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Abstract

We have performed dissections of two diamondiferous eclogites (UX-1 and U33/1) from the Udachnaya kimberlite, Yakutia
in order to understand the nature of diamond formation and the relationship between the diamonds, their mineral inclusions, and
host eclogite minerals. Diamonds were carefully recovered from each xenolith, based upon high-resolution X-ray tomography
images and three-dimensional models. The nature and physical properties of minerals, in direct contact with diamonds, were
investigated at the time of diamond extraction. Polished sections of the eclogites were made, containing the mould areas of the
diamonds, to further investigate the chemical compositions of the host minerals and the phases that were in contact with
diamonds. Major- and minor-element compositions of silicate and sulfide mineral inclusions in diamonds show variations
among each other, and from those in the host eclogites. Oxygen isotope compositions of one garnet and five clinopyroxene
inclusions in diamonds from another Udachnaya eclogite (U51) span the entire range recorded for eclogite xenoliths from
Udachnaya. In addition, the reported compositions of almost all clinopyroxene inclusions in U51 diamonds exhibit positive Eu
anomaly. This feature, together with the oxygen isotopic characteristics, is consistent with the well-established hypothesis of
subduction origin for Udachnaya eclogite xenoliths. It is intuitive to expect that all eclogite xenoliths in a particular kimberlite
should have common heritage, at least with respect to their included diamonds. However, the variation in the composition of
multiple inclusions within diamonds, and among diamonds, from the same eclogite indicates the involvement of complex
processes in diamond genesis, at least in the eclogite xenoliths from Yakutia that we have studied.
© 2004 Elsevier B.V. All rights reserved.
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the growth of diamonds and their relationships to
their host rock (mantle xenoliths) and its mineralogy
are not fully understood. Almost all diamonds occur
in kimberlites as loose crystals, being liberated from
their mantle host rocks during the transport to the
Earth’s surface. In some instances diamonds arrive at
the surface in their mantle hosts, such as peridotite
and eclogite xenoliths. However, due to its friable
nature, peridotites are usually disaggregated during
their transport in the kimberlitic magma, and their
diamonds are released into the kimberlite. In con-
trast, due to relatively greater resistance of constitu-
ent minerals, eclogite xenoliths, including the
diamondiferous ones, commonly remain intact, there-
by preserving the textural context in which their
diamonds originally formed. Thus, studies of dia-
mondiferous eclogite xenoliths provide a unique
opportunity to understand the textural and spatial
relationships between diamonds and their hosts.

For several years, our research group has been
involved in the study of diamondiferous eclogite xen-
oliths from Yakutia, Russia. We have made significant
progress in our endeavors to understand the origin of
diamonds and their mineral inclusions (DIs) in relation
to their host rocks, particularly from diamondiferous
eclogites (e.g., Kelleretal., 1999; Tayloretal., 2000). In
this contribution, we present results of detailed dissec-
tions of two additional diamondiferous eclogites (UX-1
and U33/1) from the Udachnaya kimberlite. We also
present oxygen isotope data on five clinopyroxene and
one garnet inclusion in diamonds from U51 eclogite,
also from Udachnaya kimberlite. As diamondiferous
eclogites are rare, few detailed studies have been
performed with an aim to understand the relationship
between diamond and the host eclogite. Taylor et al.
(2000) presented the first detailed dissection of a
Yakutian eclogite (U51), in which they compared the
geochemical characteristics of the host minerals to those
of DIs. To gain a better understanding of the formation
of Yakutian eclogites and their included diamonds, we
have integrated into the present study some of the
mineral-inclusion data of Taylor et al. (2000).

2. Samples and analytical techniques

The diamondiferous eclogite xenoliths were recov-
ered from the “Udachnaya East” kimberlite pipe in

Yakutia. This intrusion is part of the Daldyn—Alakit
region of kimberlitic magmatism in the Aldan shield
in Siberia and is one of the most studied kimberlites in
Russia (e.g., Sobolev, 1977; Jerde et al., 1993; Jacob
et al., 1994; Pearson et al., 1995; Snyder et al., 1993,
1997; Sobolev et al., 1998b, 1999). The Udachnaya
kimberlite has an age of ~ 389 Ma (Snyder et al.,
1993), although the Archean ages (2.9 0.4 Ga,
Pearson et al., 1995) of diamondiferous eclogite
xenoliths from this intrusion have confirmed the
antiquity of these samples.

High-resolution computed X-ray tomography
(HRCXT) of two diamondiferous eclogites (UX-1
and U33/1) was performed at the University of
Texas, Austin, following the procedure of Carlson
and Denison (1992) and Denison and Carlson
(1997a). A tungsten X-ray source of 100 kV
voltage and 0.24 mA current was used for this
purpose. The in-plane resolution is of the order of
100-200 pm. The “slice” thickness was 0.16 mm
and the inter-slice distance was 0.12 mm, thereby
allowing for some overlap between two consecutive
X-ray “slices”.

