chemistry of clinopyroxenes
and garnets of eclogite and peridotite xenoliths from the Rob-
erts Victor mine, South Africa. Phys Earth Planet Int 3:391–397

MacGregor ID, Manton WI (1986) The Roberts Victor eclogites;
ancient oceanic crust? J Geophys Res 91:14063–14079

McCandless TE, Gurney JJ (1986) Sodium in garnet and potassium
in clinopyroxene: Criteria for classifying mantle eclogites. Geol
Soc Australia Spec Pub 14:827–832

McCormick TC, Smyth JR, Caporuscio FA (1994) Chemical sys-
tematics of secondary phases in mantle eclogites. In: Meyer
HOA, Leonardos OH (eds) Kimberlites, related rocks, and
mantle xenoliths. Companhia de Pesquisa de Recursos Miner-
als, Rio de Janeiro, Brazil, Spec Pub, pp 405–419

Menzies MA, Kempton PD, Dungan MA (1985) Interaction of
continental lithosphere and asthenospheric melts below the
Geronimo volcanic field, Arizona, U.S.A. J Petrol 26:663–693

Messiga B, Bettini E (1990) Reactions behavior during kelyphite
and symplectite formation: A case study of mafic granulites and
eclogites from the Bohemian Massif. Eur J Mineral 2:125–144

Misra KC, Fleet ME (1973) The chemical compositions of natural
and synthetic pentlandite assemblages: Econ Geol 68:518–539

Misra KC, Anand M, Taylor LA, Sobolev NV (2001) Paragenesis
of diamonds in eclogite xenoliths from kimberlite pipes,
Yakutia: a view from the host eclogite. EOS Trans 82, Am
Geophys Union Fall Mtg. Supplement, Abstract V12C-1002

Navon O (1999) Diamond formation in the Earth�s mantle. In:
Gurney JJ, Gurney JL, Pascoe MD, Richardson SH (eds) 7th
International Kimberlite Conference 2. Red Roof Design, Cape
Town

Neal CR, Taylor LA, Davidson JP, Holden P, Halliday A, Nixon
PH, Paces JB, Mayeda TK (1990) Eclogites with oceanic crustal
and mantle signatures from the Bellsbank kimberlite, South
Africa, part II: Sr, Nd, and O isotope geochemistry. Earth
Planet Sci Lett 99:362–379

Nielson JE, Noller JS (1987) Processes of mantle metasomatism;
constraints from observations of composite peridotite xenoliths.
Geol Soc Am Spec Paper 215, pp 61–76

Nixon PH, Davies GR (1987) Mantle xenolith perspectives. In:
Nixon PH (ed) Mantle xenoliths. Wiley, New York, pp 742–756

Obata M (1994) Material transfer and local equilibria in a zoned
kelyphite from a garnet pyroxenite, Ronda, Spain. J Petrol
35:271–287

O�Reilly SY, Griffin WL (1988) Mantle metasomatism beneath
western Victoria Australia: I. Metasomatic processes in Cr
diopside lherzolites. Geochim Cosmochim Ac 52:433–448

Pasteris JD (1983) Spinel zonation in the De Beers kimberlite,
South Africa: Possible role of phlogopite. Can Mineral 21:41–
58

Pearson DG, Snyder GA, Shirey SB, Taylor LA, Carlson RW,
Sobolev NV (1995) Archean Re-Os age for Siberian eclogites
and constraints on Archean tectonics. Nature 374:711–713

Reid AM, Dawson JB (1972) Olivine-garnet reaction in peridotites
from Tanzania. Lithos 5:115–124

Reid AM, Donaldson CH, Brown RW, Ridley WI, Dawson JB
(1975) Mineral chemistry of peridotite xenoliths from the
Lashaine volcano, Tanzania. Phys Chem Earth 9:525–543

Reid AM, Brown RW, Dawson JB, Whitfield GG, Siebert JC
(1976) Garnet and clinopyroxene compositions in some dia-
mondiferous eclogites. Contrib Mineral Petrol 58:203–220

Rosenhauer M, Eggler DH (1975) Solution of H2O and CO2 in
diopside melt. Carnegie Inst Washington Year Book 74:474–
479

Ryabchikov ID, Schreyer W, Abraham K (1982) Compositions of
aqueous fluids in equilibrium with pyroxenes and olivines at
mantle pressures and temperatures. Contrib Mineral Petrol
79:80–84
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