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Abstract Mantle xenoliths from the Obnazhennaya
kimberlite pipe, Yakutia, possess a large range of mi-
neralogical and chemical compositions, from both
group A and B eclogites. Major-element contents of the
group A eclogites exhibit transitional features between
the group B eclogites and peridotite. The Mg# of clin-
opyroxenes is 0.86-0.94, with 0.60-0.84 for garnets.
Differences in concentration of LREEs exist between the
Obnazhennaya group A and the well-studied group B
eclogites from the Udachnaya kimberlite pipe. In gen-
eral, garnets in the group A eclogites contain lower
LREEs than those from the group B eclogites; however,
the trend for clinopyroxene is reversed. High 6'*0 (5.46—
7.81) values, and the positive Eu anomalies in the gar-
nets and clinopyroxenes (Eu/Eu* 1.2-1.4) demonstrate
the involvement of an oceanic crustal component in the
formation of the group A eclogites. The group A
eclogites formed between 21.0 and 37.6 kbar, and 711
and 923 °C, in a time interval of 1,071-1,237 Ma. An
innovative model is proposed to explain the formation
of the group A eclogites and websterites. It involves the
reaction of a depleted mantle peridotite with TTG and
carbonatite melts closely related to the subduction of
oceanic crust.
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Introduction

The mantle comprises 80% by volume of the Earth and
is the progenitor of the crust. However, we still have
much to learn about the chemical composition and
petrogenesis of the mantle, which is requisite to
understanding the complex evolution of the Earth.
Deep-seated xenoliths, in a variety of lithologies, found
in alkali basalts and kimberlites around the world,
provide samplings of material from the uppermost
portion of the mantle; the majority of such xenoliths
come from the continental lithosphere. These xenoliths
include dunites, lherzolites, harzburgites, wehrlites,
eclogites, pyroxenites, and websterites. Garnet-, spinel-,
and diamond-bearing varieties of these rocks are also
known. In total, these samples present snapshots of the
geochemical processes which occur deep within the
Earth.

Mantle eclogites, one of the two major types of dia-
mondiferous xenoliths, are composed mainly of garnet
and clinopyroxene. Bulk compositions of these eclogites
may range from olivine basalt to tholeiitic basalt and
anorthositic gabbro (e.g., Coleman et al. 1965; Shervais
et al. 1988). Taylor and Neal (1989) subdivided this
range of mantle eclogite compositions into three groups
(A, B, and C), according to the chemical scheme of
Coleman et al. (1965). Group B and C eclogites are
generally bimineralic, composed of garnets rich in
almandine, as well as grossular components, and
omphacitic clinopyroxenes, with intermediate- to high-
jadeite components. Group C also entails rare occur-
rences of grospydites, i.e., kyanite and corundum
eclogites. It has been widely accepted that group B and
C eclogites represent relicts of different stratigraphic
levels of ancient oceanic crust which were metamor-
phosed during subduction into the mantle (e.g., Helms-
taedt and Doig 1975; MacGregor and Manton 1986;
Shervais et al. 1988; Taylor and Neal 1989; Neal et al.
1990; Jerde et al. 1993; Ireland et al. 1994; Snyder et al.
1995; Beard et al. 1996; Snyder et al. 1997).



In contrast to group B and C eclogites, the group A
eclogites contain pyropic garnets, relatively rich in
Cr,05 (0.3 to 0.6 wt%), and have been considered to be
of true mantle origin (e.g., Taylor and Neal 1989; Snyder
et al. 1997). Clinopyroxenes from this group also have
high ratios of Mg/(Mg+ Fe), low-jadeite components,
and relatively high Cr,O3 contents (0.2 up to 1.5 wt%).
Orthopyroxene and/or olivine may also occur as minor
(<1%) accessory minerals. When these rocks contain
primary orthopyroxene, they are not eclogites sensu
stricto but are properly referred to as garnet websterites.
Because of the relatively small size of the xenoliths in the
present study (<50-75 g), it is not always realistic to
give different petrologic names to these rocks based
upon a few thin sections. In this study, any xenolith with
orthopyroxene, in addition to garnet and clinopyroxene,
has been designated as garnet websterite. However, be-
cause of the distinct similarities in mineral compositions
of group A eclogites with websterites, their petrogeneses
have been treated together.

Compared with those of group B and C, previous
studies of group A eclogites have indicated virtually no
evidence of oceanic crustal affinity. However, petroge-
netic models of group A eclogites are controversial, and
their origin remains an enigma. Some workers have
concluded that these xenoliths are samples from direct
igneous activity in the mantle (e.g., Shervais et al. 1988;
Smyth et al. 1989; Neal et al. 1990; Snyder et al. 1995,
1997). Others have speculated that these samples may be
of oceanic affinity, being remnants of deeper, ultramafic
oceanic crust, akin to the harzburgitic to gabbroic sec-
tions of ophiolites (e.g., MacGregor and Manton 1986;
Jacob et al. 1994; also see Snyder et al. 1997, 1998, for a
discussion). It is also believed that in the Archean, the
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ocean-ridge basalts were relatively more mafic, and these
may have been involved in the genesis of some of the
group A eclogites of Archean ages. It is to the origin of
group A eclogites that this paper is directed, utilizing a
unique suite of eclogites and garnet websterites from a
well-known, albeit non-diamondiferous Siberian kim-
berlite.

The Obnazhennaya kimberlite is one of the many
pipes in Yakutia (Fig. 1) and, unlike many other Sibe-
rian locales, this kimberlite is non-diamondiferous and
provides information on a relatively shallower region
(i.e., within the graphite stability field) of the subcratonic
Siberian mantle near the northeast edge of the platform
(Sobolev 1977; Ouchinnikov 1989; Spetsius and Serenko
1990). A large number of xenoliths from this pipe are of
group A eclogites and websterites (Qi et al. 1994, 1997).
In this report, a suite of eclogites and websterite xeno-
liths, in addition to some peridotites from the Ob-
nazhennaya kimberlite pipe, have been selected for
detailed mineralogical, petrological, and geochemical
studies, with emphasis on addressing the origin of the
group A eclogites and websterites.

Geological setting

The Siberian platform comprises a large expanse of
north-central Asia (Fig. 1). The platform extends more
than 2,500 km from Lake Baikal in the south, north-
wards to the Arctic Ocean, and from the Sea of Okhotsk
in the east to the Yenisey River in the west. Geophysical
studies suggest that the Moho occurs at depths of 35—
60 km beneath the platform (Rosen et al. 1994). The
platform consists of a variety of Precambrian rocks
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overlain by Phanerozoic sedimentary sequences. Major
suture zones, which are Phanerozoic in age, bound the
platform and formed during the accretion of Pangea
(Zonenshain et al. 1990). The basement rocks of the
platform have been subdivided into seven crustal prov-
inces, according to when they were accreted onto the
craton (Rosen et al. 1994). Three provinces, Olenek,
Anabar, and Magan, are known to contain kimberlite
intrusions. These intraplate magmatisms occurred dur-
ing the Paleozoic and Mesozoic eras (Sobolev 1977;
Zonenshain et al. 1990).

The Obnazhennaya kimberlite pipe is located within
the lower Olenek province which occupies the extreme
northeastern portion of the platform (Fig. 1), along the
lower portion of the Olenek River, near the Kuoika River.
The pipe is exposed in a riverbank-cliff outcrop, and it is a
small intrusion with an elliptical shape of approximately
30 by 45 m. A large amount of kimberlitic breccia occurs
at this locality, composed of kimberlite matrix with a
plethora of olivine fragments and a variety of mantle
xenoliths (Sobolev 1977). The Obnazhennaya kimberlite
intruded Sinian dolomites during the late Jurassic, which
is confirmed both by the finding of a fossil belemnite in the
kimberlite (Milashev and Shul’gina 1959) and by U-Pb
dating of zircons (Davis et al. 1980).

The Obnazhennaya xenolith suite

The Obnazhennaya kimberlite displays a range of
xenolith compositions from ultramafic to mafic. Unique
amongst the Yakutian kimberlites, there is a continuous
gradation in xenolith composition, from peridotite to
eclogite. The mineral associations recorded in the rocks
include (1) garnet+ olivine + orthopyroxene + clinopy-
roxene (peridotite); (2) garnet+ clinopyroxene + ortho-
pyroxene (websterite); (3) garnet+ clinopyroxene
(eclogite, groups A and B); and (4) olivine (dunite). All
xenoliths and the kimberlite are barren of diamond.
Secondary features which occur in these rocks include
phases formed by metasomatic reaction, both at depth,
and with the host kimberlite. Exsolutions of garnet,
corundum, and orthopyroxene are common in clinopy-
roxene, and rutile exsolution occurs in many garnets.

Peridotite is the most abundant xenolith in Ob-
nazhennaya, including garnet-lherzolite and spinel-
lherzolite (Sobolev 1977; Spetsius and Serenko 1990).
These xenoliths are composed of forsterite-rich olivine
(Fo 90-92), Cr-diopside, orthopyroxene, garnet and/or
spinel, and commonly contain a sulfide assemblage of
chalcopyrite + pyrrhotite + pentlandite. Although these
rocks are all ultramafic in composition, they possess
wide chemical variations which are reflected in the
modes and mineralogy of the rocks. With decreasing
amounts of olivine, there is an overall increase in the
proportion of pyroxene and garnet (Sobolev 1977),
thereby extending from ultramafic to mafic composi-
tions. Significant variations also are found in the Cr,O3
contents of these xenoliths.

