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Abstract

Worldwide, most eclogite xenoliths from kimberlites display evidence of partial melting, brought
about by the introduction of K-Na–rich fluids. This is particularly well developed in eclogites from
Udachnaya, Mir, and other Yakutian kimberlites in Russia. The crystallization products of these
incomplete reactions, typically represented as a “spongy” texture around primary omphacite,
include secondary clinopyroxene (with lesser Na2O), spinel, feldspar, and glass. In intragranular
partial-melt veins, orthopyroxene, plagioclase, amphibole, and phlogopite also can be present. With
partial melting of kyanite eclogites, corundum and mullite are formed. In all cases, primary garnet
shows evidence for partial melting, with the formation of orthopyroxene, spinel, olivine, and glass,
with typical development of kelyphitic rims. 

The chemistry of the systems involved indicates that melting was definitely not isochemical, but
involved the introduction of metasomatic fluids rich in alkalis, mainly K, and probably volatiles.
There are indications from the secondary assemblages that different reactions occurred as a function
of the chemistry of the primary minerals and that of the metasomatic fluids. The source of the fluids
that induced most of the partial melting of the eclogites was from the kimberlitic melt. The alteration
of the primary eclogitic minerals by these fluids may have begun upon entrapment of the xenoliths
by the kimberlite, but continued even during upward movement of the kimberlite to depths of less
than ~30 km. Evidence for the various reactions observed is evaluated in detail, and scenarios are
depicted that might account for the observed reaction products. In addition, spatial correlations exist
between the presence of some diamonds and the partial-melt products, as well as zones of alteration.
We postulate that the partial melting process was connected with the resorption of some diamonds
and the formation of last-stage fibrous diamond coatings and possibly some microdiamonds.

Introduction

THE INFLUENCES OF kimberlite on xenolithic rocks
and minerals of the crust and upper mantle have
been addressed in numerous studies. The major
alterations are dominated by low-temperature meta-
morphic processes, such as carbonatization, serpen-
tinization, zeolitization, etc. (e.g., Berg, 1968).
However, the effects of high-temperature modifica-
tion of primary mantle rocks are widespread among
mafic and ultramafic xenoliths in pipes of Yakutia
and South Africa (e.g., Dawson, 1980; Spetsius and
Serenko, 1990; Fadili and Demaiffe, 1999). Studies
of such high-temperature processes have not been
common, although some notable investigations have

been performed (e.g., Lappin, 1978; Menzies, 1990;
Dawson, 1999).

Many of these secondary alterations have been
initiated by infiltrating metasomatic fluids that have
caused various degrees of partial melting of the pri-
mary mineralogy. Williams (1932) first noted evi-
dence for such melting of mantle minerals in
xenoliths from the mines at Jagersfontein and Rob-
erts Victor. In a classic study, high-temperature
alterations were described in kyanite eclogites from
the Roberts Victor pipe (Switzer and Melson, 1969)
and attributed to partial melting under the influence
of rapidly rising kimberlite magma. Eclogites with
evidence for extensive development of melting in
the Mir and Udachnaya pipes of Yakutia have been
more recently characterized (Ponomarenko, 1977;
Sobolev, 1977; Spetsius, 1980; Spetsius and Pono-
marenko, 1979), as well as altered xenoliths from1Corresponding author; email: lataylor@utk.edu
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the pipes of South Africa (Chinner and Cornell,
1974; McCormick et al., 1994). Similar evidence for
melting also has been observed in other kimber-
lites—i.e., incongruent, metasomatically induced
melting of megacrysts of garnet in the kimberlite of
Fayette County, Pennsylvania (Hunter and Taylor,
1982). More recently, the effects of metasomatism in
Udachnaya eclogites have been studied as recorded
in the chemistry of the secondary alteration prod-
ucts, as well as the source of the altering fluids
(Sobolev et al., 1999).

The overall effects of metasomatism on mantle
xenoliths and their trace-element fingerprints on the
chemistry and mineralogy of eclogites were
described by Ireland et al. (1994) and Snyder et al.
(1997a). In addition, distinctive evidence has been
presented concerning the possible relationship of
diamond growth and overgrowths versus stages of
mantle metasomatism (Spetsius, 1999; Taylor et al.,
1996, 1998). In order to better understand the man-
tle environments associated with such metasoma-
tism, particularly involving partial melting, it is
essential to fully characterize the phases involved.
To this end, we have undertaken an extensive exam-
ination of the eclogite xenoliths from diamondifer-
ous kimberlite pipes of Yakutia.

Methodology

Polished thin sections of numerous eclogite
xenoliths, mostly diamondiferous, were examined
with standard petrographic microscopy. Detailed
photography provided the basis for the electron
microprobe analyses and backscattered electron
(BSE) imaging using a Cameca SX-50 microprobe,
equipped with an Oxford Instrument energy-disper-
sive spectrometer (EDS) and cathodoluminescence
detector. Electron microprobe (EMP) analyses were
obtained using a potential energy of 15 kV, 10-20
nA beam current, and 20 second counting times.
FeatureScan software on the EDS was used to obtain
detailed modal mineralogy of portions of the thin
sections. 