Major- and minor-element mineral compositions
were determined using an automated Cameca SX-50
electron microprobe at the University of Tennessee.
The standard ZAF (PAP) corrections were applied to
the resulting dataset. Analytical conditions for sili-
cates employed an accelerating voltage of 15 keV, a
beam current of 20 nA, beam size of 1 pm, and 20
s counting times for all elements, except K in
clinopyroxene and Na in garnet (60 s each). Ana-
lytical conditions for sulfides employed a beam
current of 10 nA with variable beam sizes ranging
from 2 to 5 pm depending upon the size of the
analyzed grain. Counting time for Ni, S, Fe, and Cu
(also Zn and Si in some cases) was 30 s and for Co
it was 40 s.

Ton microprobe measurement of '%0/'°0 values of
the mineral inclusions in the U51 diamonds were
determined with a Cameca 4f at Oak Ridge National
Laboratory, using a Cs’ primary beam. Analytical
details are described in Riciputi et al. (1998). REE
data from US51 are used in the present work to
highlight the nature of Eu anomaly in clinopyroxene
inclusions that are probably related to the oxygen
isotope characteristics of mineral inclusions from
US1 diamonds.
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3. Results and discussion

3.1. High-resolution computed X-ray tomography
(HRCXT)

The industrial X-ray tomographic analyzer used in
this study is conceptually similar to a medical CAT-
scan, however, it is capable of significantly higher X-
ray intensity and markedly higher spatial resolution,
on the order of microns (Carlson and Denison, 1992;
Carlson et al., 1995; Denison and Carlson, 1997a,b;
Rowe et al., 1997).

The HRCXT technique provides a unique oppor-
tunity to investigate the spatial and textural relation-
ships between diamonds and other minerals in the
host eclogite by a non-destructive method. Applica-
tion of computed tomography X-ray scans to dia-
mondiferous eclogites was first demonstrated by
Schulze et al. (1996) in which they successfully
imaged several diamonds in an eclogite sample from
Roberts Victor kimberlite in South Africa. The
HRCXT images used in our studies were obtained
as a series of 350—400 two-dimensional (2-D) X-ray
“slices” each of a diamondiferous eclogite using a
micro-focal X-ray source and an image-intensifier

detector system to measure the absorption of X-rays
along numerous coplanar paths through the sample.
Different minerals have different X-ray attenuation
values, which primarily depends on the density and
mean atomic number of the object. The higher the
density and the mean atomic number, the higher the
X-ray attenuation. In addition, the presence of micro-
or macro-porosity and micro-crystallinity reduces X-
ray attenuation. Thus, in the 2-D image, different
minerals appear as different shades of color. We have
assigned the brightest color to the phase with highest
X-ray attenuation (sulfides) and the darkest color to
the phase with lowest attenuation (diamonds). In this
manner, it is easy to differentiate between diamonds,
sulfides, silicates, and their alteration products in a
xenolith (Fig. 1). Zones of secondary mineralization
appear as dark thin lines on 2-D X-ray images
presumably due to their porous nature, resulting in
lower X-ray attenuation.

Several 2-D X-ray “slices” are stacked together
using volume-visualization software to produce a
three-dimensional (3-D) model of the xenolith. This
essentially represents a density map of the sample,
and provides sizes, shapes, textures, and locations of
individual crystals that have dimensions larger than

Fig. 1. (Center) A three-dimensional (3-D) model of diamondiferous eclogite xenolith, UX-1, based upon results of high-resolution X-ray
tomography. Dark-gray grains are diamonds, and white specs are sulfide minerals distributed throughout the sample. Four diamonds are seen
aligned parallel to the central vertical axis. Figures on the left and right of the central image are individual 2-D X-ray “slices” obtained by the
HRCXT technique. The dotted girdle around the eclogite indicates the level from which the bottom-right 2-D X-ray “slice” was obtained. In
these “slices”, diamond appears black, garet as light-gray, clinopyroxene as dark-gray, and sulfide minerals as white.
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the spatial resolution of the scans. Such 3-D models
reveal clearly the spatial relationships between dia-
monds and their surroundings, providing clues to the
processes that control diamond crystallization. These
relationships are determined by rotating and viewing
the model at different perspectives to look for any
mineral associations, alignments, or fabric. Fig. 1 is a
three-dimensional HRCXT model of UX-1 eclogite
xenolith. For clarity, the garnet and clinopyroxene
grains are rendered invisible so that locations and
sizes of diamonds can be easily seen. Only five
diamonds were visible on the surface of the eclogite;
an additional 69 macro-diamonds (=1 mm) were
located in the interior of this sample, using tomogra-
phy (i.e., a total of 74 macro-diamonds in the 66 g
UX-1 eclogite = 144,000 carats/tonne). In general,
diamonds are distributed evenly through the xenolith
but in some cases, they seem to occur in linear
alignment (Fig. 1). The even distribution of diamonds
throughout the xenolith suggests that the diamonds
could not have formed from an igneous melt (Schulze
et al., 1996); instead metasomatic growth appears
reasonable. On either side of the central image in
Fig. 1, six of the total 360 individual 2-D X-ray
“slices” are shown that were originally collected by
the X-ray analyzer. The in-plane spatial resolution of
this technique greatly aided in the imaging of macro
diamonds (=1 mm), and of some micro-diamonds
(<1 mm).