Eclogite is the second most abundant xenolith in the
Obnazhennaya kimberlite, and also shows significant
variations in mineralogy and chemical composition.
Websterites are the third most abundant. Eclogites are
divided into different groups, among which the abun-
dance of group A eclogites is greater than that of
group B. Unusual corundum-bearing eclogite xenoliths
(e.g., O-160; Sobolev 1977; Qi et al. 1997) are also re-
ported from the Obnazhennaya kimberlite, but they are
rare. This type of rock, under-saturated in silica, differs
from the other eclogites in its high CaO and Al,O3
contents (Sobolev 1977; Spetsius and Serenko 1990),
manifested as abundant ruby, in addition to large clin-
opyroxenes (2-5 cm) which display a varied array of
exsolutions, i.e., orthopyroxene, garnet, corundum,
kyanite, and sanadine (Qi et al. 1994, 1997).

Petrography

The mineralogy and textures of the Obnazhennaya
xenoliths are relatively simple, due largely to their gen-
erally unweathered nature, lack of secondary minerals,
and absence of primary hydrous phases. From our large
collection, 25 xenoliths were selected for detailed study,
including seven peridotitic, eight eclogitic, and ten
websteritic xenoliths (Table 1). The modal compositions
of the non-peridotite xenoliths are also listed in Table 1.
It should be noted that large uncertainties (£10%) are
associated with the modal estimates, due to the coarse-
grained nature (1-3 cm) and small sizes of the samples
(0.05-1 kg).

Garnet-websterite xenoliths

Ten samples (O-4, O-81/91, O-83/91, 0O-84/91, O-85/91,
0-86/91, 0O-901, O-1085, O-1101, O-1109) have textures
similar to cumulate rocks and consist of bright green,
coarse-grained clinopyroxene crystals which range in
size from 12.5 to 30 mm. Pale pink, coarse-grained
anhedral garnets with irregular geometry occur as
interstitial material between these large clinopyroxenes.
Garnets range in size from 3 to 6 mm, and display
moderate rutile exsolution along {111} crystallographic
planes. Orthopyroxene (2-12.5 modal%), 1.5 to 3.0 mm
in size, occurs as anhedral grains between garnet crys-
tals. Some orthopyroxenes contain significant ilmenite
lamellae, likely formed as secondary exsolution.

Eclogite xenoliths

Samples O-82/91, 0-423, O-501, 0O-926, 0-927, O-1073,
O-1103, and O-1108 consist of coarsely interlocking
mosaics of subhedral garnet and clinopyroxene. These
xenoliths are composed of dark green clinopyroxene and
pale orange—pink garnets. Clinopyroxene crystals range
in size from 5 to 25 mm, with garnets from 1.5 to
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Table 1 Xenoliths studied from

the Obnazhennaya kimberlite Sample Rock (group) Garnet Clinopyroxene Orthopyroxene Spinel
pipe, with modal analyses for
eclogites and websterites 0-82/91 Eclogite (B) 70.8 277 L5
0-423 Eclogite (A) 26.8 73.2
0-501 Eclogite (B) 54.1 45.9
0-926 Eclogite (A) 31.5 68.5
0-927 Eclogite (B) 32.3 67.7
0-1073 Eclogite (A) 36.3 63.7
O-1103 Eclogite (A) 42.1 57.9
0-1108 Eclogite (A) 31.2 68.8
0-4 Websterite (A) 32.7 63.4 39
0-81/91 Websterite (A) 55.9 323 11.8
0-83/91 Websterite (A) 48.3 46.5 5.2
0-84/91 Websterite (A) 39.4 479 12.5 0.2
0-85/91 Websterite (A) 453 52.8 1.5 0.4
0-86/91 Websterite (A) 39.8 51.2 8.7 0.3
0-901 Websterite (A) 28.1 69.2 2.7
0-1085 Websterite (A) 57.5 40.4 2.1
O-1101 Websterite (A) 39.3 56.1 4.6
O-1109 Websterite (A) 37.6 57.7 4.7
0-129/74 Peridotite
0-1040 Peridotite
0-1100 Peridotite
0-1104 Peridotite
0-1105 Peridotite
0-1106 Peridotite
0-1107 Peridotite

12.5 mm. Clinopyroxene typically displays exsolution of
orthopyroxene, ranging in width from 10 to 20 pm,
along {100} crystallographic planes. Sample 0-423
consists of a single, pale green, euhedral clinopyroxene
crystal (> 5 cm). This large clinopyroxene poikilitically
encloses numerous medium-grained, subhedral and
elongate garnets which range between 1.5 and 6 mm.
These garnets are mainly a product of exsolution, in
which case this sample is technically a pyroxenite. The
clinopyroxene also contains exsolution of fine-grained
lamellae (1 to 5 pm wide) of orthopyroxene parallel to
{100}. Varying amounts of rutile exsolution in garnets
are also present along the {111} crystallographic planes
in all eclogite samples. Numerous fine fractures cross-
cutting the sample contain penetrating kimberlitic and
carbonate materials. In spite of these fractures, the
samples are relatively fresh, having experienced little
secondary alteration, especially weathering.

All of the eclogites/websterite xenoliths contain a
complex network of anastamosing fractures which are
filled, to varying degrees, with kimberlitic material and
variable amounts of metasomatic alteration products.
The most common secondary minerals are chlorite/ser-
pentine (?) and phlogopite. Selvages of phlogopite in
association with kimberlite occur mantling many of the
garnets in this suite, some present in kelyphitic rims. The
garnets also show evidence of phlogopite growth along
internal fractures which are penetrated by kimberlite.
Trace amounts of small pyrrhotite grains, commonly
mantled by rims of chalcopyrite, are associated only
with the alteration products found in these kimberlite-
filled fractures. Clinopyroxene is similarly altered along
grain boundaries and internal fractures, with small,
optically continuous “islands” of lower-Na clinopyrox-

ene, set within a matrix of microcrystalline glass/pla-
gioclase and spinel. These features have been called
“spongy texture” by Taylor and Neal (1989), and are
considered the product of partial melting of the primary
clinopyroxene (Spetsius and Taylor 2002). Such features
are common in all groups of eclogite xenoliths from
kimberlites (e.g., Taylor and Neal 1989; Fung and
Haggerty 1995; Snyder et al. 1998).

Analytical methods

Major- and minor-element compositions of minerals
were determined with a Cameca SX-50 electron
microprobe at the University of Tennessee. Analytical
conditions employed an accelerating voltage of 15 keV,
a beam current of 20 nA, beam size of 5 um, and 20-s
counting times for all elements, except K in clinopy-
roxene and Na in garnet (60-s each). All analyses
underwent full ZAF (Cameca PAP) corrections. Trace-
element concentrations were determined using second-
ary ion mass spectrometers—SIMS, Cameca IMS 4f at
the University of New Mexico, and Cameca IMS 3f at
the Woods Hole Oceanographic Institute. The operat-
ing procedures at both laboratories are approximately
the same, and details about trace-element measure-
ments by SIMS and analytical uncertainty have been
presented by Shimizu et al. (1978) and Shimizu and
Hart (1982).

Oxygen-isotope analyses of garnet were performed
using a laser-fluorination technique at the University
of Wisconsin-Madison. Samples were lightly crushed,
and clean garnets were handpicked with a binocular
microscope. The garnets were then crushed again, and



428

alteration products were removed again by picking,
followed by an acid wash. Two samples (O-501 and O-
927) were prepared using the thin-saw blade technique
(Elsenheimer and Valley 1993). Thick sections (500-
600 pm) were mounted on a glass slide with acetone-
soluble, quick-setting cement and slightly polished
prior to the thin-saw blade technique. Crowe et al.
(1990) and Elsenheimer and Valley (1992, 1993) have
described the laser extraction methodology used for
oxygen-isotope analysis. Garnets were heated with a
CO, laser beam ~ 500 um in diameter in the presence
of ~ 1,000 umol BrFs and from an initial power den-
sity of 5x10° W/m?, increasing to a final power density
of 4.5x10" W/m?,

For radiogenic-isotopic analysis, ultrapure mineral
separates, hand-picked with a binocular microscope,
were leached using a scheme modified from Zindler and
Jagoutz (1988). Approximately 30 to 100 mg of sample
was dissolved for each mineral-separate analysis. Tech-
niques for chemical separation and mass spectrometric
analysis of the isotopes of Rb, Sr, Sm, and Nd and
isotope-dilution procedures are outlined in detail in Lee
at al. (1993) and Snyder et al. (1994). Total-process
blanks for chemical procedures were always less than
10 pg Rb, 120 pg Sr, 10 pg Sm, and 50 pg Nd. Sr and
Nd isotopic data were obtained by multidynamic anal-
ysis with a VG Sector multicollector mass spectrometer
at the University of Michigan. All Sr and Nd isotopic
analyses are normalized to ®6Sr/*®Sr = 0.1194 and
M4ONd/"**Nd = 0.7219, respectively. Analyses of NIST-
SRM 987 Sr and La Jolla Nd standards were performed
throughout this study, and gave weighted averages (at
the 95% confidence limit, external precision) of *’Sr/*®Sr
= 0.710250 £0.000011, and '"**Nd/'**Nd = 0.511854
+0.000011, respectively. Internal, within-run statistics
are almost always of higher precision than the external
errors. All isotope-dilution measurements utilized static-
mode multicollector analyses. By convention, the Nd
isotopic data are also presented in epsilon units, devia-
tion relative to a chondritic uniform reservoir, CHUR
(DePaolo and Wasserburg 1976):

ENd = [(143Nd/144Ndsample -

Due to the relatively small size of the xenoliths, and
the difficulty in picking pure-mineral separates, there
was often only one opportunity to generate data on a
particular mineral separate. An analytical problem oc-
curred during the analysis which did not allow Rb
abundance measurements to be made. However, Rb is
routinely low in garnet and clinopyroxene separates
from Yakutian eclogites (e.g., Snyder et al. 1997), lead-
ing to exceedingly low ®’Rb/**Sr ratios. In realitg, due to
the extremely low Rb abundances and low *’Sr/**Sr
ratios expected, the age correction for ¥'Sr/%°Sr is
insignificant, at the time of the kimberlite emplacement.