Evidence for Partial Melting

Detailed petrographic investigations of xenoliths
from pipes in the Daldyn-Alakit and Malo-Botuobia
regions of Yakutia demonstrate that partial melting
has occurred in the majority of the xenoliths, espe-
cially in eclogites, but also garnet websterites and
pyroxenites. Such evidence is pronounced in both

eclogites and kyanite eclogites, including diamon-
diferous varieties. Partially devitrified glass and
other products of melting are clearly observed
between garnet and clinopyroxene grains, some-
times in the form of veinlets that transect these min-
erals (Fig. 1A). The degree of partial melting varies
between xenoliths, as well as the modal abundances
of the melt products, as shown in Table 1.

Partial melting of clinopyroxene

The alteration of omphacitic clinopyroxene in
most eclogite xenoliths from Yakutia was described
as an alteration of omphacite by a “serpentine-like”
substance (Williams, 1932; Bobrievich et al., 1959).
The degree of alteration varied to almost complete
replacement. Our studies have shown, however, that
this secondary assemblage does not contain serpen-
tine, but instead consists of fine-grained secondary
clinopyroxene, spinel, and glass and/or plagioclase
feldspar. Glass is almost always noted, and its pres-
ence is readily identified from its optical properties,
as well as from its chemistry (McCormick et al.,
1994). This alteration of primary omphacite is actu-
ally the evidence for its partial melting, with the
glass resulting from the former presence of melt.
Upon closer examination, intergrowths of secondary
pyroxene with glass and/or feldspar are readily
apparent (Misra et al., 2001).

Commonly, the partial-melt alteration products
rim the primary omphacite. This has been termed
“spongy texture” (Taylor and Neal, 1989). The pri-
mary clinopyroxene in this case typically is optically
continuous with the isolated grains of secondary cli-
nopyroxene in the reaction rims, as shown in Figure
1B. This secondary clinopyroxene is commonly
intergrown with interstitial spinel, plagioclase, and
feldspar-composition glass. This type of secondary
alteration of primary omphacite is extensively
developed in all mantle eclogites. The secondary
clinopyroxene is similar in composition to the pri-
mary omphacite, but it always contains less jadeite
component (Table 2). The partial melting of the pri-
mary omphacite can be represented by the following
reaction:

Cpx1 + K-fluid ® Cpx2 + Sp + K-glass ± Plag. (1) 

Partial melting of garnet 

Garnet in kimberlites, present as megacrysts or
in xenoliths, invariably shows the presence of a
kelyphitic rim, developed to various degrees, gener-
ally thought to be a function of its interaction with
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kimberlitic fluids. In many of these cases, the garnet
has undergone a process of partial melting, similar to
the omphacite described above. As detailed by
Hunter and Taylor (1982), this reaction can be con-
sidered as a form of incongruent melting of the garnet
composition, promoted by the metasomatic introduc-
tion of alkalis and volatiles from the kimberlite.
These garnet-melt products consist of spinel, ortho-
pyroxene, and sometimes amphibole. Interstitial
pockets of glass are ubiquitously present between
the secondary pyroxene, spinel, and the host garnet.

A correlation between the degree of development
of kelyphite rims around garnet and the abundance
of the intergranular melt is also apparent. In thin

section, there is typically a distinct thickening of
kelyphite rims on grains in contact with the products
of melting and widespread development of kelyphi-
tization with evidence for increased partial melting
(Fig. 1C). It should be emphasized that the forma-
tion of kelyphite rims on garnet is evidence for
late-stage metasomatism. The following reaction
depicts the partial melting of garnet: 

Gt + K-fluid ® Cpx3 + Sp + K-glass ± 

Opx ± Phlog ± Amph. (2)

The degree of alteration of garnet (and clinopyrox-
ene) in mantle eclogites is governed by various fac-

FIG. 1. Photomicrographs of partial-melt products in eclogite xenoliths from the Udachnaya kimberlite pipe; crossed
polarized light. Abbreviations for this and subsequent photomicrographs: Gt = garnet; Cpx or Cpx1 = primary omphacite;
Cpx2 = secondary clinopyroxene in spongy texture; Cpx3 = secondary clinopyroxene in partial-melt veinlets; Sp = spinel;
Plag = plagioclase; Phl = phlogopite; Q = quartz; D = diamond. A. Fine-grained partial-melt products with pronounced
ophitic textures between grains of garnet and clinopyroxene. Note the intersecting veinlet of partial-melt products in the
clinopyroxene. Relicts of primary omphacite and garnet are present. B. Spongy texture of secondary pyroxene (Cpx2) with
plagioclase and glass. Garnet with a kelyphitic rim is also present. C. Intergranular partial-melt products and a kely-
phitic rim around garnet. A thickening of the kelyphitic rim occurs in contact with the partial-melt products. D. Par-
tial-melt products between garnet and clinopyroxene. The greater alteration of garnet is obvious. 
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tors affecting the kinetics of the situation, including
availability of fluids and the permeability of the
xenoliths. The degree of partial melting of garnet is
usually less than that of clinopyroxene, possibly due
to inherent differences in susceptibility to reaction
of these two minerals. However, there are eclogites
with large degrees of such alteration to the garnets
(Fig. 1D).