From the 2-D X-ray images, it is apparent that
many diamonds are associated with alteration zones
with prominent sub-planar fabric of secondary miner-
alization. These alteration zones appear prominently
on 2-D HRCXT images due to their lower densities
(Fig. 1). It is interesting to note that diamonds were
never observed in direct contact or enclosed within
fresh garnet or clinopyroxene. This would seem to
indicate that diamonds are likely to have formed later
than the primary silicates. Sulfide minerals are dis-
tributed evenly throughout the xenolith and are not
preferentially associated with the diamonds. The sug-
gestion that diamonds precipitated (crystallized) from
an immiscible-sulfide melt (Bulanova, 1995; Spetsius,
1995) would require a close association between
diamonds and significant quantities of sulfide miner-
als. The fact that the majority of DIs are sulfides, yet
the diamonds are not preferentially associated with
sulfides, would seem to negate the formation of

diamonds from an immiscible-sulfide melt, at least
in the eclogites that we have studied.

3.2. Eclogite dissection

Based on the HRCXT imaging, each diamondifer-
ous eclogite was dissected along selected planes to
recover diamonds. The nature and physical properties
of minerals, in direct contact with diamonds, were
especially noted at the time of the diamond extraction.
Subsequently, polished sections of the eclogites were
prepared, containing the mould areas left by the
extracted diamonds, to further investigate the miner-
alogy and composition of the host minerals that were
in contact with the diamonds.

3.2.1. Textures and mineralogy of the host eclogites

Misra et al. (2004) have presented a detailed
account of the texture and mineralogy of the primary
and secondary mineral phases in the host eclogites,
UX-1 and U33/1. For the sake of completeness, we
will briefly review the important aspects of host
mineral compositions with emphasis on the nature
of diamond-—silicate contact zone. The eclogites from
the present study consist of almandine- and grossular-
rich garnet, omphacitic pyroxene, and minor sulfide
minerals (Fig. 2A). In terms of major-element com-
positions of clinopyroxene and garnet, the eclogites
studied have been classified as Group B eclogites
(Figs. 3 and 4). Sulfide grains occur throughout the
xenoliths either as inclusions in clinopyroxene and
garnet or interstitially. In both modes of occurrence,
pentlandite exsolution occurs in pyrrhotite, mostly as
oriented lamellar intergrowths. In some instances,
minor chalcopyrite exsolution also occurs.

The primary garnet-omphacite assemblage of the
eclogite has experienced multiple metasomatic events.
The textural evidence for the metasomatism is seen in
the form of a “spongy texture” (Fig. 2B), formed by
alteration of the primary clinopyroxene (Cpx 1),
kelyphitization of garnets, and the presence of phlog-
opite. Veins of secondary clinopyroxene crosscut the
primary clinopyroxene grains (Fig. 2B). There is a
general coarsening of grain size in secondary clino-
pyroxenes away from the primary clinopyroxene grain
boundary, and this feature is commonly pronounced
near the diamond—clinopyroxene contact (Fig. 2B).
The secondary-mineral assemblage, formed from the
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D-mould

Fig. 2. (A) Back-scattered electron (BSE) image showing a sulfide grain enclosed within the clinopyroxene area in UX-1 eclogite. (B) BSE
image showing the contact between the diamond mould and the host minerals in U33/1 eclogite. A zone of chloritic alteration forms a rim
around the diamond in the eclogite. The diamond—silicate contact is well-defined, but ragged indicating resorption of diamond, perhaps by
invading metasomatic fluids. The primary clinopyroxene (Cpx 1) is altered to Na-depleted, spongy textured clinopyroxene (Cpx 2) that tends to

be coarser in grain size away from the unaltered clinopyroxene.

alteration of omphacite generally defines the dia-
mond-—silicate contact, which in most cases, is over-
printed by chlorite, formed by low-temperature
hydrothermal alteration. Secondary clinopyroxenes
formed by the alteration of Cpx 1 are termed Cpx 2.