Results
Mineral chemistry

In general, clinopyroxenes in eclogite xenoliths from
kimberlites show systematic compositional variations
(e.g., Taylor and Neal 1989). Clinopyroxenes in all the
studied eclogites are compositionally zoned (i.e., hetero-
geneous), especially in Al,O3. Core-to-rim compositional
variations include decreasing Al,O3, Na»O, and FeO, and
increasing MgO and CaO. Clinopyroxenes in samples O-
501 and O-927 also show increased Cr,O3 from core to
rim. With the exception of O-4, the clinopyroxenes in the
websterites are also zoned similar to the eclogites. Major-
element compositions of clinopyroxenes, along with
other minerals, are summarized in Table 2.

Based on the MgO—-Na,O compositional relations of
clinopyroxenes, eclogites can be subdivided into three
groups (A, B, and C), as shown in Fig. 2 (after Taylor
and Neal 1989). The distinction between B/C and A
eclogites is also a function of lower Na,O (~4 wt%),
and higher Cr in those in group A (0.1-0.7 wt%). In
Fig. 2, core compositions of clinopyroxenes from sam-
ples O-501 and O-82/91 plot in the group B field. These
samples contain higher AlLO; (8.7 and 8.4 wt%,
respectively), higher Na,O (4.8 and 4.5 wt%), lower
MgO (~11 wt%), and lower Cr,O3; (0.04 and
0.08 wt%), compared to the rest of the suite. Sample
0927 shows the same, group B, low-Cr chemical feature,
although it plots in the group A field. For the clinopy-
roxene from the group A eclogites and the websterites,
Cr,05 contents are 0.11-0.54 wt%, which is in the range
of compositions previously reported for group A
eclogites (0.11-0.76 wt%; Sobolev 1977; Taylor and
Neal 1989; Spetsius and Serenko 1990; Qi et al. 1994).
These contents are significantly higher than those
encountered in the group B and C eclogites from Mir
and Udachnaya (Beard et al. 1996; Snyder et al. 1997).
Clinopyroxenes in sample O-901 and sample O-86/91 of
Qi et al. (1994) plot in the group B compositional field,

143Nd/144NdCHUR>/143Nd/144NdCHUR} % 1047
where present — day('**Nd /'**Nd)

crur= 0-512638.

but also contain significant amounts of Cr,O3z (0.10—
0.54 wt%), more than ‘“normal” group B eclogites.
Because of these Cr,O; contents, these xenoliths are
considered to be akin to group A eclogites. In agreement
with this consideration of the clinopyroxenes, garnets
from these samples also plot in the group A region
(Fig. 3).

In the group A eclogites and websterites, clinopy-
roxenes show transitional major-element compositions
between the Udachnaya and Mir group B and C eclog-
ites and those from the mantle peridotites. As expected,
clinopyroxenes in the group B eclogites from



429

payio 11BIp 1se] oY) Aq passardxo se sasA[eue ojedrjdar Jo uoiswaid ewsis ouo oY) syussardar sasoyjuared Ul onjeA oYL,
‘pazAJeue jou ‘U ouaxorsdoylio ‘xdo foures 938 ousxoikdourp xd),

LE60  9€8°0  TE60 TISO 0790 S98°0  ¥L80  LOLO  8L80 €9L°0  9L8°0 8060  6£L0 8980 €980 TL9O0 6880
§9°001 Ov'001  TE66 Lv66  LE666 6766 S966  S666  1£66 €00l 0066 TI'66 <TTO0I  +S66 <TL'00I TS001 1$°66
€00 B €00> €00 en 00> £00> B 00> B €00> S T i u e i
Y00 (1D €00 (L) 1se (D Lo0o €00> (esT (1DS00 €00> (60 LI'E (D00 8D L'y @ +00 (D00 CD Sy (1) s00 €00> (L) 6T€
0 @ory (© st ()0 DSy () Lor (@¢€co (12) 00ty (9) L8l W see (L)eor (©)zeo ) ege (691 (1)1T0o(8) tee (€8l
L9e ) 81T Wser©@ooe (st @ost (Doege (DL () L€l ©cLe61 (©)811 (©6¢ce @861 (©ver (Deree (DrLr (Doel
L00 (©)8z0 (1)€o0(s)goo @oro (@800 (D900 (Dzzo (1) €00 W €co (©)Lo0 @100 (©)¢ggco (@900 (2 600 ()90 (@ +00
vry (@ 1L @ L1 (ser (DLt (p) 6y (0D +vs8 (1) e€r (9 vye ©@o11 (6)ooc (19 (€)ocr (8)8e€ (T Le6 (1)0ST (6)90°€
1°0 (€) 820 () 6z0 (L) 810 (VD 80  (©) €0 €00> (1Dsoo (1)+00 9290 (1D ¥S0 (@ +00 (©) 910 (@00 (I €00 (€)¢€cTo (@ +To
600 (@ o010 (L9990 (o0 @900 (© 110 (Dso0 (@ Lo0o () STO Mero B Lro @¢€00 @110 9 LF0 €00> (0 €00 (Do
LT () L€2 (91) 908 (2) 890 () 9'TT (85°0) s8T (L) €L'0 (1) TeTr (LS) 6T W) zeTc 8D so6 (0D w1 (1) Ter (D) ssL (€) L90 (o) Tee (T €L's
8LS (©vy W1es(D)9oss Mooy WLes (D69s @iy () LS ©¢c1r ®¢es ©89s (Dyiy @Tvs @ 0Ls (©) Loy (€ 6+S

I 43 Ly 4 11 = €l 4 € 194 €L 71z 7= 71z (AT £ 71

M 601T-O M T01T-O M S801-O M 106-0 M 16/98-0 M 16/S8-0

060 €80  LE60  $060  S9LO 1680 6060  $LL'O  SO06°0 6080 1090 €80 9680  I8L0 0160 IPL°0  SL80
2066 1T00I 6566 0166 L0001 L8'86 60001 0v'00l  0S'66 81'66 €666 S6'66  +v£66 60001 1166 01001  1£°66
eu ’u eu eu eu 'eu ’'u eu °u €00 °U €00>  €00> °’u - €00> °’u - €00>
(M +oo (1)eoo 6 Loe(M+oo (1)eoo (ODore (€)8oo (1)¢€oo (D) 60e 800 €00> () esT (1Dsoo (100 (62 99°¢ (D +00 (8 6LE
@zco (Wsty @e61©¢cco Doy (D06l @D Ivo Ry (©) o6l 1500 Lst (©) 6oz (@ oco (@ LTy (9 081 ©ory &)Ll
©e6ce (©61z @ovi©1ve (DLl @6t () 8pe ()86l (@ 1¥1 Toc @Sl (9 Lst (©)Tee () L6l (9 8Tl L e681 (9)Lel
(Dsoo0 (©)e6zo @+00(€)so0 (©)szo (@so0 (€©)900 (€)Lzo (@ +00 €10 ) syo (©)o10 (@ €10 () 8eo (2900 () 0 () 800
(€©) 059 (00 seL (©) 691 (D+s9 (D601 (8 S0 (D IT9 @01 (6)997 821 (@ €Ll 9 11+ (61 v6'9 (9F) ¥6°6 (01) 8TT 611 (@ 9Te
(Dsoo0 (©)ceo W Lzo(©)soo (©)1zo (€ Lo (€)Loo () +veo (§)Le0 900 (9 TS0 (£)gco ()80 (8) 650 (L) €90 (©cro (Mr1ro
(M+o0 @110 W LE0 @600 @110 @+e0o (@ Lo0 @ €10 (©)Ly0o +00 (1) 900 (2) 800 (1600 (©) 110 (S) €90 © 110 ©I150
@Dzt @6€ 0D stL @80 (Dver (62009 (8D +0 1T (1D Fez (1) 0sS 9970 (1) s2T (1) 09T (T L9€ (D) v'€T (T6) LO'S (@ eT 1) 9L
@995 ©1ey @LesMLs ©¢y Wees (DeLs @61y @ ers 8vs @ sor (©)9vs (9 6+s (©) 91y () 6T © vy &) ses
(4L Iz 712 TR 4K TI= = TI= (4L I Sy 49 8 8 1T 79 43
xdo 1D xdD xdQ 1D xd) xdQ 1D xd) xdo 1D xdD) xdo 1D xd) 1D xdD
M 16/+8-0 M 16/€8-0 M 16/18-0 M -0 d 8011-O Hq €01T-O

