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The Udachnaya East kimberlite sampled garnet peridotite xenoliths from a pressure range of 1.2 to 7.1 GPa in
the underlying Siberian cratonic lithosphere. Samples derived from b5.2 GPa lie close to a typical cratonic
geotherm of 40 mW m−2, whereas more deeply derived samples have temperatures ≥100 °C above this
geotherm. Minor and trace element compositions of garnet and clinopyroxene indicate the presence of
both depleted and metasomatically enriched material in the suite. Depleted material derives from the entire
sampled depth interval, but enriched material is confined to pressures of 4.5 to 6.6 GPa. Thus, the Siberian
cratonic lithosphere under the Undachnaya pipe consisted of a relatively cool and depleted upper layer
about 150 km deep, underlain by a hotter layer which extended to at least 210 km depth and contained
both depleted and enriched material. Fe K-edge XANES was applied to garnets from this suite to measure
their Fe3+/∑Fe values, enabling determination of a redox profile through the lithospheric section repre-
sented by the xenolith suite. ΔlogƒO2

[FMQ] varied from −2.5 to nearly −6.0 over the sampled pressure inter-
val. An overall trend to lower ΔlogƒO2

[FMQ] values with increasing pressure was defined mostly by the
depleted samples. A superimposed oxidation trend to ΔlogƒO2

[FMQ] values 1–2 units higher than the main
trend mostly affected the deeper, enriched samples, indicating a clear link between metasomatism and oxi-
dation. The amount of oxidation was insufficient to de-stabilize diamond in the deep lithosphere. A possible
mechanism for metasomatic enrichment relates to localized, low degree “redox melting”, whereby upwardly
percolating CH4±H2O fluids would encounter progressively more oxidizing peridotite wall-rock resulting in
diamond crystallization and increased water activity in the fluid. This could lead to local partial melting and
enriched melts could migrate into cooler parts of the lithosphere and crystallize, thus enriching parts of the
lithosphere. Melts thus formed are expected to be relatively enriched in Fe3+ as it is moderately incompatible
during partial melting. Lithospheric domains metasomatised by solidification of these melts would be rela-
tively enriched in Fe3+ and garnets may therefore have higher Fe3+/∑Fe values, thus recording relatively
higher ΔlogƒO2

[FMQ] values.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The oxygen fugacity (ƒO2) of the Earth's mantle is an important
but often overlooked variable, which controls speciation of fluids in
the CHOS system and therefore influences many processes such as
partial melting, metasomatism and diamond stability (e.g. Taylor
and Green, 1987, 1988). Oxygen fugacity of the deep cratonic mantle
is recorded by garnet peridotite xenoliths, which have been acciden-
tally entrained in, and rapidly transported by kimberlite magmas to
the uppermost crust or surface, where they are quenched. Their

mineral chemistry retains records of pressure (P), temperature (T)
and ƒO2 in the lithosphere from where they were sampled. ƒO2 is
recorded by the valence state of multivalent transition metals in the
xenoliths' minerals. Fe is the most abundant transition metal in man-
tle assemblages, existing in both 2+ and 3+ oxidation states. Oxygen
fugacity in peridotite is buffered by silicate–oxide exchange equilibria
involving the phases in which Fe can exist in multiple oxidation
states, spinel, garnet and pyroxenes. In the garnet peridotite facies,
the most important reaction is

2Fe2þ3Fe
3þ

2Si3O12 garnet½ #
skiagite

¼ 4Fe2SiO4 olivine½ #
fayalite

þ2FeSiO3 opx½ # þ O2
ferrosilite

:

ð1Þ

Lithos 140–141 (2012) 142–151

⁎ Corresponding author. Tel.: +61 2 6125 8334; fax: +61 2 6125 4835.
E-mail address: greg.yaxley@anu.edu.au (G.M. Yaxley).

0024-4937/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.lithos.2012.01.016

Contents lists available at SciVerse ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos

http://dx.doi.org/10.1016/j.lithos.2012.01.016
mailto:greg.yaxley@anu.edu.au
http://dx.doi.org/10.1016/j.lithos.2012.01.016
http://www.sciencedirect.com/science/journal/00244937


Thus, garnet in peridotite acts as a redox sensor, recording mantle
ƒO2 from the garnet skiagite activity, or by the Fe3+/(Fe2++Fe3+)
(or Fe3+/∑Fe) value of the garnet (Gudmundsson andWood, 1995).