Similarly, clinopyroxenes formed by the alteration of
garnets are termed Cpx 3, following the terminology
of Misra et al. (2004). The major-element composi-
tions of secondary clinopyroxenes are highly variable
and are characterized by Na-depleted, Mg-enriched

Grossular (Ca)

Almandine (Fe+Mn)

Pyrope (Mg)

Fig. 3. The composition of U33/1-D3 garnet inclusion in diamond compared with the average compositions of garnets in xenoliths (U33/1 and
UX-1 host data are from Misra et al., 2004). The eclogite group classification is adopted from Coleman et al. (1965).
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|
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Fig. 4. MgO vs. Na,O plot for clinopyroxene. The primary clinopyroxene (Cpx 1) plots in the Group B eclogite field of Taylor and Neal (1989).
Secondary clinopyroxenes (Cpx 2 and Cpx 3) derived from alteration of Cpx 1 and garnet, respectively, are also plotted for comparison (data
from Misra et al., 2004). Note that the inclusion composition in the UX-1-D3 diamond appears to represent a Cpx 2-type altered clinopyroxene.

compositions (Fig. 4). Other secondary minerals
include spinel, which occurs exclusively in the
kelypthitic rim of the garnet, amphibole, and K-rich
glass that occurs in association with Cpx 2.
Diamonds are invariably associated with clinopyr-
oxenes, rarely with garnet, being only separated by
narrow alteration zones. Fresh clinopyroxene and
garnet were never found in direct contact with
diamond. It is not clear if this spatial relationship
of diamond and clinopyroxene alteration zones has
any specific genetic significance. However, it does
appear as if the diamond-forming fluid selectively
invaded the clinopyroxene grain boundaries. Alter-
natively, the diamond-clinopyroxene interfaces
might have provided an increased permeability con-

trast thereby promoting avenues for the invading
metasomatic fluids.

3.2.2. Diamonds and their mineral inclusions

The majority of the extracted diamonds occur as
perfect octahedra, others as cubo-octahedra, with well-
developed crystal faces; some also occur as macles
(twins). In one instance, a cluster of diamonds, weigh-
ing over 0.75 carat, was recovered, but due to the
polycrystalline nature of this cluster, it was not possible
to separate individual diamonds. This diamond cluster
was dark-gray in color, whereas the color of the single
recovered diamonds varied from colorless-to-yellow-
ish white. The size and weight of the diamonds varied
from <1 to 4 mm and 0.03 to 1 carat.

Fig. 5. (A) CL image of diamond U33/1-D6 showing multiple growth zones. Notice the resorption, termination, and regrowth of some of the
diamond growth zones indicating a complex evolutionary history of this diamond. To the right, the two figures are enlargements of the two
squares marked on image on the left. (B) CL image of diamond U33/1-D16 showing multiple growth zones. Notice the actual extent of the
diamond marked by the white dashed line. Such dark CL response from outer zones of the diamond is probably due to absence of significant
nitrogen aggregation, because these zones formed after the incorporation of the host xenolith into the kimberlite and not long before the
kimberlite eruption. (C) BSE and CL image of the enlarged area in B marked by the square. A calcite grain was found enclosed in the outer
portion of this diamond, consistent with the latest growth of diamond in a Ca-rich fluid environment. A crystal of chlorite nearby is probably
related to a fracture, although no evidence for this was seen in the CL image.
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From the UX-1 and U33/1 eclogites, a total of 30 erals are the most common DIs (Anand et al., 2001).
diamonds were examined optically for visible mineral These sulfide phases are invariably associated with
inclusions. In the majority of the cases, sulfide min- radiating fractures—apparently not extending up to
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the diamond surface—and occur as thin films coating
these fractures. The ““smearing” of sulfides is a
function of their plasticity at high temperatures (Pear-
son and Shirey, 1999). The association of sulfide
minerals with fractures has been thought to be a
response to stress cracking during differential thermal
contraction of the inclusion and the host diamond
during eruption (Meyer, 1987). In some cases, euhe-
dral to subhedral sulfide inclusions were also noticed,
displaying negative diamond crystal forms (Fig. 9A).
In such cases, sulfide inclusions were exposed by
polishing the host diamonds. The diamonds from UX-
1 and U33/1 eclogites are unusually poor in macro-
scopic (>20 pm) silicate mineral inclusions, a stark
contrast to U51 diamonds that were exceptionally rich
in silicates (25 clinopyroxene and three garnet inclu-
sions from eight diamonds). Only one garnet inclusion
has been identified to date in a U33/1 diamond (U33/
1-D3). A clinopyroxene inclusion was originally
identified in the diamond UX-1-D3. Subsequent
EMP analysis indicated that this is a low-Na clinopyr-
oxene, comparable to many secondary clinopyroxenes
in the host eclogite. In addition, this grain is located
inside a healed crack extending up to the diamond
surface, and thus, it not considered as a pristine
mineral inclusion.

Polished surfaces of diamonds were subjected to
detailed examination with cathodoluminescence, at-
tached to Cameca SX-50 electron microprobe, to
determine their growth patterns. Most of the diamonds
have CL zonations recording their commonly tortur-
ous, and contorted growth histories. These zones have
different CL colors, probably reflecting different ni-