879°0  0L8°0 029°0 8€8°0 S69°0 98870 1950 +6L°0 9080  TT60 65S°0  S6L°0

0P'001  LS°66 6£°001 8L°66 0S°001  L¥'66 6866  6L°66 €9°66  ¥66 1€001 €886

'vU O €00> Bu €0°0> 'U O €00> U €00> 'U O €00> 'B'u e

(1) €00 (6 61T €00> (TD +8'¢ €00> (6) LE€ €00> (DoLy €00> (9)98°¢C (D v00 (TD LYY

W ozt ()96l @559  (W¢gLl 9 ¢6¢ () T8I (6)99°8 (9) T91 ©)sLs 161 (1806 () €91

9 vs1 () 891 ©vvr &) yel Q@ LLr @ ver W) L11 (8) 801 @661 (L)o€T meLir worr

) 9¢0 () L00 @Woco (@00 ) 620 (@900 (8)se0 (0 €00 (©zco (Dgoo (©) 1€0 (©)s00

9 91 (8) 66¢ ©)est (9 ¢ccy ©ovr (®oreg (© s91 9)y0s (9) €98 (S) L6T (D991 (00 11°S

(8) L0 () sgo @zro (@ Lo0 ©vro & ceco (© L00 &) $00 9 L10o (©)cTo (€) 900 () 800

@ L00 W1r0 #9000 () 9T0 @ s00 @vro ©® 110 &) ¥e0 (1D €00 () so0 (1) 800 (£)sgo

(0 o¢z (T1) 98¢ (©) 8t (B veL () Tez (€1) 8€9 (@ ¢stc (6) 898 (D vec () 106 (1) 87z (02) 6¢£°8

©) Loy () 9vs @cor (9 TS © T )9S &) ooy (8) 6¢€S Msw @Tes (1) L'6€ 49) T°€S

65 S 89 8¢ 9% 9 65 IS 08 1€ 712 (4L

1D xdD 1D xd) 1D xdD 1D xdD) 1D xd) 1D XdD

q €L01-O 1 L7670 1 9260 a1 10S-0 q €7-0 1 16/78-0

#IN
[®I0L
O
O“eN
(0)20)
O3
OUNN
024
oD
‘oLL
0V
01
SIsA[eue Jo #

# oidwreg

#IN
[e1oL
o
O%N
foL0)
O3
OUN
024
fOID
O1L
OV
018
s1d Jo #

qidureg

#IN
[el0L
o
O%eN
fo10)
O3
OUN
024
et’e)
oIL
OV
018
s1d Jo #

oidureg

AIIequuIy BABUUSYZRUQQ ) WOLJ SYIOUX (41) 111d1Sqam puk () 91130[09 UI S[BIdUIW JO SUONISOdwod Judwd[a-10[ew 93RIOAY T dqe]



430

I |
8 _ CLINOPYROXENES
Cc
_— 6 = —
B‘Q ~
é Eclogites B a 0-1103 Mantle
'®) 4 T from Udachnaya peridotite
& ~"0-86/91 IR “
Z 2t e Group A Eclogite\ } s
Websterite A, & s,
4 Group B Eclogite . b
0 | | e nennn P
5 10 15 20
MgO (wt %)
T T
8 [-|® GroupAEclogite .
Websterite
4 Group B Eclogite
S e -
° Group B/C eclogites
= from Udachnaya
o 4r e s N
8] e o
1] AN .
= s |k K4 . “‘ |
o . (;.r___.Mantle peridotite
0 Nt taailda? 1 ]
0 5 10 15 20
Al,Og (Wt %)
T T T
e Group A Eclogite\
8 Websterite 3
Group B/C eclogites |4 Group B Eclogite
6 from Udachnaya
X
E a8 mantle peridotite |
o %
o [Yegee wasme.
® . JUPPEERE e e
Z 2t . -
S ___.
0 Tteeennas *---""' 1 1
0 1 4

Fig. 2 Major-element compositional features of clinopyroxenes in
eclogitic/websteritic xenoliths from the Obnazhennaya kimberlite.
Note the comparison with those clinopyroxenes in the group 4, B,
and C eclogites from the Udachnaya pipe in Siberia (Jerde et al.
1993; Sobolev et al. 1994; Beard et al. 1996; Snyder et al. 1997) and
those from mantle peridotites of worldwide occurrences (e.g.,
Sobolev 1977; Boyd 1989; Johnson et al. 1990; Hauri et al. 1993;
Harris et al. 1994; Pearson et al. 1994; Stachel and Harris 1997a,
1997b; Coltorti et al. 1999; Xu et al. 2000; our unpublished data
from Udachnaya peridotite xenoliths), as well as those from the
Obnazhennaya kimberlite (Table 3). The subdivisions for eclogites
into 4, B, and C groups are after Taylor and Neal (1989)

Obnazhennaya plot in the range of the Udachnaya and
Mir group B and C eclogites (Fig. 2). The Mg#s of
clinopyroxenes in Udachnaya group B and C eclogites
are 0.71-0.91 (Sobolev et al. 1994), with 0.90-0.98 for
those in mantle peridotite. The studied clinopyroxenes in
websterites and group A eclogites from Obnazhennaya

have an intermediate Mg# range of 0.86-0.94. This
intermediate compositional feature of the group A
eclogites and websterites between the group B/C eclog-
ites and peridotites (Table 3) is also obvious in the
MgO-Na,O, Al,O3—Na,O, and Cr,0s-Na,O plots, as
shown in Fig. 2.

Garnet is one of the most important constituents of
eclogite, and its chemical composition largely reflects
the nature of the eclogite. Garnets from the studied
eclogites and websterites exhibit intra- and intergrain
homogeneity (Table 2), with the exception of samples
0-501 and O-927. Group A garnets are MgO-rich, with
a pyrope component of 60 to 75%. Contents of Cr,O3
are relatively high (0.12-0.62 wt%), except in sample
0-1085 (0.05 wt%). Garnets from the group B eclogites
0-501, 0-927, and 0-82/91 (Qi et al. 1994) have lower
contents of MgO (43-51% pyrope) and Cr,O; (0.06—
0.12 wt%), in keeping with the group B classification
criteria of Taylor and Neal (1989) and Taylor (1993).
As shown in Fig. 3, garnets from three samples plot
within the group B field (O-4 W, O-1073 E, and O-
1101 W) but contain significant amounts of Cr,O;
(0.27-0.52 wt%), an indication of group A affinities.
Samples O-4 W and O-1101 W are websterites, and
sample O-1073 is an eclogite. Additionally, primary
orthopyroxene exists in samples O-4 and O-1101.
Therefore, these three samples are considered to be in
group A. In Fig. 3, the group A garnets show inter-
mediate nature between group B/C eclogite and peri-
dotite, in terms of Ca-Mg—Fe composition. All these
garnets, both group A and group B, are low in Na,O
contents (<0.03-0.05 wt%), compared with those in
the group B/C diamondiferous eclogites from the U-
dachnaya kimberlite pipe (0.05-0.24 wt%; Sobolev and
Lavrent’'yev 1971; Sobolev et al. 1994, 1998b), and
those from the Mir kimberlite pipe (0.07-0.17 wt%;
Beard et al. 1996; Fig. 4). This is a direct function of
the non-diamondiferous nature of the Obnazhennaya
samples (Sobolev and Lavrent’yev 1971). In the garnet
structure, Cr and Al occupy the same site. Thus, due to
the limited Cr,O; contents, Al,O; contents in the
studied garnets are much higher than those from
peridotitic xenoliths and those from peridotitic garnet
inclusions in diamonds (Fig. 4).

Orthopyroxene occurs as part of the primary assem-
blage in the ten websterite samples (Table 1). Compar-
ison of granular groundmass orthopyroxene with the
composition of exsolved orthopyroxene lamellae in
clinopyroxene shows that some are compositionally
distinct (Table 4). This implies that some of the granular
orthopyroxene may be primary, and not necessarily the
result of orthopyroxene exsolving and migrating from a
clinopyroxene host, as suggested by Qi et al. (1994).
Orthopyroxenes occurring as exsolution lamellae typi-
cally are more Al,Os- and FeO-rich than their discrete
granular counterparts in the same samples. Primary
orthopyroxenes are Mg-rich, with an enstatite compo-
nent range between 81 and 92.7 mol%. Generally,
orthopyroxenes are homogeneous, except in sample
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Jerde et al. (1993), Sobolev et al. (1994), Beard et al. (1996), and
Snyder et al. (1997, 1998). Peridotitic garnets shown here are
mainly those in peridotite xenoliths from Udachnaya pipe and

inclusions in diamonds (Sobolev 1977; Boyd et al. 1993; Pearson

nazhennaya. Garnets from Udachnaya eclogites are shown for
comparison. Udachnaya group 4, B, and C eclogite data are from
et al.