Experimental studies and thermodynamic modeling (e.g.
Belonoshko and Saxena, 1992; Taylor and Green, 1987; Woodland and
Koch, 2003) have shown that CHO-fluids under reduced ƒO2 conditions
exist predominantly as CH4+H2O, with the proportions of each molec-
ular species dependent on fluid composition. According to thermody-
namic calculations by Woodland and Koch (2003) a CHO-fluid at
ΔlogƒO2

[FMQ] [ƒO2 relative to the fayalite–magnetite–quartz redox buffer
(Frost, 1991)] of about−5.5may contain about 75% CH4 and 25%H2O at
6 GPa and 1400 °C. If such a reduced fluid encountered progressively
more oxidized conditions, it could intersect the carbon-saturation sur-
face (Taylor and Green, 1987) whereupon it would crystallize graphite
or diamond (depending on the pressure and temperature conditions)
leaving a H2O-rich residual fluid. In the model of Woodland and Koch
(2003) an increase in ƒO2 by 3 orders of magnitude will result in oxida-
tion ofmethane to diamond and almost all carbonwill be removed from
the fluid, leaving a H2O-rich fluid. This increase in water activity in the
fluid may flux melting of mantle peridotite leading to the process
known as “redox melting” (Foley, 2011; Taylor and Green, 1987, 1988).

Mantle ƒO2 is also an important variable controlling diamond/
graphite stability. In peridotite assemblages, diamond/graphite ver-
sus carbonate stability is determined by buffering reactions such as
EMOD/G:

MgSiO3
enstatite

þMgCO3
magnesite

¼ Mg2SiO4 þ Cþ O2
olivine

ð2Þ

in harzburgitic assemblages or by EMFDD:

3MgSiO3
enstatite

þCaCO3
calcite

¼ Mg2SiO4
olivine

þCaMgSi2O6 þ Cþ O2
diopside

ð3Þ

in lherzolitic assemblages (Eggler and Baker, 1982; Luth, 1993). There-
fore, direct measurement of the ƒO2 recorded by mantle samples may
allow constraints to be placed on processes such as diamond crystalliza-
tion or resorption, partial melting and metasomatism. We report here
the first redoxmeasurements from a suite of garnet peridotite xenoliths
from the Udachnaya East kimberlite. We have applied the newly devel-
oped Fe K-edge XANES technique (Berry et al., 2010) to measure Fe3+/
∑Fe in garnets from the suite. This technique has advantages over
Mössbauer spectroscopy and the flankmethod, relating to superior spa-
tial resolution and significantly shorter data acquisition times (Berry et
al., 2008; Berry et al., 2010), but can determine garnet Fe3+/∑Fe with
similar precision (±0.01). In conjunction with conventional thermo-
barometry and trace element measurements in garnet and clinopyrox-
ene using LA-ICPMS, we establish (1) a redox profile over a depth
interval from ≈90 to ≈220 km in the Siberian Craton of decreasing
ΔlogƒO2

[FMQ] with increasing depth, and (2) a superimposed oxidation
clearly associated with metasomatism at depths greater than
≈130 km. We also show that all samples, including those oxidized by
metasomatism, lie in the diamond/graphite stability field, at least 1.0–
1.5 units below the EMOD/G buffering reaction in depth-ƒO2 space.

2. Geological setting and nature of the samples

The Udachnaya kimberlite is one of >1100 kimberlite bodies in
Yakutia in the Russian Federation (Ashchepkov et al., 2010). It was
emplaced into the central Siberian Craton 367 Ma ago (Kinny et al.,
1997). The kimberlite consists of two branches of a main pipe, the
eastern (Vostok) and the western. The current samples were derived
from depths of 400–480 m or more below the surface, in the eastern
pipe, where recentmining operations have recovered very fresh perido-
tite xenoliths. Detailed petrographic, mineralogical and geochemical
studies of other fresh garnet peridotite xenoliths from Udachnaya East

kimberlite pipe were recently reported by Ionov et al. (2010) and
Agashev et al. (2010).

The current 21 samples are small fragments of larger xenoliths.
Our samples are typically a few centimeters across. They are generally
very fresh with only minor or no visible serpentinization of olivines
and minor development of kelyphitic breakdown rims on garnets.
All samples are garnet peridotites and clinopyroxene was observed
in 18 of them. The small size of most samples in this study makes it
difficult to estimate reliable phase proportions. Texturally, the sam-
ples vary from coarse granular textures (e.g. Uv28/05, Uv129/03,
Uv101/03) to porphyroclastic (which exhibit minor recrystallisation
of olivine to fine-grained neoblasts along porphyroblastic olivine
margins — e.g. Uv67/03, Uv101/03) to sheared samples in which
coarse euhedral garnets and coarse pyroxenes are set in very fine-
grained, sheared matrix of olivine crystals (e.g. Uv68/03).

3. Analytical methods

Major and minor element compositions of constituent phases in
the xenoliths were determined by WDS electronprobe microanalysis
using the Cameca SX-100 in the Central Science Laboratory, Universi-
ty of Tasmania. The accelerating voltage was 15 kV and the beam cur-
rent was 20 nA. The beam diameter was focused to 1 μm. Elemental
calibration was performed on a range of well-characterized natural
mineral standards.

Trace element compositions of garnet and clinopyroxene from 16
of the 21 samples were determined by LA-ICPMS using the Agilent
7500 instrument at The Australian National University. Analytical
protocols were similar to those reported in Eggins et al. (1998).