Intergranular partial melting 
An additional stage of partial melting has often

occurred, as revealed by the presence of well-devel-
oped, secondary mineral assemblages of pyroxene +
spinel ± plagioclase ± amphibole ± phlogopite ±
glass ± calcite. This is usually later than the “nor-
mal” partial melting, and in some xenoliths, veinlets
of partial-melt products also contain minute grains
of sulfides, where alteration of primary pyrho-
tite-pentlandite is represented by the replacement
by djerfisherite. The fine-grained, intragranular
products resemble an ophitic texture (Figs. 1A and
2A). Glass is present interstitially, locally forming a
microlitic texture (Fig. 2B). The products of the par-
tial melting are non-uniformly distributed through-
out  single specimen. Intersecting veinlets of
partial-melt products in many cases can be traced
over the entire xenolith. These “veins” are devel-
oped around selected grains of garnet and clinopy-
roxene, both along boundaries between the minerals
and apparently independent of the surface of the

xenoliths (see Fig. 1A). However, the partial melting
appears to have occurred along preexisting avenues
of high permeability in the eclogite. Phlogopite typ-
ically present between these assemblages, suggest-
ing the K-rich nature of the metasomatic fluids.

As mentioned above, clinopyroxene is more
reactive to partial melting than garnet. The garnet
participation in the melting process is corroborated
by the chemical comparison of melting products and
primary phases. Even with a considerable introduc-
tion of alkali components (Ponomarenko, 1977), for-
mation of glass and crystallized phases, typically
observed in the intergranular melt, is not due to the
reaction of the omphacite or garnet alone. For exam-
ple, high-Mg spinel, orthopyroxene, and rutile are
present interstitially between phases of the par-
tial-melt assemblage. In partially melted kyanite
eclogites, quartz and feldspar are also present
between the crystallized phases (Fig. 2C). Also, kya-
nite can be involved in this alteration process, as
represented by its replacement by needles of corun-
dum and rims of mullite.

It should be stressed that the degrees of melting
and modifications to the primary eclogites varies
from one sample to another. Although evidence
exists for a general scheme to the partial melting
reactions, there are undoubtedly additional reac-
tions that have occurred, with distinctive modes and
chemistry to the melt products (Table 1). Some gen-
eralized reactions are given below:

TABLE 1. Modal Compositions of Eclogite Xenoliths and Partial-Melt Products

Total eclogite modes Modal compositions of partial-melt products

Sample Gt Cpx Ky Prt/mlt product Cpx Plag. Sp Glass Opx Q+K-Fldsp Cor + Mull Amph + Phlog

U-2045 59.5 26.7  – 13.8 83.8 1.8 12.8 1.6 – – – –

U-2110 67.6 8.7  – 22.8  – 19.7 25.3 – 54.2 – – –

U-720 37.3 44.6  – 18.1 54.6 20.5 9.5 – 2.8 – – 10.4

U-26 32.8 49.4 0.9 16.9 66.9 21.9 11.2 + – – – –

U-9 46.7 42.7 1.1 9.5 42.4 30.7 9.4 17.5 – – – –

U-1 28.0 30.9 8.4 32.7 43  + 8.4 13.1 – 12.2 12.9 2.5

U-947 25.5 47.8 4.8 21.9 31.6  + 1.3 43.2 – 23.3 + 0.9

U-820 34.6 30.1 1.3 34 35.9  + 5.1 12.8 – 25.6 15.4 5.2

U-228 17.9 22.6 3.5 56 9.5  – 9.1 10.4 + 1.7 3.5 65.8
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Cpx1 + Gt + K-fluid = Cpx3 + Sp ± Plag ± K-glass ±

Opx ± Amph ± Phlog ± Q ± Cc ± Sf;  (2) 

Cpx1 + Gt +Ky + K-fluid = Cpx3 + Sp ± 

Plag ± K-glass ± Cor ± Mull ± Phlog ± 

Amph ± K-Fsp ± Q ± Sf .  (3)

Evidence supporting different stages of metaso-
matic-induced partial melting are recognized based
on detailed petrography: (1) alteration of primary
omphacite to clinopyroxene with less jadeite con-
tent, and with the presence of glass and plagioclase
feldspar (in a few samples, garnet is involved in a
similar type of melting, but in both cases, the meta-

somatic fluid that initiated these was enriched in
K2O; (2) larger degrees of partial melting involving
both primary omphacite and garnet, with fluids
enriched in K2O and water; and (3) extensive melt-
ing involving fluids containing appreciable K2O and
Na2O, in addition to H2O and CO2. In a single xeno-
lith, it is possible to recognize at least three stages of
melting and subsequent crystallization. This is dem-
onstrated by the presence of four different composi-
tions and temporal associations of clinopyroxenes
(Table 2). These compositions reflect fluctuations in
the composition of the metasomatic fluids in Na2O
and FeO contents, as well as possible changes in
oxygen activity. It is unclear how these different
stages of metasomatism and partial melting relate to

TABLE 2. Compositions of Primary Omphacite and Secondary Clinopyroxenes 
in Partial-Melt Products in Eclogite Xenolith Ud-24

Description Primary (Cpx1) Secondary (Cpx2) Secondary (Cpx3) Secondary (Cpx4) Secondary (Cpx4)

SiO2 56.6 53.2 54.5 54.4  53.6

TiO2 0.44 0.39 0.31 0.5 1.26

Al2O3 11.1 4.07 4.82 0.25 0.18

Cr2O3 <0.03 <0.03 <0.03 <0.03 <0.03

FeO 5.13 6.88 5.88 18.9 21.5

MnO <0.03 <0.03 <0.03 <0.03 <0.03

MgO 8.58 14.7 14.3 6.55 4.56

CaO 12.2 20.0 18.3 10.6 6.64

Na2O 6.62 1.72 2.55 7.95 10.7

Total 100.67 100.96 100.66 99.15 98.44

Oxygen basis 6 6 6 6 6

Si 1.996 1.923 1.963 2.017 2.003

Ti 0.012 0.011 0.008 0.014 0.035

AlIV 0.004 0.077 0.037 0.000 0.000

AlVI 0.458 0.097 0.168 0.011 0.008

Cr 0.000 0.000 0.000 0.000 0.000

Fe 0.151 0.209 0.177 0.613 0.711

Mn 0.000 0.000 0.000 0.000 0.000

Mg 0.451 0.791 0.765 0.362 0.254

Ca 0.462 0.773 0.704 0.422 0.266

Na 0.453 0.121 0.178 0.572 0.771

Cation total 3.988 4.027 4.011 4.169 4.245
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one another in time, but it is believed that they are
closely connected in origin. 