trogen-aggregation states and nitrogen contents within
the diamond structure. The degree of nitrogen aggre-
gation in a diamond is a function of its residence time
and temperature in the mantle (Mendelssohn and
Milledge, 1995). At longer mantle residence times
and at higher mantle temperatures, diamonds develop
higher nitrogen-aggregation states and thereby show
the brightest CL colors. In addition, the majority of
the diamonds show hiatuses in their growth, which is
obvious from the CL images, such as those shown in
Fig. 5. In the case of U33/1-D6 (Fig. 5SA), the CL
pattern shows that the growth history of this diamond
involved resorption and re-deposition, when the dia-
mond was partially dissolved back into the fluids from
which it may have originally grown. Continued new
growth of diamond over resorbed zones was com-
monly accompanied by change in growth mode from
cubic to octahedral. The outermost portions of many
diamonds (e.g., U33/1-D16) show weak to no CL
(Fig. 5B), termed ‘“dead zones”. Such dark CL
response from outer zones of the diamond is probably
due to absence of significant nitrogen aggregation,
because these zones formed after the incorporation of
the host xenolith into the kimberlite and not long
before the kimberlite eruption. This is a signature
commonly observed in the late-stage fibrous diamond
growth. Based on CL patterns, this diamond appears
to have experienced at least three distinct growth
events (Fig. 5B). The central portion is the oldest
portion of the diamond that grew in the mantle over a
considerable period of time. As mentioned above, the
outermost zone grew not long before kimberlite erup-
tion, and the intermediate zones probably grew during

CL

secondary
diamond

NN deposition
: "M‘/

N

il CpX
—wr———" b

ll

Fig. 6. Reflected-light (RL), BSE, and CL image of diamond UX-1-D3. In RL and BSE, no cracks are visible, whereas in the CL image, a
clinopyroxene inclusion is seen clearly enclosed by a large healed fracture, which extends up to the surface of the diamond, confirming the

open-system nature of this inclusion.
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some time in between. Boundaries between these
three zones show the cessation of growth, followed
by resorption, with renewed growth. A calcite inclu-
sion was found in the outermost dark CL region of
this diamond, perhaps related to the latest growth of
diamond in a Ca-rich fluid medium. Each diamond
from a single eclogite appears to have specific CL
features, depending upon the growth conditions.
These observations are intriguing, but consistent with
our previous suggestions that diamond growth is
seldom simple and probably occurs over a significant-
ly long geological time-period and under constantly
changing fluid/melt compositions (Taylor et al., 2000;
Anand et al., 2002).

Our CL studies have also demonstrated that some
of the diamonds from the studied eclogites have
minute, optically invisible cracks (Fig. 6), which
extend from the DIs to the surfaces of the diamonds,
thereby providing evidence of probable “open sys-
tem” behavior of at least some of the DIs. For
example, in UX-1-D3 diamond, EMP analysis of
the clinopyroxene inclusion, located in the healed
fracture, confirms the secondary nature of this inclu-
sion (Fig. 4; Table 1). These optically invisible cracks
are only discernible in CL images. This observation
highlights the usefulness, indeed, the necessity for
CL imaging in the study diamonds and diamond
inclusions, as it can provide the stratigraphy of the

Table 1

Representative analysis of garnet, clinopyroxene, K-feldspar and sulfide mineral inclusions in diamonds from UX-1 and U-33/1 eclogites

Mineral U33/ UXI UX- wt% U33- U33- U33- U33- Uxl- Ux1- Uxl- Uxl- Ux1- Uxl-
1-D3 -D3 1-DI1 Dil9 Dil9 Dil9 Dil9 Di5 Di5 Dil2 Dil2 Dil3 Dil3
Gt Cpx K-fel Sulfide 1 Sulfide 1 Sulfide 2 Sulfide 2 Sulfide Sulfide Sulfide Sulfide Sulfide Sulfide

Average n=5 n=9 n=3 Type Low-Ni High-Ni Low-Ni High-Ni Low-Ni High-Ni Low-Ni High-Ni Low-Ni High-Ni

SiO, 39.0 521 6430 S 37.0 36.7 36.6 37.4 36.0 35.1 39.4 38.0 392 37.7

ALO; 219 3.13 1648 Fe 48.6 55.2 51.4 52.4 53.7 52.1 56.2 38.0 56.7 48.2

TiO, 0.64 040 Co 0.09 0.10 0.20 0.25 0.45 0.48 0.08 1.23  0.05 0.58

Cr,0;  0.06 0.11 Ni 2.62 4.29 3.57 3.90 8.00 9.50 1.96 19.77 1.18 8.25

MgO 994 157 Cu 112 3.75 7.14 4.89 0.31 0.49 0.13 0.01  0.06 0.00

CaO 9.54 195 0.06 Zn n.d. n.d. n.d. n.d. n.d. n.d. 0.00 0.00 0.00 0.02

MnO 030  0.10 Si n.d. n.d. n.d. n.d. n.d. n.d. 0.32 0.24 n.d. n.d.