The Fe3+ content of garnet was determined for 14 of the 21 sam-
ples using the Fe K-edge XANES technique recently described by
Berry et al. (2010). This technique depends on the establishment of
an empirical calibration curve, which relates the ratio of the intensity
of post-edge features at 7138.4 and 7161.7 eV in the Fe K-edge XANES
spectra of a series of standard garnets to their Fe3+/∑Fe value previ-
ously determined by Mössbauer spectroscopy. Berry et al. (2010)
noted that the normalized intensity ratio of these features correlated
with Fe3+/∑Fe for a suite of standard garnets which cover most of
the compositional range exhibited by garnets from garnet peridotite
xenoliths hosted by kimberlites.

The standard garnets were from garnet peridotite xenoliths from
Diavik kimberlite (Slave Craton, Canada) (Yaxley, unpublished data)
and from the several kimberlite localities in the Kaapvaal Craton
(Kimberley, Jagersfontein, Frank Smith Mine and Monastery in
South Africa and Letseng-la-Terae, Liqhobong and Matsoku in Leso-
tho) (Woodland and Koch, 2003). These samples have Fe3+/∑Fe
ranging from 0.034 to 0.134 as established by Mössbauer spectroscopy.
A correction for recoil-free fractions in theMössbauer spectrawasmade
following the derivation ofWoodland and Ross (1994). Woodland et al.
(2009) demonstrated that this correction is also valid for Cr-bearing
garnets such as the standard garnets used here.

The Fe K-edge XANES spectra were recorded at the X-ray Fluores-
cence Microscopy (XFM) beamline (Paterson et al., 2011) of the Aus-
tralian Synchrotron. The excitation energy was selected using a
Si(111) double crystal monochromator. The energy was calibrated
for each sample by simultaneously recording an Fe foil spectrum
using light scattered by a sheet of plastic (2 mm thick) inserted in
the beam path (upstream of the normalization ion chamber used for
the microprobe) and a foil mounted in front of a photodiode (e.g.
Cross and Frenkel, 1999). The first derivative of this Fe spectrum
was defined to be 7112.0 eV. The beamline spectral resolution was
1.9 eV. The spatial resolution was defined by KB mirrors, which pro-
duced an analysis spot of ~3×3 μm for this study. Samples were
mounted at 45° to both the incident beam and a single element sili-
con drift energy dispersive detector (Vortex EM, SII Nanotechnology,
Northridge, CA) with digital signal processing (DXP Saturn, XIA LLC,
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Hayward, CA). All spectra were recorded in fluorescence mode and
the incident flux and sample-detector distance were adjusted to en-
sure that the total incoming count rate was within the linear range
of the detector. Spectra were recorded from 7075 to 7300 eV and
compared after subtraction of a constant baseline and normalization
to the average intensity above 7235 eV. Representative spectra are
shown in Fig. 1 and the calibration curve, which is the linear best fit
to the data obtained from the standards, is shown in Fig. 2. The uncer-
tainty in the Fe3+/∑Fe values of the standards is estimated to be
±0.01. The standard deviation of the difference between the Fe3+/
∑Fe values of the standards and the line of best fit is ±0.008. This
suggests that the uncertainty in values obtained using the calibration
curve is not larger than that of the Mössbauer data and hence we es-
timate the accuracy of our results to be ±0.01. The Fe3+/∑Fe values
determined for the Udachnaya samples using this calibration curve
are given in Table 2.

4. Mineral chemistry

Average major, minor and trace element mineral compositions
from some representative samples are presented in Table 1, and the
full data set is presented in the Supplementary Data.

Olivine grains range in Mg# from 89.6 to 92.3 [where
Mg#=100 Mg/(Mg+Fe2+)], in MnO content from 0.10 to 0.16 wt.%
and NiO content from 0.38 to 0.45 wt.%. Mg# and MnO are negatively
correlated. As was observed by Ionov et al. (2010), there is a tendency
for the sheared xenoliths from Udachnaya to have olivines with Mg#s
at the lower end of the Mg# range. Overall, the olivine compositions of
the current suite are very similar to those reported in earlier studies of
Udachnaya garnet peridotite xenoliths (Boyd et al., 1997; Ionov et al.,
2010; Sobolev et al., 2009).

Orthopyroxene grains vary in Al2O3 content from 0.35 to 0.90 wt.%
(excluding sample Uv101/03 in which orthopyroxene contains
3.54 wt.% Al2O3) and 0.27 to 1.22 wt.% CaO. Cr2O3 contents range
from 0.20 to 0.50 wt.% and TiO2 is ≤0.17 wt.%. Uv101/03 may be
spinel-bearing, based on its aluminous pyroxene composition, al-
though spinel was not observed petrographically in this sample.
This is also consistent with its much lower P-T estimates from ther-
mobarometry (1.2 GPa, 723 °C) — see Section 5.1.