We observed a non-uniform degree of crystalliza-
tion of the interstitial melts even within a single thin
section (Fig. 2D). In one veinlet, it is possible to
have glass, partly crystallized glass, and completely
devitrified glass, consisting of microlites of plagio-
clase, pyroxene, and spinel. In addition, large varia-
tions in grain sizes and overall texture exist; a
scenario of different melt episodes is obvious. Simi-
larly, the abundance of partial-melt products is also
non-uniform, comprising up to 30–50 vol% of an
initial xenolith, but more commonly 5–20 vol%
(Spetsius, 1980).

The nature of the metasomatic influences upon
eclogite xenoliths has been quantified by Sobolev et
al. (1999), who demonstrated a central theme to
alteration of eclogites, despite large variations.

Above, we have established the mobility that
involves K2O and Na2O, as well as other elements.
As shown in Figure 3, a comparison of potassium
and sodium contents in eclogites with different
degrees of partial melting shows that during this
melting, there is a considerable increase in the K/
Na ratio. This explains the characteristic property of
eclogites from kimberlite pipes distinguished by
high K2O contents. A sharp increase of K2O content
occurs in diamondiferous kyanite eclogites that
have developed more extensive melting (Spetsius,
1980).

Mineralogy of Partial-Melt Products

The modal abundances of the partial-melt prod-
ucts are highly variable (see Table 1). The intergran-
ular melt typically consists of newly formed

FIG. 2. Examples of intergranular partial melting in eclogite xenoliths from the Udachnaya kimberlite pipe. A. An
intergranular vein of partial-melt products between grains of garnet and clinopyroxene; plane-polarized light. B. Part of
intergranular vein shown in Figure 2A, at higher magnification. Notice the secondary Cpx2 and Sp in the glass;
plane-polarized light. C. Crystallized partial-melt products in veinlets, including feldspar and quartz; crossed polarizers.
D. Vein of partial-melt products, displaying different degrees of crystallization; crossed polarizers.
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clinopyroxene, plagioclase/glass, and spinel, and
more rarely, orthopyroxene and amphibole, with
possible phlogopite and/or amphibole. The acces-
sory minerals are represented by calcite and sul-
fides. K-feldspar, with minor quartz, is present
among the products in kyanite eclogites. Generally,
a glass is present, and secondary corundum and
mullite are developed about kyanite. In rare cases,
Na-, K-, and Cl-bearing phases are present as
sodalite and djerfisherite (Sobolev et al., 1999). Pri-
mary omphacite is replaced by a mixture of glass,
plagioclase, clinopyroxene, and veinlets of glass.
The primary garnets and clinopyroxenes of these
eclogites are well known; therefore, we will charac-
terize mainly the minerals formed by crystallization
of the melts. Selected representative, major-element
analyses of the products of the partial-melt assem-
blage are presented in Table 3. 

Clinopyroxene is the most abundant melt prod-
uct, characteristically forming xenomorphic grains
~0.01–0.4 mm in size, in some cases appearing
“sieve-like” due to spinel inclusions. Secondary cli-
nopyroxenes (Table 3) are lower in Na2O (to <3 wt%)
and Al2O3 (to <1 wt%) and contain minor jadeite
component. Relative to the primary clinopyroxenes,
they usually contain more MgO (12 to 16 wt% ver-
sus 8–11 wt%) and have variable Mg# from 70 to 87.
CaO contents are similar to those in the primary
omphacites (Table 2). Clinopyroxenes are some-
times enriched in TiO2 (up to 1.2 wt%).

In some eclogites, secondary pyroxene is present
as prismatically elongated crystals up to 0.2 mm in
size, and with a green-yellow pleochroism; this
phase typically has a high Na2O content (»10 wt%,
Table 2), but with low Al2O3 (<1 wt%). This phase
has distinctly higher FeO contents (>20 wt%), and
corresponds to a large amount of aegirine compo-
nent (NaFe3+Si2O6). This drastic increase in Fe3+

indicates a large increase in oxygen activity in the
late-stage metasomatizing fluids . Such aegir-
ine-bearing clinopyroxene is also present in dia-
mondiferous xenoliths (Spetsius and Griffin, 1998). 

Spinel, as a phase that crystallized from the par-
tial melt, is represented by grains 0.01–0.02 mm in
size (Table 1). The color is usually green, although
greyish brown and black spinel are detected in
transmitted light. Dark opaque spinel is characteris-
tic of ferruginous eclogites. Chemical zonation is
abundant and is most pronounced in the outer rim
zones of the grains (Fig. 4A), a possible product of
fractional crystallization. Electron microprobe anal-
yses show that the general compositions of this

spinel vary in composition between two end mem-
bers: spinel, MgAl2O4 and hercynite, FeAl2O4
(Table 3). Usually TiO2 and Cr2O3 contents are less
than 0.5 wt%, but in some samples spinel contains
up to 3.5 wt% Cr2O3 .