FeO* 17.7 571 2.00 Total 99.5 100.0 98.9 98.9 98.5 97.7 98.0 97.2 97.2 94.8

Na,0O  0.23 1.64 0.18

K,O n.d. 0.02 16.14 at%

P,0s 0.05 S 51.39 50.47 50.98 51.79 50.27  49.60 53.84  53.10 54.12  53.69

NiO 0.02 Fe 38.71 43.63 41.13 41.66 43.07 4234 44.06  30.50 4491 39.42

Total 99.4 984 99.15 Co  0.07 0.08 0.16 0.19 0.34 0.37 0.06 0.93 0.03 0.45

Ni 1.99 3.22 2.72 2.95 6.10 7.34 1.46 15.09 0.89 6.42

O Basis 12 6 8 Cu 785 2.61 5.02 3.42 0.22 0.35 0.09 0.01 0.04 0.00

Si 2960 194 3.03 Zn - - - - - - 0.00 0.00  0.00 0.02

Al 1.960 0.14 091 Si - - - - - - 0.50 0.38 - -

Ti 0.036 0.01 Total 100 100 100 100 100 100 100 100 100 100

Cr 0.003  0.00 S 37.2 36.7 37.0 37.8 36.6 359 40.3 392 404 39.8

Mg 1.123  0.87 Fe*  60.1 59.0 59.2 58.0 54.9 53.9 57.6 392 584 50.9

Ca 0.775 0.78 0.00 Ni* 2.7 44 3.8 42 8.6 10.2 2.1 21.6 1.3 9.3

Mn 0.019  0.00

Fe 1.119  0.18 0.08

Na 0.034 0.12 0.02

K 0.00 0.97

P 0.003

Ni 0.001

Total 8.03 4.04 5.01

Mg# 50.08 83.03

Or 98.07

FeO*=all Fe reported as FeO; Mg# = cation 100*Mg/(Mg+ Fe); Or=100*K/(K+Na+ Ca); Fe*=Fe* (Fe+ Cu); Ni*=Ni* (Ni+ Co).
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diamonds, and can help to recognize open nature of
the mineral inclusions in the diamonds. Such infor-
mation can also be crucial to the isotopic studies of
mineral inclusions in diamonds, particularly sulfide
minerals.

An inclusion of K-feldspar was also found in the
diamond UX-1D-1. The EMP analysis of this inclu-
sion yields an almost pure orthoclase end-member
(sanidine) composition of the alkali feldspar solid
solution series. This is consistent with the reported
occurrence of sanidine as inclusions in diamonds

y, »

(Meyer, 1987; Meyer and McCallum, 1986) from
other locations. Inclusions of sanidine and calcite in
the outer regions of some diamonds indicate involve-
ment of K-rich melt/fluid in the formation of dia-
monds in these eclogites, at least during the latest
diamond growth event.

The garnet inclusion in diamond U33/1-D3 exhib-
its well-developed cubo-octahedral morphology (Fig.
7A) and is orange-red in color, characteristic of
almandine-rich eclogitic garnets. The CL image of
this diamond also shows complex growth zones,

; |Garnet

Fig. 7. (Top) Cathodoluminescence (CL) image of a polished surface of diamond U33/1-D3 containing a garnet inclusion. (Bottom) BSE and
CL image of the area shown by dashed square in the top figure. Numbers on BSE image indicates the location of spots for EMP analysis. The
CL image shows a dark halo around the garnet inclusion. Evidence for some healed fractures are seen in the vicinity of the garnet, but these

fractures do not appear to reach the surface of the diamond.
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similar to other diamonds from this eclogite. A dark
halo around the garnet DI is present in the CL image;
although such haloes are commonly observed around
DIs, their origin is not known. The CL image of the
diamond area containing the garnet inclusion also
shows the presence of some healed fractures, but they
do not extend to the surface of the diamond (Fig. 7B).
This garnet inclusion is Ca-rich and Mg-poor, com-
pared to the garnets in the host eclogite U33/1 (Fig. 3,
Table 1). Such compositional differences between
silicates inside the diamonds and in the host eclogites
have also been reported previously (Taylor et al.,
2000). The discordance between the inclusion com-
position and the host mineral composition is in
agreement with the opinion that mineral inclusions
in diamonds have remained closed since their encap-
sulation, whereas the host has undergone multi-stage
metasomatic processes. Extreme chemical variability
among multiple diamond mineral inclusions has also
been recorded previously (Sobolev et al., 1998a;
Taylor et al., 2000). Such variations in mineral inclu-
sion compositions have been interpreted as reflecting
the encapsulation of DIs at various stages of metaso-
matic diamond growth.

Clinopyroxene inclusions from US51 diamonds
studied by Taylor et al. (2000) were also different in
terms of their rare-earth-element (REE) compositions.
Especially, almost all of those clinopyroxene inclu-
sions also showed positive Eu anomalies. This com-
positional diversity is highlighted for three inclusions
in Fig. 8A. At relatively low oxygen fugacity, divalent
Eu behaves like Sr, being partitioned into plagioclase
in preference to other REEs and substituting for Ca in
the crystal structure. Rocks derived from the fraction-
ation of a basaltic magma may develop positive or
negative Eu anomaly depending upon the presence or
absence of plagioclase. Since plagioclase is only
stable at lower pressures (10—15 kbar), such Eu
anomalies are only seen in basaltic rocks that have
fractionated at crustal pressures, such as at mid-ocean
ridges. Presence of positive Eu anomaly in eclogitic
pyroxene is commonly taken as independent evidence
for the involvement of crustal protoliths in their
formation via the subduction cycle. The amplitude
of Eu anomaly in an inclusion, therefore, may be a
function of its Ca content. Fig. 8B is a plot of CaO vs.
Eu* for all the clinopyroxene inclusions from US51
diamonds. The dataset does not show any apparent