Garnet grains are un-zoned in all measured major and minor ele-
ments, except for sample Uv89/03 in which TiO2 content on the rims
of the grains is higher (1.08 wt.%) than in the cores (0.59 wt.%). This
sample exhibits a sheared texture and similar Ti-zoning in garnets
was reported by Ionov et al. (2010), Shimizu et al. (1997) and Boyd
et al. (1997). Garnet Mg#s vary from 80.4 to 84.8. As with olivine,

there is a tendency for the sheared xenoliths to have garnet Mg#s
at the lower end of the range. Garnet Fe3+/∑Fe determined by
XANES varies from 0.026 to 0.14, a range of values fairly typical of
Cr-pyrope garnets from cratonic lithosphere (e.g. Creighton et al.,
2009; Creighton et al., 2010; Woodland and Koch, 2003). CaO varies
from 4.34 to 6.89 wt.% and correlates positively with Cr2O3 contents
(2.81 to 9.21 wt.%) (r2=0.85) (Fig. 3). Using the garnet classification
scheme of Grütter et al. (2004), which is largely based on Ca-Cr sys-
tematics, all garnets are G9 (lherzolitic) except those from sample
Uv68/03, which are G5 (pyroxenitic). The “pyroxenitic” garnets
have the lowest CaO and Cr2O3 contents from this suite. For some
samples, the garnet classification does not reflect the observedminer-
alogy, in that clinopyroxene was not detected in three samples con-
taining “lherzolitic” garnet (Uv48/03, Uv67/03, Uv126/03) and
because sample Uv68/03 is not pyroxenitic but peridotitic.

Garnet Ti contents exhibit a distinctively bimodal distribution. Six
of the 16 samples measured by LA-ICPMS contain b350 ppm Ti,
whereas the remainder contain from 900 to 8550 ppm Ti. Ti content
also correlates positively with Na, P, Ga, Y and Zr abundances. Sys-
tematics amongst Ti, Y and Zr were used by Griffin and Ryan (1995)
as an indicator of depletion versus enrichment in Cr-pyrope garnets.
Depleted samples contain low abundances (b1000 ppm Ti, b20 ppm
Zr, b10 ppm Hf), whereas samples enriched by metasomatic process-
es contain higher abundances. For the current suite [as well as the
suite of Ionov et al. (2010)], Ti–Y and Ti–Zr contents in garnet (and
clinopyroxene) are positively correlated, and the suite contains sever-
al samples classified as depleted and others classified as metasoma-
tised (Fig. 4).

Garnet REE patterns vary significantly from “strongly sinusoidal”
(e.g. Uv45/03 and Uv87/03) to “weakly sinusoidal” (e.g. Uv04/05
and Uv34/03) to “normal” (e.g. Uv100/03 and Uv05/04) (Fig. 5). On
Primitive Mantle normalized REE plots (denoted REEN; Sun and
McDonough, 1989), strongly sinusoidal patterns exhibit steeply posi-
tively sloping HREEN segments from Lu to a normalized abundance
minimum at either Gd, Tb, Dy or Ho. From the minimum the patterns
slope negatively to a normalized abundance maximum at either Pr,
Nd or Sm, and then slope negatively to low LREEN abundances.
These garnets are depleted in terms of their Ti, Y and Zr contents. Gar-
nets with weakly sinusoidal patterns or normal patterns exhibit
HREEN to MREEN segments, which are slightly positively or slightly
negatively sloped on the normalized REE diagram. From the MREE
to LREE the slope is positive and gradually becomes steeper towards
La. In garnets with weakly sinusoidal or normal REEN patterns, the
normalized abundances of HREE and MREE are higher than those in

Fig. 1. Fe K-edge XANES spectra of Udachnaya samples Uv9/05 (Fe3+/∑Fe=0.031),
Uv87/03 (Fe3+/∑Fe=0.132) (solid lines) and Diavik standard 507111505 (Fe3+/
∑Fe=0.099) (dotted line). The dashed lines correspond to 7138.4 and 7161.7 eV.

Fig. 2. Calibration curve (line of best fit) relating the intensity ratio of features at 7138.4
and 7161.7 eV in the XANES spectrumwith Fe3+/∑Fe determined by Mössbauer spec-
troscopy for garnets from the Kaapvaal craton and Diavik kimberlite.
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garnets with strongly sinusoidal patterns. The garnets with weakly si-
nusoidal or normal REEN patterns are also relatively enriched in terms
of their Ti, Y and Zr contents.

Clinopyroxenes vary in CaO content from 16.60 to 23.75 wt.%, in
Na2O from 0.05 to 1.89 wt.% and in Cr2O3 from 0.21 to 2.01 wt.%.
Mg* ranges from 89.3 to 95.6 [where Mg*=100 Mg/(Mg+Fetotal)].

Ti abundance is bi-modal, with 6 samples having ≤0.05 wt.% TiO2

and the remainder having ≥0.15 wt.%. Most samples with Ti-
depleted garnets have Ti-depleted clinopyroxene. Clinopyroxene nor-
malized REE patterns exhibit two distinct broad types, which we des-
ignate here “sinusoidal”, and “normal” patterns (Fig. 6). Sample
Uv101/03 exhibits an unusual sinusoidal pattern in which the HREE

Table 1
Representative major, minor and trace element data for garnet (ga) and clinopyroxene (cpx) from 5 samples from the suite. Cations were calculated on the basis of 6 oxygen atoms
for cpx and 12 for garnet. Garnet Fe3+ was measured by Fe K-edge XANES. For cpx, all Fe is assumed to be Fe2+. [Mg#=100⁎Mg/(Mg+Fe2+)]. “nd” = not determined.