Plagioclase is present as elongated needles with
a dominant size of 0.04–0.5 mm, rarely as lamellar
crystals 0.02–1.0 mm in size. Usually it is polysyn-
thetically twinned (albite law) with chemical zona-
tions in the range An 30–50. Plagioclase of An30 is
developed about the primary omphacite, in a few
cases forming graphic intergrowths. However, the
plagioclase is usually present as irregular segrega-
tions about 0.01–0.03 mm in size. Among the prod-
ucts of partial melting in some kyanite eclogites,
bundles of albite also are present. It is the presence
of this plagioclase that indicates the crystallization
of the partial melt at pressures <10 kbar.

Phlogopite is typically developed in more altered
specimens, predominantly in kyanite eclogites,
where the grain sizes vary from 0.1 to 1.0 mm. As
revealed in thin section, this phlogopite formed late
(Fig. 4B). Microprobe data yield variations in K2O
(8–13 wt%) and TiO2 (0.70–3.20 wt%), but TiO2 can
range up to 9.50 wt% (Table 3). In most analyzed
samples, the Ba content is below detectable limits
(e.g., <0.04%), but in one xenolith the phlogopite
contained 0.65 wt% BaO. 

Amphibole is characterized by prismatic or irreg-
ular grains 0.1–0.2 mm in size. It displays pleochro-
ism in green-brown tones, whereas a red-brown

FIG. 3. A comparison of K and Na ratios in eclogites as a
function of degrees of partial melting.
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TABLE 3. Representative Compositions of Mineral Assemblage of Partial-Melt Products
in Eclogite Xenoliths

1 2 3 4 5 6 7 8
Sample: A-952 U-5/91 U-35/1 HRV-17 SBB-13  SBB-20 SBB-21 SBB-67

Secondary pyroxenes of partial-melt products
SiO2 50.3 54.2 52.4 50.5 53.3 51.8 53.3 53.8
TiO2 0.19 0.3 0.72 0.76 0.2 0.13 0.21 0.35
Al2O3 5.02 3.36 4.64 11.1 9.67 3.61 11.6 1.96
Cr2O3 0.18 0.09 0.09 0.05 0.05 0.08 <0.03 0.79
FeO 7.79 4.88 6.54 5.16 2.65 4.95 3.32 4.11
MnO 0.12 0.07 0.18 0.12 0 0.11 0.09 0.11
MgO 13.8 15.4 15.3 11.9 11.7 15.1 10.4 16.8
CaO 20.0 21.2 18.5 15.9 18.9 21.8 17.2 19.8
Na2O 0.83 1.27 1.66 3.63 2.98 1.67 3.64 1.38
K2O 0.06 0.03  0.08 <0.03 <0.03 <0.03 <0.03 0.09
Total 98.29 100.80 100.11 99.12 99.45 99.25 99.76 99.19

Sources: 1 = this study; 2–3 = Sobolev et al., 1999; 4–8 = McCormick et al., 1994.

1 2 3 4 5 6 7 8
Sample: HRV-17 SBB-13 SBB-20 SBB-22 SBB-46 SBB-50 SBB-50 SBB-67

Secondary spinels of partial-melt products 
SiO2 0.06 0.04 0.06 0.08 0.21 0.11 0.11 0.5
TiO2 0.14 <0.03 0.08 0.36 0.44 0.45 0.25 0.25
Al2O3 60.7 60.8 56.8 64.8 59.0 49.6 56.5 55.7
Cr2O3 0.04 0.13 0.16 0.13 3.32 0.34 0.57 3.49
FeO 23.8 23.2 27.4 15.5 18.2 37.8 28.0 24.2
MnO 0.28 0.3 0.27 0.21 0.22 0.88 0.86 0.38
MgO 15.4 14.3 15.1 19.6 17.1 11.0 14.6 16.3
CaO 0.05 0.05 0.07 <0.03 0.09 0.03 0.03 0.07
Total 100.47 98.82 99.94 100.68 98.58 100.21 100.92 100.99

Sources: 1–8 = data from McCormick et al., 1994.

1 2 3 4 5 6 7 8
Sample: U-41/3 U-51/3 U-73/3 SBB-21 SBB-22 SBB-42 SBB-67 SBB-50

Secondary phlogopites of partial-melt products
SiO2 38.2 41.1 37.7 37.4 39.3 42.7 40.4 37.6
TiO2 3.44 0.66 2.63 1.05 3.22 3.05 2.21 1.18
Al2O3 15.2 9.83 16.2 20.7 17.1 12.5 13.6 17.1
Cr2O3 0.16  0.03 0.19 <0.03 <0.03 0.07 0.79 0.19
FeO 7.29 11.9 8.88 7.98 4.52 9.11 5.93 11.4
MnO 0.06 0.27 0.04 0.07 0.06 0.05 0.04 0.22
MgO 20.1 19.3 19.2 17.3 19.8 20.6 20.5 18.6
CaO 0.06 0.45 0.03 <0.03 <0.03 0.03 <0.03 <0.03
Na2O 0.47 0.04 0.49 0.56 0.25 0.39 0.19 0.49
K2O 10.0 9.47 8.79 9.18 9.77 7.33 9.29 8.64
BaO  0.03 0.19 0.11  n.d.  n.d. 0.12  n.d. 0.63
H20 3.98 3.68 4.03
Total 98.99 96.82 98.79 94.24 94.02 95.95 92.95 96.05

Sources: 1– 3 = Sobolev et al., 1999; 4–8 = McCormick et al., 1994.