Fig. 3 Eclogitic and websteritic garnet compositions from Ob-
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1994; our unpublished data from Udachnaya peridotite

xenoliths), and those from the Obnazhennaya kimberlite (Table 3

Chlorite and phlogopite are found replacing primary
minerals along grain boundaries and fractures. Both
hydrous phases are the result of interaction between
fluids and the host eclogites. The presence of phlogopite
as part of the kelyphitic rims mantling many of the
fluid or melt to have interacted with the garnets, since
garnets contain < <1 wt% K,O (Hunter and Taylor
1982). This fluid could be kimberlitic, also responsible
for the partial melting which created the secondary
phases in the clinopyroxene spongy textures in the

eclogites (Spetsius and Taylor 2002).
the Al,O; solubility in orthopyroxene, according to

the calibrations of Brey and Kohler (1990). Olivine
basically does not appear in the group A eclogites.
ment partitioning between clinopyroxene—orthopyrox-
ene and garnet—orthopyroxene. Additionally, as shown

by Sobolev et al. (1999), it is not possible to accu-
yses. Therefore, all Fe in clinopyroxene and garnet is

O-1109, where they are slightly zoned in Al,O3 (core-
garnets in these samples requires a K-rich metasomatic
Equilibrium pressures and temperatures for both gar-
net peridotite and the websterites were estimated using
clinopyroxene—orthopyroxene, Fe-Mg exchange, and
However, the geothermometer and geobarometer are
still applicable, because this does not affect the ele-
rately calculate Fe*" from electron microprobe anal-

to-rim, 1.17 to 0.85 wt% Al,O3).
Equilibrium pressure and temperature
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Fig. 4 Major-element compositions of garnets in eclogitic xenoliths
from the Obnazhennaya. Note the comparison with the eclogites
from the Udachnaya kimberlite (Sobolev et al. 1994; Snyder et al.
1997) and the peridotitic garnets from the same sources as in Fig. 3.
Additional eclogite/websterite data are from Ouchinnikov (1989)
and Ukhanov et al. (1988). Garnets in peridotite xenoliths from the
Obnazhennaya kimberlite (Table 3) are also included

assumed to be Fe?". With this assumption, the tem-
perature estimates reported herein are considered to
represent maximum equilibration temperatures. Pres-
sures will also be maxima. Nevertheless, if the same
thermometer or barometer is applied to all the rocks,
the uncertainties in comparison arise mainly from the
precision of the EMP analyses.

Except for one garnet peridotite (O129/74) which
shows relatively high P-T (41.6 kbar, 1,101 °C), the
estimated pressures are from 21.0 to 37.6 kbar, and the
temperatures from 711 to 923 °C, as shown in Fig. 5.
Basically, no systematic differences between the web-
sterite and peridotite groups were detected. This can be
interpreted as indicating that all these xenoliths,
including the group A and B eclogites/websterites and
the peridotites, were captured by the ascending kim-
berlitic melt from the same general locality within the
upper mantle. Overall, the results of these estimations

Table 4 Major-element compositions of orthopyroxenes in websterites (1) and exsolution lamellae in eclogites (E)
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Fig. 5 Results of pressure and temperature estimations for
Obnazhennaya xenoliths of both the group A eclogites/websterites
and the garnet peridotites. All samples fall within the graphite
stability field, consistent with the non-diamondiferous nature of the
xenoliths and kimberlite. Note that the array of Obnazhennaya
xenoliths appear to fall along a higher geotherm than that
determined by Boyd et al. (1997) and Griffin et al. (1996) for the
lithospheric mantle beneath Udachnaya. This difference is inter-
preted to be a function of the relative proximity of the
Obnazhennaya pipe to the edge of the Siberian craton, compared
to the central location for Udachnaya

show that all of the xenoliths from Obnazhennaya
formed within the graphite stability field, a fact consis-
tent with the barren nature for diamond of these
xenoliths and host kimberlite. Estimations using the
single-pyroxene geothermobarometer of Mercier (1976,
1980) give unreasonably low pressures (0-20 kbar) and
temperatures (540-800 °C). This confirmed the argu-
ments of Finnerty and Boyd (1984) and Nimis and
Taylor (2000) that Mercier’s single-pyroxene geother-
mobarometer probably gives erroneous results.

In contrast to xenoliths from Obnazhennaya, those
from the Udachnaya and Mir kimberlites contain dia-
monds, and pressure estimations for these xenoliths are
mostly above 40 kbar, some 10-20 kbar higher than
for most from Obnazhennaya (Boyd et al. 1997).
Similar conclusions about the mantle geotherm at
Udachnaya were also reached by Griffin et al. (1996),
by studying garnet xenocrysts in kimberlites. As shown
in Fig. 5, our P-T estimations correspond to a mantle
geotherm of 40-45 mW/m” at Obnazhennaya, defi-
nitely higher than that for the mantle beneath Uda-
chnaya. This is probably related to the location of
Udachnaya at the center of the Siberian platform, near
the keel of the craton, whereas Obnazhennaya is near
the edge (i.e., more shallow).

Trace-element geochemistry

Trace elements, particularly the rare-earth elements
(REEs), in minerals from mantle xenoliths are very
sensitive to the involved mantle processes during their
formation, and thus may efficiently constrain these
processes. In this study, 13 eclogite/websterite and

Table 5 Concentrations of rare-earth elements in minerals from xenoliths from the Obnazhennaya kimberlite (ppm)
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2.60 0.03
0.15

1.81

1.00 0.52 2.23 092 0.84 0.34 0.83 0.39

7.40 0.34 149 0.38 1.37 0.11

0.93 <0.02 2.33 0.06 3.69 0.04 0.84 <0.02 1.28 <0.02 <0.02 <0.02 1.08
1.08 4.06 0.68 9.26 0.99 1.63 0.14

439 0.31
4.17

La
Ce
Nd

1.67 0.94 0.08 1.67 0.94 0.08

1.17 0.55 0.55 0.45 0.03 0.55 0.45 0.03

242

1.31 1.31 6.46 2.35 0.57 0.17 2.88 0.65
0.654 090 0.43 0.53 0.53 1.89 1.17 0.26 0.12

1.09 2.16 0.68

0.069
0.02

0.37 0.59 0.35 0.47 0.70 0.56 0.43 0.28 0.37 0.26

1.19 0.83
0.94
0.37

Sm
Eu

n.a. n.a. n.a. n.a. n.a. n.a.

n.a.
1.19 427 0.69 3.85 0.03 0.69 3.85 0.03

n.a
1.71

1.02 1.02 5.05 n.a. 0.52

1.93 0.34 0.34 1.83 7.50 0.33

n.a.

1.69
0.60
0.20

n.a
6.01
n.a.
4.55 0.13

n.a
0.05
n.a.

n.a. na.
0.55 3.34
n.a.

n.a
2.01
n.a.

n.a. n.a. na. na. n.a.
1.65 0.33 1.71 0.82 3.05 0.41

1.13
1.11

n.a.

Gd
Dy

n.a. n.a. n.a. n.a. n.a. n.a.

1.80 0.29 3.04 0.18 2.90 0.01 0.18 2.90 0.01

1.65 0.39 2.61

1.10 0.13 0.13 0.61 6.34 0.13
1.26 0.08 0.08 0.48 7.04 0.09

0.04

n.a.

1.45 0.13 2.80

n.a. n.a. n.a. na. na.
0.11 1.42 0.19 2.62 0.10

0.14
n.a.

Er
Yb

“E, eclogite; W, websterite; P, peridotite; cpx, clinopyroxene; gt, garnet; opx, orthopyroxene; n.a., not analyzed
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Fig. 6 Chondrite-normalized REE patterns of garnets from the
Obnazhennaya kimberlite. Garnets in the eclogites from the
Udachnaya kimberlite pipe are shown for comparison (shaded
area; Jerde et al. 1993; Sobolev et al. 1994). All garnets of the
group B and some from the group A eclogites show +Eu
anomalies, albeit not large. Chondrite concentrations of REEs of
McDonough and Sun (1995) were used for normalization

peridotite xenoliths from Obnazhennaya were analyzed
for concentrations of REEs in garnet and clinopyroxene.
The analytical results are summarized in Table 5.
Garnets from the three group B eclogites show typi-
cal, depleted chondrite-normalized REE patterns, with
La, of 0.10-0.61 and Yb, of 7.0-16.5 (Fig. 6). They fall
almost entirely within the range of garnets in the
group B eclogite xenoliths from the Udachnaya pipe
(Jerde et al. 1993; Ireland et al. 1994; Taylor et al. 1996,
1998, 2000), with (La/Yb), of 0.01-0.05. Each of the
three garnets show slight to medium positive Eu
anomalies, where the ratios of Eu/Eu* are 1.2-1.5. By
contrast, this anomaly was not detected from most of
the xenoliths from Udachnaya (e.g., Jerde et al. 1993).
A distinguishing feature of garnets from the group A
eclogites is the low concentrations of LREEs. Except for
sample O-1073, the other samples are outside the range of
Udachnaya group B/C eclogites, with La, as low as 0.01—
0.10. Concentrations of MREEs and HREEs increase
distinctly with increasing atomic number, and the con-
centrations of HREEs are comparable with those in the
group B/C eclogites from Udachnaya, as shown in
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Fig. 7 Chondrite-normalized REE patterns of clinopyroxenes from
the Obnazhennaya kimberlite. Clinopyroxenes in the eclogites from
the Udachnaya kimberlite pipes are shown for comparison (shaded
area; Jerde et al. 1993; Sobolev et al. 1994)

Fig. 6. The Yb, values vary between 6.0 and 44.2. Gar-
nets from one group A eclogites and two group A web-
sterites show positive Eu anomalies (O-1073, O-81/91,
0-83/91), with Eu/Eu* of 1.2-1.4. This is similar to
the diamond inclusions reported by Aulbach et al. (2002).