correlation. In fact, multiple inclusions from the same
diamond have widely different Eu* at almost same
CaO content. These observations highlight the com-
plexity of eclogite petrogenesis. The nature of Eu
anomaly, considered together with oxygen isotopic
data on mineral inclusions from U51 diamonds (see
below), confirm the subduction hypothesis for the
origin of Group B eclogites from Udachnaya kimber-
lite pipe (e.g., Jacob et al., 1994).

Four diamonds (one from U33/1 and three from
UX-1) were polished to expose their sulfide inclu-
sions. One of the diamonds (U33/1-D19) has two
sulfide inclusions simultaneously exposed on the
same polished surface. In general, sulfide inclusions
occur in variety of shapes and sizes, and are com-
posed almost entirely of “pyrrhotite” with variable
Ni contents. X-ray elemental maps of these sulfide
inclusions have shown that fine-scale intergrowths of
Cu- and Ni-bearing phases are quite common. Two
examples are shown in Fig. 9. In diamond U33/1-
D19, a Cu-rich area exists at the southwest periphery
of the grain; in diamond UX-1-D12, a small Cu-rich
area occurs at the northeastern edge of the grain. The
presence of such small high-Cu areas at the margins
of sulfide grains, probably representing chalcopyrite,
is a common feature of sulfide inclusions in dia-
monds (Ruzicka et al., 1999). In diamond UX-1-
D12, there are two Ni-rich bands that suggest the
presence of pentlandite exsolved from an original
mono-sulfide solid solution. Attempts to measure the
compositions of the suspected chalcopyrite and pent-
landite with electron microprobe were unsuccessful
because of the extremely small (<2 pum) width of
the exsolved bodies. The composition of “pyrrho-
tite”” in these inclusions is highly variable in terms of
its Ni content, and invariably higher than the prac-
tically Ni-free pyrrhotite coexisting with pentlandite
in sulfide grains of the host eclogites. This is
illustrated in Fig. 10, which shows the most Ni-rich
and Ni-poor “pyrrhotite” compositions in each of
the sulfide inclusions, along with compositions of
pyrrhotite and pentlandite in the host eclogites. The
DI “pyrrhotite” compositions are within the range
for eclogitic sulfides reported by Bulanova et al.
(1996), and fall within the Ni-rich portion of the Mss
field at 650 °C and 1 atm pressure. It is, however,
possible that the relatively high Ni concentrations
measured in the DI “pyrrhotites” are due to con-
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Fig. 8. (A) Chondrite-normalized REE patterns of three clinopyroxene inclusions from two U51 diamonds (C and K) (data from Taylor et al.,
2000). All three inclusions exhibit a positive-Eu anomaly. (B) Plot of CaO vs. Eu* for clinopyroxene inclusions in diamonds from U51 eclogites
(data are from Taylor et al., 2000). The plot clearly shows that there is no apparent correlation between CaO and Eu anomaly, indicating
complex processes involved in the eclogite petrogenesis.

tamination by submicroscopic bodies of exsolved the melt from which the DI sulfide phases precipi-
pentlandite. In any case, a comparison of the sulfide tated was different from that responsible for the
compositions indicate that the bulk composition of sulfide phases in the host eclogites.

Fig. 9. (A) BSE and X-ray elemental maps of a sulfide inclusion exposed on a polished surface of diamond U33/1-D19. Note the Cu-rich area on
the southwest corner of the inclusion. (B) X-ray elemental maps of a sulfide inclusion in diamond U33/1-D12 showing Cu-rich and Ni-rich
patches at the level of the exposed surface in the polished diamond plate. Such Cu- and Ni-rich areas, visible only in X-ray maps, are common in
almost all sulfide inclusions that we have studied. Lamellar intergrowths of pyrrhotite and exsolved pentlandite, optically visible in almost all
sulfide grains in the host eclogite, were not seen in the sulfide inclusions.
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Fig. 10. The highest-Ni and lowest-Ni compositions (in wt.%) of sulfide inclusions in diamonds are plotted in Fe—Ni—S ternary space. Cu is
assumed to substitute for Fe and Co for Ni. Almost all sulfide inclusions plot in the mono-sulfide solid solution (Mss) stability field at 650 °C
towards the Ni-poor region, consistent with their eclogitic heritage (Bulanova et al., 1996). Compositions of sulfide occurring in the host
eclogites are also plotted. These have exsolved pyrrhotite and pentlandite and plot in the respective fields.