Table continues
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hornblende is commonly present in regular eclog-
ites. Amphiboles are FeO-rich and variable in Na2O
and K2O contents (Table 3). They contain low to
detectable amounts of BaO and vary in TiO2 con-
tents from 0.13 to 5.20 wt%. According to Sobolev at
al. (1999), they exhibit compositional variations in
CaO, MgO, FeO, and Al2O3.

Orthopyroxene occurs as grains 0.1 to 0.3 mm in
size. Microprobe analyses indicate this orthopyrox-
ene to be hypersthene, containing 26 to 29 wt%
MgO, 1.20 to 1.60 wt% CaO, and ~0.30 wt% TiO2. 

Potash feldspar is present in certain kyanite
eclogites, where it is present as spongy-textured
rims on clinopyroxene. This mineral was found in
metasomatized lherzolite xenoliths from China (Sny-

der et al., 1997b) and noted in eclogites of Roberts
Victor (Switzer and Melson, 1969). Sobolev et al.
(1999) reported alkali feldspar containing ~2 wt%
CaO, but rich in K2O (8–13 wt%) and poor in Na2O
(1–5 wt%).

Glass is present in almost all eclogite xenolith
samples as the quench product of the melt remain-
ing from partial melting. It is intergranular in
nature, commonly in the interstices of plagioclase
and augite, and also as thin veinlets intersecting
clinopyroxene. It also commonly is found in the
kelyphitic rims around garnet. Partially devitrified
glass, with microlites of plagioclase and clinopyrox-
ene, is present in many kyanite eclogites (see Fig.
2B). In regular, bimineralic eclogites, the glass is

TABLE 3. Continued

1 2 3 4 5 6 7 8
Sample: U-51/3 U-41/3 HRV-17 SBB-20 SBB-21 SBB-42 SBB-46 SBB-50

Secondary amphiboles of partial-melt products
SiO2 42.1 39.5 39.7 39.5 40.6 40.4 38.0 41.1
TiO2 1.24 1.21 0.75 0.13 0.71 0.44 5.22 0.65
Al2O3 15.5 15.2 19.1 17.8 20.9 16.4 17.5 15.3
Cr2O3  0.03 0.07 <0.03 0.05 <0.03 0.13 0.46 0.05
FeO 8.43 12.9 9.99 12.6 11.0 13.2 9.45 11.1
MnO 0.18 0.27 0.17 0.38 0.22 0.70 0.24 0.84
MgO 16.7 13.4 12.7 13.1 12.1 13.4 11.7 15.6
CaO 8.47 11.2 9.78 8.94 10.6 9.63 10.5 9.41
Na2O 3.60 1.95 3.27 3.91 1.86 3.51 3.25 2.61
K2O 0.56 1.90 1.76 1.06 0.80 0.97 1.34 1.05
BaO n.d.  n.d. <0.03 0.04  n.d. 0.09 0.22 0.03
Total 96.81 97.60 97.22 97.51 98.79 98.87 97.88 97.74

Sources: 1–2 = Sobolev et al., 1999; 3–8 = McCormick et al., 1994.

1 2 3 4 5 6 7 8
Sample: U-170 U-5/91 U-51/3 4B-3 4B-2 4B-3 4D-2 6D-2

Glass of partial-melt products
SiO2 48.4 61.1 58.4 52.3 52.1 52.3 55.3 57.5
TiO2  0.03 0.04 0.31 0.89 0.92 0.89 0.48 0.37
Al2O3 31.5 21.8 24.4 21.2 21.4 21.2 21.8 22.0
Cr2O3  0.03 <0.03  <0.03 <0.03  0.07 <0.03  0.13  0.23
FeO 0.41 0.44 1.37 4.96 4.23 4.96 2.35 1.78
MnO  <0.03 0.03 <0.03 0.21 0.12 0.21 0.25 0.06
MgO 0.13 0.98 0.49 1.40 1.86 1.40 1.46 2.48
CaO 14.8 5.12 6.34 4.65 5.98 5.98 4.65 4.44
Na2O 2.89 7.14 7.47 5.99 5.97 5.97 5.99 6.33
K2O 0.38 3.46 0.18 3.16 3.22 3.22 3.16 2.29
Total 98.57 100.11 98.96 94.76 95.87 96.13 95.57 97.48

Sources: 1 = this study; 2–4 = Sobolev et al., 1999; 5–8 = Hunter and Taylor, 1982.
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largely devitrified, and contains small euhedral
plagioclase laths replaced by sericite and other
alteration products. The color of the glass varies
from dark grey and brown to light brown. It is an
alkali-rich glass containing 50–55% SiO2 (Table 3),
and approaches plagioclase in composition. The
high-silica composition of some glasses is also
manifested by the presence of quartz and silica
spherulites as crystallization products (Spetsius
and Ponomarenko, 1979). Glasses are rich in
sodium content, usually with ~6 wt% Na2O, and
can be divided into two groups with high and low
K2O contents—e.g., 2.3–3.5 and <0.2 wt%. Also,
the glasses vary broadly in Mg and Ti contents (see
Table 3). The SiO2 component ranges as high as 61
wt%, higher than that of the primary clinopyroxene.
This suggests possible addition of silica by metaso-
matizing fluids.