REE patterns of clinopyroxenes are shown in Fig. 7,
in comparison with those in the group B/C eclogites
from the Udachnaya and Mir kimberlites. Clinopyrox-
enes from the three group B Obnazhennaya eclogites
exhibit convex-upward LREE patterns, with La, of 3.9—
17.9 and (La/YDb), of 9.4-24.8. Sample O-927 is rich in
LREEs and above the range of clinopyroxenes in the
group B/C eclogites from the Udachnaya and Mir
kimberlite. In contrast to the garnets of the same group,
no evident Eu anomaly was detected in these clinopy-
roxenes. Clinopyroxenes in the group A eclogites exhibit
much larger variations in both REE concentrations and
shape of the patterns (Fig. 7). Both convex-upward and



Table 6 Oxygen-isotope analyses (6'°0 SMOW) of garnets from
Obnazhennaya eclogites (E) and websterites (W)

Sample Core Rim
0-82/91 E 7.81
0-423 E 6.07
0-501 E 7.06 7.30
0-926 E 5.60
0-927 E 6.32 6.30
O-1073 E 6.46
O-1103 E 6.36
0-4W 6.35
0-81/91 W 5.67
0-83/91 W 5.46
0-84/91 W 5.68
0-85/91 W 5.51
0-86/91 W 6.30
0-901 W 5.79
0-1109 W 6.14

simple-enrichment patterns are present. Some samples
have their highest contents in the MREEs. Portions of
the samples are even above the range of group B/C
eclogites, with La, of 1.5-10.3 and (La/YDb), of 2.4-15.9.
Clinopyroxenes in the group A eclogites from southern
Africa show much larger ratios of (La/Yb), (130-270;
Shervais et al. 1988). Except for clinopyroxenes in O-
1109 and O-84/91, all others show + Eu anomalies, with
Eu/Eu* between 1.2 and 1.9.

Oxygen isotopes

Oxygen isotopes of eclogites can retain crustal signa-
tures from their protoliths. The oxygen-isotopic com-
positions of garnet were determined for 15 of the
samples, and the results are summarized in Table 6 and
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Fig. 8 Oxygen-isotopic compositions of garnets from Ob-
nazhennaya eclogites, in comparison with ophiolites and eclogites
from other occurrences. The mantle range indicated is from Mattey
et al. (1994). Garnets from all group B eclogites and part of the
group A eclogite/websterite suite have values outside the mantle
range. Data are from Gregory and Taylor (1981), Cocker et al.
(1982), MacGregor and Manton (1986), Neal et al. (1990), Jacob et
al. (1994), Beard et al. (1996), Viljoen et al. (1996), and Snyder et al.
(1997)

Fig. 8. Oxygen-isotopic compositions of ophiolites and
eclogites of other occurrences are also plotted for
comparison. Two samples were tested for possible
compositional zonation; it was found that garnet in
sample O-501 is slightly zoned, with 5'0 values of 7.06
at the core and 7.3 at the rim of one garnet grain.
Garnets in the three group B eclogites from this suite
(0-82/91, 0O-501, and 0-927) have &0 values
(6.3-7.819%,) which are well above the mantle range of
Mattey et al. (1994; 5.5+£0.49,). The majority of gar-
nets from the other group A eclogites analyzed in this
study are also above the mantle oxygen-isotope range,

Table 7 Isotopic composition of minerals and reconstructed whole rocks from Obnazhennaya websterites

Sample Rb (ppm) Sr (ppm) 87Rb/%Sr 87Sr/%Sr Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/'MNd Reference
Clinopyroxene

0-81/91 cpx 0.1) 306 0.00095 0.703447 +23 2.48 7.96 0.188 0.512775 +11 This study

0-81/91 ex/cpx  (0.1) 273 0.00106 0.703399 +18 2.29 7.28 0.190 0.512647 +12 This study

0-84/91 cpx (0.1) 486 0.00060 0.703797 +27 6.04 25.3 0.144 0.511572 £09 This study

47637 cpx 1.02 6.07 0.102 0.511936 +30 McCulloch (1989)

Yak-2 cpx 0.29 1.65 0.106 0.511941 +32 McCulloch (1989)
Garnet

0-81/91 rut-gt ~ (0.01) 4.99 0.00580 0.703684 +20 0.66 0.48 0.821 0.517222 +13 This study

0-84/91 gt 0.01) 2.70 0.01070 0.704363 +34 1.81 1.12 0.979 0.518356 +£09 This study

47637 gt 0.40 0.82 0.295 0.512787 +30 McCulloch (1989)

Yak-2 gt 0.24 0.66 0.220 0.513176 +£40 McCulloch (1989)
Others

0-84/91 serp (0.01) 10.6 0.00273 0.703975 +20 0.11 0.43 0.155 0.512144 +12 This study

0-84/91 opx 6.20 52.3 0.34300 0.703861 +13 0.94 3.79 0.149 0.511769 +13 This study
Reconstructed whole rocks

0-81/91 0.06 138 0.00126 0.70345 £3 1.46 3.78 0.234 0.51309 +2

0-84/91 0.04 241 0.00048 0.70380 +4 3.73 13.0 0.173 0.51181 +2

47637 0.71 3.45 0.124 0.51204 +4

Yak-2 0.27 1.16 0.138 0.51229 +5

Mineral proportions used for reconstructions (from Qi et al. 1994): O-81=55.9% garnet+44.1% “cpx” (=‘cpx” + “exsolved cpx”’);

0-84=39.4% garnet+47.9% cpx+12.5% opx
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with some of them falling within the accepted mantle
range. This shows that most of the group A eclo%ite
xenoliths from the Obnazhennaya kimberlite have 6'°O
values distinctly outside the mantle range. Qi et al.
(1994) studied a suite of eclogite xenoliths from Ob-
nazhennaya, composed of five group A websterites
(O-81/91, 0-83/91, O-84/91, O-85/91, and O-86/91) and
one group B eclogite (O-82/91). Only two of their
samples have 6'80 values above the mantle range.
These include the group A websterite O-86/91 (6.39%,)
and the group B eclogite O-82/91 (7.8%,).

Ustinov et al. (1987) determined 6'%0 of 11 eclogite/
websterite xenoliths from the Obnazhennaya kimberlite,
including those in both groups A and B. For garnets
from group A eclogites/websterites, 6'°0 ranged from
6.8 to 7.0 %,, with 54 to 7.0%, for garnets from the
group B eclogites. As in our study, these values of gar-
nets in the group A eclogites/websterites are clearly
above the mantle range and are consistent with those
obtained in the present investigation. Additionally,
oxygen in minerals from two peridotite xenoliths from
the Obnazhennaya kimberlite were also determined by
Ustinov et al. (1981); garnets and olivines have 6'%0
values of 5.0-6.2%,, which are generally close to the
mantle values. However, the values for clinopyroxenes
and orthopyroxenes in these rocks were much lower
(2.9-3.6%,). The large differences between garnet and
pyroxenes are not a result of equilibrium isotopic frac-
tionation. In summary, most of the eclogites and web-
sterites studied from Obnazhennaya have oxygen
isotopic evidence that their protoliths were crustally
derived.

Nd and Sr isotopic composition

Mineral separates from two samples were analyzed for
radiogenic isotopic compositions; the results are sum-
marized in Table 7, together with the two samples ana-
lyzed by McCulloch (1989). Mineral separates from
websterite sample O-81/91 are impure, with complexly
exsolved clinopyroxene containing abundant garnet, and
garnet containing abundant rods of rutile (labeled “‘rut—
gnt” in Table 2). Two different clinopyroxene separates
were analyzed from O-81/91, one containing less than
10 vol% garnet (labeled “cpx” in Table 7), and another
with approximately 20-30 vol% garnet (labeled “‘ex/
cpx”’ in Table 7). We were not able to analyze a ““clean”
orthopyroxene separate in O-81/91 but did so for web-
sterite sample O-84/91. A chlorite mineral separate from
0-84/91 was also analyzed.

The Nd and Sr isotopic compositions of mineral
separates in websterite O-81/91 offer a confounding set
of data. The garnet separate has the highest ®’Sr/*Sr
(0.703684 +20) when compared to the clinopyroxene
separates labeled “cpx” (0.703447 +23) and “‘ex/cpx”
(0.703399 +18). However, the clinopyroxene separate
with the largest proportion of exsolved garnet does not
have a more elevated ®’Sr/*°Sr, as might be expected

from the relatively radiogenic nature of the garnet sep-
arate. Although the clinopyroxene separate with the
largest proportion of exsolved garnet, “ex/cpx”, has
slightly lower Sm and Nd abundances than “cpx”, the
147Sm/l44Nd ratios of the two separates are virtually
indistinguishable. In addition, the "*Nd/"**Nd ratios of
these two clinopyroxene separates are similar, with O-
81/91 “cpx” having a ratio of 0.512775 £11, and O-81/
91 “ex/cpx” having a ratio of 0.512647 +12. This could
lead one to conclude that the garnet is not causing the
difference in '"**Nd/'**Nd isotopic composition. How-
ever, an analysis of a garnet separate (enclosing exso-
lution rutile) in this sample yields a '**Nd/!'**Nd ratio of
0.517222 +13. Either the rutile in this garnet has a very
low amount of Nd with very high "**Nd/'*Nd, and/or
garnet grains in the matrix of the rock have a vastly
different "*Nd/'"*Nd than those exsolved from clino-
pyroxene. This is an area for further research with more
appropriate samples.