3.2.2.1. Oxygen isotopes in diamond mineral inclu-
sions. There are relatively few available 6'°0 values
on eclogitic diamond inclusions compared to the data
on host eclogite garnet and clinopyroxene. In fact,
only two other studies have presented 5'%0 data on
eclogitic mineral inclusions in diamonds (10 eclogitic
garnets in Finch diamonds (Lowry et al., 1999);
coesite inclusions in Gauniamo diamonds (Schulze
et al., 2003)). In both studies, the ranges in 6'%0
values were large (5.7—8%o and 10.2—16.9%o, respec-
tively), presenting evidence for the subduction related
origin of eclogitic mineral inclusions as well.

We have obtained oxygen isotope data on five
clinopyroxene and one garnet inclusion in diamonds

Table 2
Oxygen isotopic compositions of Cpx and Gt inclusions in
diamonds from US51 eclogite xenolith

Sample No. 8'%0 (%o) 20
W-1 cpx 4.4 0.9
W-5 cpx 2.4 1.0
W-14 cpx 2.4 1.0
V-19 cpx 2.9 0.8
L-29 cpx 43 0.9
L-27 gt 8.6 1.0

from U51 eclogite (Table 2). The overall variation in
the 6'%0 values in clinopyroxene inclusions is be-
tween 2.4%o0 and 4.4%o, significantly lower than the
mantle value of 5.5 + 0.4%o. In contrast, one garnet
diamond inclusion has 6'®0 value of 8.6, the highest
oxygen isotope value reported for an eclogitic garnet
inclusion. This is only the second time that such a
high 6'®0 value has been found in any eclogitic
garnet. Deines et al. (1991) determined 'O values
up to 9.2%o in eclogitic garnets from Orapa, albeit not
as DIs. Such high 8'%0 values in the eclogitic garnets
are in agreement with the hypothesis that they were
ultimately derived from subducted oceanic crust. The
6'%0 ratios in clinopyroxene inclusions, however,
define the lower range seen in eclogites. It is even
more interesting that multiple clinopyroxene inclu-
sions from the same diamonds show different §'%0
values (W DIs in Table 2). These observations high-
light the variability in oxygen isotopic compositions
of eclogitic DIs, and are consistent with variations in
major- and trace-element compositions of multiple
DIs in and between these diamonds, as discussed
above.

The longstanding debate about the origin of eclo-
gites from subducted oceanic crust is mainly based on
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anomalously high and low oxygen isotopic values in
eclogite xenoliths (Jagoutz et al., 1984). The accepted
mantle oxygen isotopic composition is 5.5 + 0.4%0
(Mattey et al., 1994). In the case of Udachnaya
eclogites, Jacob et al. (1994) showed that 6'%0 ratios
in garnets and clinopyroxenes range from 5.19%o to
7.38%o. Snyder et al. (1997) also reported &'%0 values
of 4.9-7%0 on garnets and clinopyroxenes from
Udachnaya eclogites. These ranges in oxygen isotopic
composition in Udachnaya eclogites are relatively
smaller than those seen in the case of South African
eclogites (e.g., Roberts Victor, 2—8%o, Garlick et al.,
1971; but these were whole-rock values, which are
usually unreliable). Nonetheless, these data taken
together with oxygen isotope data on eclogitic mineral
inclusions, having both lower and higher 6'*0 ratios
than typical mantle, confirm the origin of many
eclogites by subduction of oceanic crust.

4. Concluding remarks

1. High-resolution computed X-ray tomography is a
powerful tool for mapping xenoliths as to the
relative positions of the minerals, including
diamonds. The Udachnaya eclogite xenoliths in
the present study are exceptionally rich in dia-
monds; >70-90% of the total diamonds in these
xenoliths occur in the interior of the xenolith and
were located and their positions mapped with 3-D
images, without destroying the sample.

2. Diamonds are always near omphacite, along zones
with a prominent sub-planar fabric of metasomatic
alteration assemblages. Sulfide minerals, although
abundant, are not preferentially associated with
diamonds. Thus, there are insufficient quantities of
sulfide minerals to call upon formation of these
diamonds from an immiscible sulfide melts, as
proposed by some authors in other cases.

3. Diamonds in association with secondary minerals
indicate metasomatic formation of diamonds,
obviously post-dating the formation of the host
eclogite. These observations are also consistent
with our other studies that suggest that diamonds
are not syngenetic with the garnet and clinopyrox-
ene in the host eclogite.

4. Inclusions in diamonds show variable chemical
compositions. Multiple inclusions from the same

diamonds have different compositions, suggesting
episodic encapsulation of DIs by the diamonds
under changing melt/fluid conditions brought about
by various metasomatic fluid fronts in the mantle.

5. Oxygen isotopic compositions of garnet and
clinopyroxene DIs deviate significantly from the
accepted mantle values. The 6'®0 value for one of
the garnet inclusions is the highest reported to date,
for any eclogite garnet DI. This is consistent with
the well-accepted hypothesis of origin for Udach-
naya eclogites by the subduction of ancient oceanic
crust.
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