Corundum is observed in the form of small nee-
dles  0.01–0.2 mm long. Usually corundum
replaces kyanite, and more rarely forms separate
lamellar crystals up to 2 mm in kyanite eclogites,
which have undergone a high degree of partial
melting. It has a dark blue color and is referred to
as sapphire. 

Mullite, non-stoichiometric Al2SiO5, is devel-
oped only as a replacement of kyanite. In several
samples it forms intergrowths with corundum along
kyanite rims. Usually mullite forms elongate
bunches of crystals, and in some cases, it replaces
kyanite grains completely. It is characterized by a
sharply elongated needle form, parallel extinction,
and high relief. Its presence is supported by X-ray
studies. Mullite is more typical among the xenoliths

with cataclastic textures. In the diamondiferous
varieties of kyanite eclogites and grospydites, it
readily resorbs the kyanite grains. It is a possible
indicator of the presence of diamonds. However, the
inferred association of mullite and diamond requires
further study.

A schematic diagram of the system (Mg,
Fe)O-CaO-Al2O3 for the secondary, partial-melt
products in eclogites is shown in Figure 5. The
garnet disappears completely and water-bearing
minerals appear—e.g., hornblende and phlogo-
pite. Several assemblages are prominent on the
compositional diagram of the partial-melt prod-
ucts, as depicted by the tie lines. As partial melt-
ing continues, the role of water-bearing minerals
in  the  c ryst al l i za t ion  p r oduc ts  inc reases
(Cpx-Amph-Phlog trend), probably motivated by
the changing composition of the penetrating flu-
ids, as well as by possible decrease in tempera-
ture and pressure.

Nature of Partial Melting

There are two major sources of the metasomatism
that caused the partial melting of the clinopyroxene
and garnet in the mantle eclogites—mantle metaso-
matic fluids before entrapment of the xenoliths by
the kimberlite; and fluids from the kimberlite that
had captured the xenoliths. The later explanation
involving melting of xenoliths under the influence of
fluids from kimberlite magma is the simplest expla-
nation, especially because the alteration leading to
kelyphitic rims on garnets is generally thought to be
caused mainly by the kimberlite. However, the

FIG. 4. Secondary spinel and phlogopite in partial-melt products. A. Zoned spinel in secondary clinopyroxene,
plane-polarized light. B. Elongated needle of phlogopite encountered with secondary pyroxene, spinel, and plagioclase,
plane-polarized light.
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petrography of the numerous eclogite xenoliths that
have been examined can be alternatively inter-
preted as indicating an earlier metasomatism, before
incorporation of the xenoliths by the kimberlite
magma. The major difference between these two
theories lies in the timing of the metasomatism. In
reality, there is evidence for each. Inasmuch as the
two authors of this paper have different opinions on
the timing of this metasomatism, we will attempt to
present below an assessment of the pros and cons for
each theory, allowing the reader to draw his/her con-
clusions accordingly.

Pre-kimberlite metasomatism
Virtually all mantle xenoliths have undergone

some form of metasomatism while resident in the
mantle, mostly long before their entrainment in the
kimberlite. However, it is to the cause of the partial
melting of clinopyroxene and garnet that resulted
from the kimberlitic influence that this discussion is
directed—the event that culminated with the forma-
tion of plagioclase and glass. Several observations
are applicable here: (1) in some xenoliths, there
does not appear to be a spatial connection between
the intensity of melting and the surface of the xeno-
liths; (2) an inhomogeneous distribution of the
degree of partial melting occurs within a given sam-
ple; (3) intersecting veinlets of partial-melt products
exist, as well as evidence for two or more types of
melting events, perhaps closely related in time; (4)
on the exterior of some eclogites, a rim commonly
exists, which is the direct result of interaction with
the kimberlite, in contrast to the partial melting that
has occurred throughout the xenolith; (5) differences
exist in the intensity of partial melting of similar
xenoliths in the same pipe; and (6) the degree of par-
tial melting in eclogites varies from pipe to pipe
within a given kimberlite field. Based on the above
factors, a possible scenario would have the first
stage of the overall partial melting process begin as

mantle metasomatism under the influence of fluids
that originated in the mantle, possibly associated
with a reduction in pressure. This process could
have taken place just prior to kimberlite eruption. In
reality, there is no unambiguous evidence for any
pre-kimberlitic metasomatism.

Kimberlitic metasomatism 
The most likely cause for the partial melting of

the clinopyroxene and garnet involves fluids ema-
nating from the kimberlitic magma. It is generally

accepted that the alteration rims (kelyphite) on gar-
nets in peridotite and eclogite xenoliths are the
direct result of interaction with kimberlitic fluids.
Indeed, Hunter and Taylor (1982) pointed out that
the presence of glass in the kelyphitic rims around
garnets is evidence of metasomatic partial melting
resulting from the influence of the kimberlite, with
the glass being the product of rapid cooling
(quenching) of the melt. This glass product is simi-
lar to that discussed above from the Yakutian eclog-
ite partial melting.

The presence of glass and/or plagioclase indi-
cates that the melt was still present in the eclogites
at pressures below 10–15 kbar. This indicates that
the partial melting reaction is rather recent relative
to the eruption of the kimberlite. However, in the
“pre-kimberlite, partial-melt scenario,” this melt
would have been sitting in the eclogites since before
the entrapment of the xenolith by the kimberlite,
possibly even before the kimberlite formation.