The data from mineral separates in websterite O-84/91
are equally difficult to explain. As with O-81/91, the
garnet separate in O-84/91 has the highest ®’Sr/*Sr
(0.704363 +£34), when compared to clinopyroxene
(0.703797 £ 27), chlorite (serpentine?) (0.703975 =+20),
and orthopyroxene (0.703861 =+13). Although the
1478 m/'**Nd ratios of clinopyroxene, serpentine/chlorite,
and orthopyroxene are similarly LREE-enriched (0.144
to 0.155), the "**Nd/'**Nd ratios are vastly different —
0.511572 £09, 0.512144 =£12, and 0.511769 =+13,
respectively. The garnet separate is the most LREE-de-
pleted analyzed (‘**’Sm/"**Nd = 0.979), and has a com-
mensurately elevated '**Nd/'**Nd ratio of 0.518356 + 09.
These data show that the garnets in both websterites, O-
81/91 and O-84/91, are more radiogenic than other min-
erals in terms of Nd and Srisotopes. Such a relationship is
the norm for eclogites from both the Udachnaya (Snyder
et al. 1997) and Mir kimberlites (Beard et al. 1996).

From the analyzed mineral pairs of garnet—clinopy-
roxene, Sm—Nd isochrons yield ages of 1,070 =5 Ma
(initial eng = +3.9) for sample O-81/91, and 1,223
+3 Ma (eng = -12.4) for sample O-84/91 (Fig. 9).
When the analytical data of orthopyroxene and chlorite
in sample O-84/91 are also combined in the isochron
calculation, it defines a similar age (1,199 +225 Ma) but
with a higher initial eng (—8.5). Similarly, regression
through garnet—clinopyroxene Sm—Nd isotopic data for
the two samples O-81/91 and 0-84/91, including their
reconstructed whole-rock isotopic composition, yields
ages of 1,071 £23 and 1,237 +5 Ma, respectively. All
these isochron ages are much older than the Cretaceous
age of the Obnazhennaya kimberlite eruption. Samples
enriched to the degree of O-84/91 are uncommon but
have been recognized in diamond-bearing kimberlite
pipes of Mir and Udachnaya (Beard et al. 1996; Snyder
et al. 1997). The xenoliths analyzed to date from the
Obnazhennaya kimberlite pipe, including the ages
determined by McCulloch (1986), yield garnet—clinopy-
roxene isochron ages which are of mid- to late-Prote-
rozoic ages. These are considerably younger than the
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Re-Os ages obtained from the eclogite xenoliths in the
Udachnaya kimberlite (2.9-3.1 Ga; Pearson et al. 1995).

Discussion
Formation of group B eclogites

The group B eclogite xenoliths (O-501, O-927, O-82/91)
from the Obnazhennaya kimberlite pipe show chemical
features comparable to group B eclogites from the U-
dachnaya and Mir kimberlites (Beard et al. 1996; Snyder
et al. 1997; Sobolev et al. 1998a, 1998b), as well as
group B eclogites worldwide. Major-element composi-
tional features of garnet and clinopyroxene are shown in
Figs. 2, 3, and 4. The only difference observed from
these Yakutia localities is that the Na,O contents in
garnets from the Obnazhennaya kimberlite are system-
atically lower than those from the Udachnaya kimber-
lite. Major-element bulk compositions of these eclogites
were estimated from the compositions of the primary
constituent minerals and their modes (Table 8). The
results are close to that of the mid-ocean ridge basalt
(MORB; Hofmann 1988), supporting the origin from
subducted oceanic crust. Additionally, §'*0 composi-
tions of these samples (6.32-7.81%,) are well outside the
mantle range of 5.5+0.4%, (Mattey et al. 1994). High
oxygen isotopic ratios, like those observed from por-
tions of some ophiolites, are caused by rock interactions
with low-T hydrothermal water (Gregory and Taylor
1981). Garnets from these samples show slight to med-
ium positive Eu anomalies, with Eu/Eu* of 1.2-1.5.
Positive Eu anomalies in eclogite have been interpreted
as a crustal signature resulting from the accumulation of
plagioclase in the protolith (MacGregor and Manton
1986; Shervais et al. 1988; Taylor and Neal 1989; Taylor
1993; Aulbach et al. 2002). All these observations are
consistent with and support the subduction origin of the
group B eclogites.

Table 8 Estimated bulk major-element compositions of eclogite (£) and websterite (W) xenoliths sorted by groups A and B

Pyrolite® MORB?*

Abyssal®

0O-1109 Kaapvaal®

0-1085 O-1101

0-901

0-86/91

0-85/91

0-83/91 0-84/91

0-81/91

0-926 0-1073 O-1103 O-1108 O-4

0-927 0-423

0-501

0-82/91

Sample

2 <

2 <

2 <

2 <

2 <

Group

46.4 49.7 50.1 50.4 49.6 48.4 49.4 50.0 47.7 47.7 49.4 48.3 49.2 50.0 47.1 48.4 49.3 46.6 43.6 45.0 50.2

42.8

SiO,

15.4

4.45
0.20
0.38
8.05
0.14
37.8

1.18
0.02
0.22
8.22
0.14
452

1.46
0.04
0.40
6.24
0.12
44.1

13.5 13.3 12.8 15.5 10.5 13.6

13.0
0.23
0.26
4.52
0.14

14.1

15.0

9.03
0.07
0.38
8.76
0.22
15.9

Al,O4 18.5 16.2 12.3 12.9 11.7 10.8 14.1 12.9
0.11

TiO,
Cr,O

1.43

0.42
0.28
4.13
0.13
17.7

0.09
0.38
9.61
0.20

16.1

0.14
0.04
9.19
0.14
16.4

0.36
0.55
5.35
0.14
14.6

0.29
0.20
7.29
0.17
17.2

0.08
0.23
8.55
0.19
154

0.22
0.18
7.02
0.15
17.8

0.23
0.32
7.41
0.17
19.7

0.47
0.62
4.67
0.16
15.0

0.34
0.11

0.10
0.32
8.49
0.18
15.0

0.04
0.21

0.20
0.09
8.07
0.14
13.0

0.22
0.06
11.2

0.15
0.06
13.2

0.19
6.53
0.13

3

FeO

10.3

6.90
0.19
15.3

3.75
0.08
14.8

0.19
8.07
11.6
2.62
0.10
100.00

0.20

11.3

0.23
11.3

MnO
MgO
CaO

19.6

14.8

1.13

0.02

0.79
0.09

11.5 10.2 12.4 9.86 134 12.2
1.29
<0.03

11.0
1.49
<0.03
99.56
0.886

10.9

8.50
1.02
<0.03

12.1 13.8 15.5 13.7 14.0 12.0 13.7 14.8
100.07

10.9

0.36

2.04
<0.03

0.86
<0.03

99.57

3.11

<0.03
99.37

2.30
<0.03

1.75
<0.03

99.58

1.46
<0.03

0.98
<0.03
99.91

2.53
<0.03

99.42

221
<0.03

1.41

<0.03

2.32
<0.03

2.10
<0.03

2.61
<0.03

2.20
<0.03

1.27
<0.03
98.40
0.608

Na,O
K,O

99.79 100.03 99.95 100.00
0.885

99.68

99.48

99.46
0.820

99.64
0.800

99.49  99.79  99.87
0.877  0.803

99.98

99.84

Total

0.907 0.893 0.582

0.926

0.779 0.766

0.831

0.809

0.764

0.765 0.827

0.870

0.761

0.744

0.644

Mg/(Mg+ Fe)

“Compositions of Kaapvaal and abyssal peridotites are from Boyd (1989), pyrolite from McDonough and Sun (1995), and MORB from Hofmann (1988)
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Some apparent differences exist in major-element and
REE compositions between MORB and the group B
eclogitic xenoliths. The Mg# range of the bulk eclogites
is 0.61-0.74. These values are higher than MORB (0.58),
indicating a relatively refractory feature of the studied
group B eclogites, as compared with MORB, possibly as
a result of extraction of a TTG partial melt as part of the
subduction process (e.g., Ireland et al. 1994). This is also
reflected in lower contents of SiO, (42.8-49.7 wt%),
TiO, (0.15-0.22 wt%), and particularly K,O
(<0.03 wt%). Contents of these elements in MORB are
50.2, 1.43, and 0.1 wt%, respectively. Estimated bulk
REE concentrations of the group B eclogites are shown
in Fig. 10, together with those of MORB. The pattern of
eclogite O-82/91 is close to MORB; however, samples O-
501 and O-927 are richer in LREESs. Particularly, sample
0-927 exhibits an enriched pattern in LREEs, with La/
Yb of 2.7. Tt should be pointed out that bulk CaO
contents in O-501 and 0-927 (12.1 and 13.8 wt%,
respectively) are higher than that in MORB (11.6 wt%).
It seems that LREE contents of the bulk group B
eclogites increase together with their CaO contents. The
relatively refractory major-element features and the
large variations of REE concentrations demonstrate that
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Fig. 10 Reconstructed bulk REE concentrations of eclogite (above)
and websterite (below) xenoliths from the Obnazhennaya kimberlite
pipe, estimated from the REE concentrations in minerals and their

modes. Range of REE abundances from typical N-MORB is
shown by the shaded area (BVTP 1981; Schilling et al. 1983)

these group B eclogites are not simply formed as sub-
solidus recrystallization of the subducted oceanic crust.
Partial melting and secondary enrichment processes
have also been involved in the formation of these
group B eclogites, during the subduction of oceanic
crust, as suggested by several studies (e.g., Ireland et al.
1994; Taylor et al. 1996).