Uv9-05 cpx Uv9-05 ga Uv129-03 cpx Uv129-03 ga Uv88-03 cpx Uv88-03 ga Uv130-03 cpx Uv130-03 ga Uv42-03 cpx Uv42-03 ga

SiO2 54.05 40.98 54.33 41.17 55.04 40.73 54.27 41.21 54.68 41.10
TiO2 0.02 0.03 0.30 0.92 0.00 0.05 0.34 0.05 0.00 0.00
Al2O3 1.84 19.84 1.51 19.68 0.48 16.58 1.76 20.60 1.96 21.47
Cr2O3 1.76 5.74 1.13 4.05 0.41 8.50 1.40 5.29 1.54 4.24
Fe2O3 nd 0.28 nd 0.97 nd 1.05 nd 0.29 nd 0.22
FeO 1.61 7.97 3.41 7.04 2.85 6.20 3.56 7.65 1.47 7.32
MnO 0.11 0.54 0.14 0.34 0.11 0.36 0.13 0.49 0.09 0.47
MgO 16.62 18.68 17.91 20.95 20.71 19.60 18.44 19.80 17.21 19.83
NiO 0.03 0.00 0.05 0.01 nd 0.02 0.06 0.00 nd 0.01
CaO 21.75 6.34 18.91 5.16 19.73 6.78 17.87 5.63 21.49 5.96
Na2O 1.48 0.03 1.49 0.09 0.14 0.01 1.64 0.02 1.24 0.01
K2O 0.06 0.01 0.04 0.01 nd 0.00 0.04 0.00 nd 0.00
P2O5 0.02 0.01 0.01 0.03 nd 0.01 0.01 0.01 nd 0.00
Total 99.35 100.45 99.23 100.41 99.47 99.90 99.54 101.04 99.68 100.61

Si 1.9710 2.9632 1.9806 2.9543 1.9889 2.9831 1.9704 2.9462 1.9783 2.9386
Ti 0.0006 0.0014 0.0082 0.0494 0.0001 0.0029 0.0093 0.0028 0.0000 0.000
Al 0.0792 1.6913 0.0649 1.6647 0.0206 1.4313 0.0755 1.7365 0.0835 1.8096
Cr 0.0508 0.3282 0.0327 0.2300 0.0116 0.4924 0.0402 0.2993 0.0442 0.2394
Fe3+ 0.0155 0.0524 0.0577 0.0157 0.0117
Fe2+ 0.0492 0.4837 0.1039 0.4285 0.0862 0.3860 0.1080 0.4590 0.0444 0.4391
Mn 0.0035 0.0331 0.0044 0.0206 0.0035 0.0226 0.0040 0.0299 0.0027 0.0283
Mg 0.9033 2.0129 0.9729 2.2410 1.1154 2.1399 0.9980 2.1097 0.9282 2.1131
Ni 0.0010 0.0003 0.0015 0.005 0.0000 0.0014 0.0019 0.0000 0.0000 0.0005
Ca 0.8498 0.4916 0.7392 0.3964 0.7639 0.5323 0.6954 0.4314 0.8330 04563
Na 0.1044 0.0045 0.1053 0.0126 0.0095 0.0016 0.1155 0.0030 0.0871 0.0008
K 0.0027 0.0007 0.0018 0.0007 0.0000 0.0004 0.0018 0.0002 0.0000 0.0001
P 0.0006 0.0007 0.0002 0.0019 0.0000 0.0007 0.0004 0.0005 0.0000 0.0002
Total 4.0160 8.0272 4.0156 8.0528 3.9997 8.0521 4.0205 8.0342 4.0014 8.0374