The kimberlite metasomatism hypothesis
involves a scenario where the cause of the partial
melting of the clinopyroxene and garnet involves
fluids emanating from the kimberlitic magma, as it
intrudes its way into the upper mantle and lower
crust. Particularly with the reduction of pressure
that accompanies intrusion, the fluid and volatile
components of the kimberlitic magma will become
more mobile. The xenoliths, which have been
entrained, are subjected to infiltration of these flu-
ids, which may thoroughly penetrate the eclogites,
particularly along pre-existing avenues of perme-
ability formed by earlier mantle metasomatism. The

FIG. 5. Schematic diagram with compositions of mineral
phases from the partial-melt products of clinopyroxenes and
garnet.
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fluid discussed here is not to be confused with the
far more viscous silicate kimberlitic magma that
only affects the outer portions of the xenoliths. This
K-rich fluid causes the instability of the clinopyrox-
ene and garnet, resulting in incomplete reaction of
these minerals with the resultant crystallization of
various products, as discussed above. Depending
upon the nature of the kimberlitic fluids migrating
into the xenoliths and the compositions of the eclog-
itic minerals, omphacite or garnet maybe attached
preferentially. Given sufficient time and fluid abun-
dance, it is possible that the clinopyroxene and gar-
net would completely react out of the xenolith,
leaving only the melt products as evidence for this
entire process.

P-T conditions for melting/crystallization

It is not possible to apply geothermometers or
barometers to the products of the partial melting
because of the disequilibrium nature of the assem-
blage and the lack of garnet in the product assem-
blage. However, the final crystallization products
from the melting, particularly plagioclase, represent
a low-pressure situation. Even if the partial melting
in the eclogites may have started at temperatures of
900–1300°C and pressures in excess of 30 kbar,
crystallization of the partial melt was only completed
at pressures below 10–15 kbar. 

The composition and abundance of the K-rich
fluids, as well as kinetics, determine the develop-
ment of the partial melting process. It would appear
that fluids causing later melting possess high oxygen
activities (fugacities), as indicated by the aegirine
contents of some secondary, late-stage clinopy-
roxenes. A transition from a reducing environment
with the initial eclogites to progressively more oxi-
dizing conditions may have taken place during
introduction of the metasomatic fluids involved in
the partial melting episodes.

Association of Diamonds with 
Partial Melting Products

It is apparent from the tomography of diamondif-
erous eclogites (Keller et al., 1999; Taylor et al,
2000, 2001; Anand et al., 2003) that there is a gen-
eral correlation of diamonds with the major zones of
alteration within xenoliths. These studies concluded
that this association was the result of the metaso-
matic formation of diamonds along avenues of great-
est permeability in the eclogites. These zones of

alteration are also the ones with the largest degrees
of partial melting of clinopyroxene. Therefore, there
appears to be a spatial association of the regions of
partial melting with the occurrence of diamonds. It
should be emphasized that this association is only
spatial, not temporal. Most, if not all, of the dia-
monds formed long before the latest metasomatism
associated with the kimberlitic melt. It is possible
that certain fibrous diamonds, such as commonly
found on coated diamonds, present in some eclog-
ites from the Udachnaya pipe are related in both
time and space to the late-stage partial melting
event. 

Such a relationship between the partial melting
process and growth of fibrous diamond is conceiv-
able. There have been several studies that have
demonstrated that diamonds undergo multistage
and interrupted growth, caused by changes of the
chemical and P-T environment (e.g., Spetsius,
1995; Taylor et al., 1998; Bulanova et al., 1999). In
particular, fibrous diamonds have grown rapidly
and approximately during the time of kimberlite
emplacement. These coats contain fluids that are
highly enriched in K, Na, and other incompatible
elements (Schrauder and Navon, 1994; Navon,
1999). Such components would seem to be the same
ones involved with the metasomatic fluids responsi-
ble for the partial melting of eclogitic minerals. It is
entirely possible that the rims of some of the dia-
monds in the partial-melt regions may have grown
as a result of this metasomatically induced melting
process. Certain microdiamonds may be formed at
this same time, as well. Such spatial relations of
diamonds have been found in eclogite xenoliths
from Udachnaya, Sytykansky, and other Yakutian
pipes, as displayed in Figure 6. As discussed
above, limited interactions between diamonds and
the late-stage partial melt are possible, both with
the stable and metastable growth of coatings, as
well as resorption of the diamonds, as shown in
Figure 7.

Conclusions

1. Evidence for partial melting of omphacite and
garnet occurs in almost all mantle eclogite xeno-
liths, including those that are diamondiferous, from
the Yakutian kimberlite pipes. 

2. This melting is induced by the infiltration of
metasomatic fluids along zones of weakness and
previous alteration in the eclogites.
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3. Several stages of partial melting are recog-
nized in eclogites, as the result of changes in compo-
sitions of the penetrating fluid. 

4. Final crystallization of clinopyroxene- and
garnet-associated melts in eclogites took place at
low pressures, <10–15 kbar, in the crust during
kimberlite transport and eruption.

5. Resorption and growth of fibrous-diamond coat-
ings are associated in space with the products of this
metasomatic melting, and may be its direct results.
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FIG. 7. Diamonds associated with partial-melt products. A. Slightly zoned diamond with the inclusion of secondary
clinopyroxenes, situated between partially melted clinopyroxene with a “spongy” texture and garnet (sample Ud-24 in
BSE + CL). B. Zoned crystal of hopper diamond with evidence for resorption by the partial melt (sample U-759 in BSE +
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