Formation of group A eclogites

It is generally accepted that the group B and C eclogites
originated from subducted oceanic crust. By contrast,
the petrogenesis of the group A eclogites has always
remained an enigma. Some workers have concluded that
these xenoliths originated in the mantle (e.g., Smyth et al.
1989; Taylor and Neal 1989). Others have speculated
that these samples may also be of oceanic affinity and
are remnants of deeper, ultramafic oceanic crust, akin to
the harzburgitic to gabbroic sections of ophiolites which
also contain pods of chromite (MacGregor and Manton
1986; Jacob et al. 1994; also see Snyder et al. 1997, for a
discussion).

As shown above, compared with mantle peridotites
and the group B eclogites, minerals in the group A
eclogites/websterites exhibit clear transitional chemical
features (Figs. 2, 3, and 4). Bulk major-element com-
positions of these group A xenoliths are listed in Ta-
ble 8, estimated in the same way as that for the group B
eclogites. These show intermediate amounts of SiO,
(47.0-50.3 wt%) and significant amounts of Al,O5 (9.0—
15.5 wt%), FeO (3.8-9.6 wt%), MgO (14.6-19.7 wt%),
and CaO (8.5-14.7 wt%). On the other hand, they also
contain significant Cr,O;5 (0.3-0.6 wt%) and Na,O (1.0—
3.1 wt%). As listed in Table 8, these compositional
features are entirely different from peridotite, with var-
ious degrees of depletion, and MORB. The bulk chem-
istry of the group A eclogites is also different from
komatiite or picrite, by its high CaO and Na,O contents;
indeed, compositions of the group A eclogites are not
comparable to any known magmatic rock. Therefore,
the group A eclogites are probably not formed directly
through crystallization of a melt in the mantle, contrary
to what we originally thought (e.g., Shervais et al. 1988;
Taylor and Neal 1989; Neal et al. 1990).

Bulk REE concentrations of the group A eclogites
are plotted in Fig. 10. A large range in LREE contents
are present, with La, of 0.75 to 6.3, and most of the
patterns are nearly flat or only slightly depleted in
LREEs. Concentrations of LREEs in most samples are
lower than those of MORB or abyssal peridotite. Many
of the studied group A eclogites from the Obnazhennaya
kimberlite exhibit evidences of crustal origin, as detailed
above. Garnets from four group A eclogites and web-
sterites possess positive Eu anomalies (O-423, O-1073,
0-81/91, 0-83/91), with Eu/Eu* of 1.2-1.4 (Fig. 6), a
signature of plagioclase involvement (i.e., low P) at some
stage in their genesis. Additionally, the majority of the
garnets from the other group A eclogites are above the
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mantle-oxygen isotopic range. These features preclude a
simple mantle origin for the group A eclogites. In
addition, the distinct bulk major-element compositions
of the group A eclogites described above are not con-
sistent with a model of partial melting and crystalliza-
tion in the mantle (Shervais et al. 1988).

Partial melting of subducted oceanic crust leads to the
formation of the tonalite-trondhjemite—granodiorite
(TTG) melts which are rich in SiO,, Al,O3, and Na,O
(e.g., Ireland et al. 1994, Rudnick 1995). Consequently,
the resulting “‘restites” are relatively depleted in these
components. Such a compositional relation simply rules
out the possibility that the group A eclogites are residual
parts from partial melting of the subducted oceanic crust.
The group A eclogites have the same compositional ran-
ges as MORB, in SiO,, Al,O3; and Na,O. When partially
melted, REEs are strongly partitioned into the melt. Low
REE concentrations in the bulk group A eclogites relative
to MORB, however, is indicative of a melt-depletion
event. Nevertheless, the group A characteristics are
crustal, thereby necessitating an additional component to
be added to the subducted eclogite crust. In this respect,
we postulate that the depleted mantle peridotites may be
the source of these group A eclogites and websterites.
Interaction of depleted peridotite with upward percolat-
ing TTG and carbonatitic melts, derived from the devol-

atilizing subducted oceanic crust, may have resulted in the
formation of group A eclogites and websterites.

For peridotite, high-pressure experiments demon-
strated that the compositions of melts change gradually
with pressure. Melt produced in the partial melting of a
fertile peridotite is basaltic at pressures less than
3.0 GPa, picritic at about 3.0-4.0 GPa, and komatiitic
at 5.0-7.0 GPa (Takahashi 1986; Takahashi et al. 1993).
As shown in Fig. 5, the equilibrium pressures of
the studied group A eclogites/websterites are of 2.0—
4.0 GPa. Melt generated in this pressure range would be
basaltic-picritic. This would be entirely different from
the bulk compositions of these group A eclogites in
terms of MgO, FeO, and Cr,O; contents. Therefore,
additional chemical components are needed to explain
the current observations.

Hybrid crust/mantle reaction model

Partial melting and fluid/rock metasomatism are common
in the upper mantle, particularly in subduction-related
regions. However, the total significance of these processes
in the petrogenesis of mantle rocks is not well understood.
Here, we propose a scenario in which the partial melting
of subducted oceanic crust and melt/rock reactions are
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involved in the formation of the group A eclogites, and
associated websterites from Obnazhennaya.

When subduction begins, a series of processes occur
with increasing pressure and temperature initiated by
devolatilization. At depths corresponding to 20—
40 kbar, the temperature of the subducted oceanic crust
is sufficiently high such that partial melting occurs. Two
types of melts can be produced. One is the SiO,-, Al,Os3-,
and Na,O-rich, FeO-, MgO-poor TTG melt (Tatsumi
1982; Tatsumi and Ishizaka 1982; Rapp and Watson
1995; Rapp et al. 1999). Another is a CO,-rich carbon-
atite melt, formed by melting of carbonate-rich oceanic
sediments. Upon ascending, these melts react with the
overlying peridotite mantle wedge. In this scenario, the
peridotite is hybridized by both TTG and carbonatite
melts/fluids to form group A eclogites.

A combination of interaction of carbonatite and
TTG melts with mantle peridotite can reasonably illus-
trate all the major-element features of the group A
eclogites and websterites (Fig. 11). Elevated contents of
Cr,03 in garnet and clinopyroxene are common features
of group A eclogites. Being a refractory element, Cr,O5
is typically concentrated in the depleted peridotite in the
mantle wedge. Reaction of such a depleted peridotite
with the TTG and carbonatite melts can reasonably
explain the high Cr,03 content in group A eclogites and
websterites. Additionally, this scenario can reasonably
explain the oxygen isotopes. Feldspar fractionation is

volcanism

¥ carbonatite
melt

TTG melt

Fig. 12 A model for the formation of group A eclogite/websterite
suite in the mantle. The TTG melts are generated by the partial
melting of subducted oceanic crust. The carbonatite melt may be of
mantle origin but may also be related to the oceanic carbonate
sediments. Hybrid reactions of these melts with mantle peridotite,
with different degrees of depletion, lead to the formation of the
group A suite, some of which were brought to the surface of the
Earth by kimberlitic magmatism

common within the oceanic crust (e.g., anorthositic
gabbros in ophiolites), leading to local positive Eu
anomaly. When such protoliths are being involved in the
partial melting during subduction of the slab, the partial
melts will preserve this Eu geochemical signature. This
explains the observed positive Eu anomalies in some of
the group A eclogites and websterites.

A schematic representation of the generation and
movement of these slab melts, within a tectonic frame-
work, is illustrated in Fig. 12. Despite the relative pau-
city of carbonatite eruptions to the surface of the Earth,
recent investigations of mantle peridotites from world-
wide locales have demonstrated that carbonatitic melts
have played a much larger role in mantle processes than
previously appreciated (Hauri et al. 1993; Rudnick et al.
1993; Yaxley et al. 1998; Coltorti et al. 1999). Such
activity may strongly modify the mineralogical and
geochemical features of the mantle rocks. The sources of
the carbonatite melt in our model are uncertain. Some
may be of true mantle origin, whereas a portion may be
genetically related to the oceanic carbonate sediments.
The Sm—Nd isochron ages, as shown in Fig. 9, would
appear to indicate that such processes were active in
mid- to late-Proterozoic times, possibly indicating that
subduction was active beneath the Siberia platform to
this late time.

Summary

The Obnazhennaya kimberlite pipe in Yakutia is a
unusual occurrence of predominantly group A eclogite
and websterite xenoliths. Investigation of these samples
in the present study has led to several significant con-
clusions.

— In major-element chemistry, the group A eclogites
and websterites exhibit transitional features between
the group B eclogites and peridotite.

— Differences in LREEs exist between the Ob-
nazhennaya group A and group B eclogites from
Udachnaya. Group A garnets are relatively poorer
in LREEs than those from the group B eclogites;
however, clinopyroxenes show contrary LREE
trends.

— Several significant signatures for crustal components
exist in the group A eclogites and websterites,
including high 6'®0 values and + Eu anomalies.

— It is estimated that these group A eclogites/webste-
rites and peridotites formed at 21-38 kbar and 710—
925 °C, between 1,071 and 1,237 Ma ago.

— A scenario for the formation of group A eclogites/
websterites involves the reaction of depleted mantle
peridotite with TTG and carbonatite melts, during
subduction. This scheme may be applicable world-
wide.
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