Mg# 94.84 80.62 90.35 83.95 92.82 84.72 90.24 82.13 95.43 82.80

P nd 45 nd 151 nd 82 nd 58 nd 25
Sc 12.9 154 13.6 114 3.23 160 11.4 124 11.4 153
Ti 126 174 1797 5339 19 302 2031 301 22
V 157 205 198 320 61 502 239 303 135 135
Co 17.8 37.1 30.4 44.2 30.9 40.9 21.1 41.2 16.3 38.1
Ni 274 16.1 524 97.8 578 102 395 31.2 257 22.8
Ga nd 2.60 nd 10.88 nd 6.44 nd 4.50 nd 2.19
Rb 0.07 bd1 0.02 bd1 0.06 bd1 0.51 bd1 0.01 bd1
Sr 25.0 0.12 127 0.56 142 0.98 92.9 0.10 2.38 0.02
Y 0.07 2.28 2.01 18.9 0.02 0.79 0.04 0.95 0.03 1.25
Zr 0.12 1.21 4.86 65.1 0.02 7.29 0.28 1.88 0.04 0.55
Nb 0.03 0.29 0.23 0.53 0.15 2.17 0.12 0.31 0.01 0.20
Ba 11.4 bd1 0.43 bd1 0.87 bd1 129 bd1 1.34 0.11
La 0.94 0.01 2.43 0.05 1.15 0.21 9.31 0.10 0.12 0.003
Ce 1.96 0.05 8.97 0.49 3.74 1.78 11.67 0.48 0.25 0.02
Pr nd 0.03 nd 0.19 nd 0.50 nd 0.08 nd 0.006
Nd 0.84 0.29 6.93 1.73 1.60 3.15 1.98 0.43 0.06 0.02
Sm 0.07 0.13 1.56 1.36 0.13 0.72 0.15 0.15 0.006 bd1
Eu 0.01 0.05 0.440 0.60 0.03 0.19 0.03 0.05 0.00 bd1
Gd 0.04 0.14 1.15 2.39 0.03 0.43 0.06 0.15 0.00 bd1
Tb nd 0.03 nd 0.44 nd 0.03 nd 0.02 nd 0.00
Dy 0.02 0.28 0.59 3.28 0.005 0.17 0.01 0.13 0.00 0.07
Ho nd 0.07 nd 0.66 nd 0.03 nd 0.13 nd 0.04
Er 0.01 0.32 0.17 1.95 0.005 0.11 0.01 0.31 0.00 0.25
Tm nd 0.06 nd 0.28 nd 0.03 nd 0.03 nd 0.07
Yb 0.004 0.60 0.10 1.99 0.002 0.32 0.00 0.32 0.01 0.76
Lu 0.001 0.12 0.01 0.32 0.001 0.08 0.00 0.07 0.001 0.18
Hf 0.01 0.04 0.29 1.59 0.002 0.14 0.01 0.02 0.003 bd1
Ta 0.01 bd1 0.02 0.04 0.01 0.18 0.03 bd1 0.01 0.00
Pb 0.32 0.55 0.18 0.06 0.27 0.01 1.55 0.02 0.04 0.02
Th 0.01 bd1 0.03 0.02 0.01 0.08 0.22 0.05 0.00 bd1
U nd bd1 nd 0.02 nd 0.08 nd 0.01 nd bd1
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segment is positively sloped from Lu to a normalized abundance min-
imum at Ho. From Ho to Nd the pattern is gently negatively sloped,
but slopes positively from a maximum at Nd down to La. Sinusoidal
patterns from other samples (samples Uv09/05, Uv26/04, Uv87/03,
Uv45/03, Uv88/03, Uv130/03 and Uv101/03) are positively sloped
from Lu to Yb, and then smoothly and negatively sloped from Yb to
a maximum at Ce or La. Collectively, they exhibit only a small varia-
tion in HREE abundances, but normalized M-LREE abundances vary
over several orders of magnitude. This contrasts with the “normal”
group (Uv50/04, Uv4/05, Uv34/03, Uv59/03, Uv129/03, Uv89/03 and
Uv68/03), in which the patterns are smooth and negatively sloped
to a maximum at Ce, and positively sloped from Ce to La. REE abun-
dances overall are similar in clinopyroxene with “normal” patterns
from different samples.

Except for Uv50/04, clinopyroxenes with “normal” REEN patterns
come from samples in which garnets are enriched in Ti, Zr and Y
and exhibit weakly sinusoidal to normal REEN patterns (Kamenetsky
et al., 2009). Conversely, clinopyroxenes with “sinusoidal” REEN pat-
terns come from samples in which garnets are depleted in Ti, Zr and
Y and exhibit strongly sinusoidal REEN patterns (Figs. 5 and 6).

Fig. 3. Classification of garnets from this suite (Grütter et al., 2004), based on CaO–Cr2O3

systematics.

Fig. 4. Plots of Y (A) and Zr (B) contents against Ti contents in garnets from the current
samples (black circles) and the Udachnaya samples of Ionov et al. (2010) (open diamonds).
“Depleted” and “Melt metasomatism” fields are after Griffin and Ryan (1995).

Fig. 5. Primitive Mantle normalized (Sun and McDonough, 1989) REE plots of garnets
from the current suite. (A) Garnets with normal to weakly sinusoidal patterns;
(B) garnets with strongly sinusoidal patterns.
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5. Discussion

5.1. Thermobarometry

Several thermometers and barometers previously calibrated with
data from high-pressure experiments and from natural samples
were used to calculate pressures and temperatures of equilibration
of the xenoliths using the approach of Nimis and Grütter (2010).
This calculates temperature (T[TA98]) based on an empirical correction
by Taylor (1998) to the Brey and Kohler (1990) Ca-in-opx thermometer
(T[BKN]), using for input pressure the Al-in-orthopyroxene barometer
of Nickel and Green (1985) (P[NG85]). T[TA98] varied from 723 to
1364 °C. P[NG85] varied from 1.18 to 7.06 GPa. Thermobarometric re-
sults are presented in Table 2.

The samples exhibit a distribution in P-T space broadly consistent
with a cratonic geotherm (Fig. 7). An exception is Uv101/03 which
returned P[NG85]-T[TA98] estimates of 1.18 GPa and 723 °C, that
are well off any feasible geotherm. The remaining samples exhibit a
bimodal temperature distribution, with approximately half the sam-
ples recording T[TA98]b1000 °C at P[NG85]b5.2 GPa and the other
half recording T[TA98]>1150 °C at P[NG85]>5.2 GPa. Thus, the
temperature interval between 1000 and 1150 °C is not represented
in this suite, although the pressure varies continuously from 3.10 to
7.06 GPa. The lower temperature and lower pressure group of
samples (except Uv101/03) cluster around an estimated cratonic
geotherm with heat flow of ≈40 mWm−2 (Pollack and Chapman,
1977), while the high temperature and high pressure group lie at
temperatures mostly ≥100 °C above than this geotherm. In agree-
ment with another recent study of a suite of Udachnaya garnet peri-
dotite xenoliths (Ionov et al., 2010), most of the current high
temperature samples exhibit sheared textures.

5.2. Metasomatism

Evidence for metasomatism of some of the samples from this suite
relates to the range of Ti, Y and Zr in garnet and co-existing clinopyrox-
ene, and the REEN patterns in garnet and clinopyroxene (Stachel et al.,
1998, 2004). Some samples are clearly relatively depleted with garnet
Tib1000 ppm, Zrb20 ppmandHfb10 ppm, butmost are enriched, con-
taining garnets with significantly higher abundances of these three ele-
ments (Griffin and Ryan, 1995). Furthermore, samples with low-Ti
garnets have strongly sinusoidal garnet REEN patterns and sinusoidal
clinopyroxene REEN patterns. Samples that contain Ti-rich garnets

Fig. 7. Plot of P[NG85] against T[TA98] (Nimis and Grütter, 2010) for the current suite
(black circles) and the Udachnaya garnet peridotites described by Ionov et al. (2010).
The curved line is an estimated 40 mWm−2 geotherm (Pollack and Chapman, 1977).

Fig. 6. PrimitiveMantle normalized (Sun andMcDonough, 1989) REE plots of clinopyrox-
enes from the current suite. (A) Clinopyroxeneswith normal patterns; (B) clinopyroxenes
with sinusoidal patterns.

Table 2
Results of thermobarometric and redox calculations. P[NG85] and T[TA98] are pressure
and temperature of equilibration of the xenoliths following themethod of Nimis andGrüt-
ter (2010). Fe3+/∑Fe values were determined using the Fe K-edge XANES technique de-
scribed by Berry et al. (2010) and ΔlogƒO2

[FMQ] was calculated using the calibration of
Gudmundsson and Wood (1995). ΔlogƒO2

[FMQ]* was calculated for samples with P[NG85]
>4 GPa, incorporating the phase compressibility data fromWoodland et al. (1999).

P[NG85] GPa T[TA98] (°C) Fe3+/∑Fe ΔlogƒO2
[FMQ] ΔlogƒO2

[FMQ]*

Uv-4-05 6.23 1292 0.115 −3.7 −3.4
Uv-5-04 4.54 895
Uv-9-05 3.10 770 0.031 −2.5
Uv-26-04 5.16 962 0.079 −3.4 −3.1
Uv-50-04 5.61 1278 0.037 −5.0 −4.7
Uv129-03 5.35 1168 0.109 −3.3 −3.1
Uv-87-03 6.12 1324 0.132 −3.6 −3.3
Uv-59-03 5.93 1244 0.085 −4.0 −3.7
Uv-45-03 3.70 899 0.038 −3.0
Uv-88-03 6.90 1364 0.13 −4.0 −3.7
Uv130-03 7.06 1259 0.033 −5.9 −5.6
Uv-101-03 1.18 723
Uv-68-03 5.27 1234 0.086 −3.6 −3.2
Uv-89-03 6.44 1253 0.089 −4.3 −4.0
Uv-34-03 6.13 1290 0.139 −3.4 −3.1
Uv-42-03 3.88 947 0.026 −4.0
Uv-37-03 4.53 851
Uv-28-05 3.48 854
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have normal to weakly sinusoidal garnet REEN patterns and normal
clinopyroxene REEN patterns.

When these indicators of depletion or metasomatism are com-
pared with the depth of origin of the xenoliths, it is apparent that
all enriched or metasomatised samples derived from a relatively re-
stricted pressure interval of 4.5–6.6 GPa, whereas depleted samples
were derived from the entire sampled depth interval of 2.6–7.1 GPa
(Fig. 8). This suggests a vertical lithospheric section under Udachnaya
367 Ma ago, in which a depleted layer, shallower than about 130 km,
was underlain by a variably enriched to depleted zone which extends
to at least 180 km depth. A similar structure for the Siberian Craton
was suggested by Pokhilenko et al. (1999).

5.3. An oxygen fugacity profile in the Siberian Craton

Oxygen fugacities (ƒO2) for the samples were calculated using the
experimental calibration of Gudmundsson and Wood (1995) for the
ƒO2 buffering reaction (1) for garnet peridotite assemblages. T
[TA98], P[NG85] and the XANES-determined Fe3+/∑Fe values for
garnet were used in the calculations. Results are expressed relative
to the ƒO2 of the FMQ buffer (ΔlogƒO2

[FMQ]) at the P-T conditions of
each sample, in the usual fashion, in Table 2. ΔlogƒO2

[FMQ] varies
from −5.9 to −2.5. The uncertainty resulting from the uncertainty
of the XANES measurements (±0.01 in Fe3+/∑Fe) and in the oxy-
barometer's calibration is estimated to be ±0.6 (Gudmundsson and
Wood, 1995).

Because of the large lithospheric depth interval and the range
from relatively depleted to enriched, represented by these xenoliths,

Fig. 8. Plot of (A) garnet Ti content (B) garnet Zr content and (C) garnet Y content
against P[NG85], showing the presence of depleted material from the entire sampled
depth range and enriched material from a restricted depth interval (4.5–6.6 GPa).
“Depleted” and “Melt metasomatism” fields are after Griffin and Ryan (1995). Symbols
as in Fig. 3.

Fig. 9. Plot of ΔlogƒO2
[FMQ] versus equilibration pressure for the current depleted (black

diamonds) and enriched samples (black circles), and other samples from various loca-
tions in the Kaapvaal Craton and from the Diavik Diamond Mine. The Udachnaya sam-
ples have error bars for ΔlogƒO2

[FMQ] of ±0.6 units. Also shown for the Udachnaya
samples with P[NG85]>4 GPa, is ΔlogƒO2

[FMQ]* (black triangles), calculated allowing
for the compressibilities of skiagite and other relevant garnet end-members, ferrosilite
and fayalite (Woodland et al., 1999). The gray arrow labeled (1) is interpreted as the
main trend of decreasing oxygen fugacity with increasing pressure (depth) in the
Siberian Craton and is mainly exhibited by depleted samples. The gray arrow labeled
(2) represents an oxidation trend associated with metasomatic enrichment. The gray
shaded field represents the depth interval in which most Udachnaya samples were
enriched, from Fig. 8. The pressure of the graphite/diamond transition is based on a
40 mW m−2 geotherm. EMOG and EMOD refer to the diamond limiting reaction
enstatite+magnesite=olivine+C+O2 (Luth, 1993) in the graphite and diamond
stability fields respectively. NiPC is the Ni precipitation curve from O'Neill and
Wall (1987).
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this data allows the ƒO2 variation in the Siberian Craton to be
profiled as functions of pressure and effects of metasomatism.
When ΔlogƒO2

[FMQ] is plotted against P[NG85] an overall trend to
lower ΔlogƒO2

[FMQ] with increasing pressure is defined by five samples
(Uv09/05, Uv45/03, Uv42/03, Uv50/04, Uv130/03), and of those, four
are depleted based on their garnet and clinopyroxene chemistry
(Fig. 9). This trend most likely reflects the positive molar volume
change of the ƒO2 buffering reaction for garnet peridotite assemblages
(reaction 1), which forces a shift to higher skiagite activities and to
lower ƒO2 with increasing pressure (Frost and McCammon, 2008;
Woodland and Koch, 2003). Superimposed on this is an oxidation
trend, resulting in an increase in ΔlogƒO2

[FMQ] by approximately 1–2
units and which is almost completely restricted to samples from the
enriched pressure interval of 4.5 to 6.6 GPa. Seven of the nine samples
in the oxidized zone have enriched garnet and clinopyroxene chemis-
try indicative of metasomatism. The two remaining samples are not
enriched in their mineral chemistry but are apparently still oxidized,
relative to the main P-ΔlogƒO2

[FMQ] trend.
Fig. 9 also illustrates the Ni precipitation curve (NiPC; Frost and

McCammon, 2008; O'Neill and Wall 1987) along a 40 mWm−2

geotherm (Pollack and Chapman, 1977). Two of the samples
(Uv130/03 and Uv50/04) apparently plot below this curve and there-
fore should contain (or have contained) a metallic FeNi alloy. Segre-
gation of such a molten alloy would have depleted the residual
silicate components in Fe and Ni, but there is no evidence in their
mineral chemistry that this occurred. The most likely explanation re-
lates to uncertainties in the Gudmundsson and Wood (1995) oxyba-
rometer employed in the calculations. The quoted uncertainty in
this oxybarometer is ±0.6 log units, meaning that sample Uv50/04
(5.6 GPa) is within error of the NiPC on Fig. 9. This is not the case
for sample Uv130/03 (7.1 GPa). However, Woodland et al. (1999)
pointed out that the pressure effect described above becomes less at
high pressures when the compressibilities of skiagite and other gar-
net endmembers, as well as fayalite and ferrosilite, are taken into ac-
count in the calculations. When this is done for samples equilibrated
at 6–7 GPa, ƒO2 values increase by 0.3–0.5 log units (Woodland et al.,
1999). Table 1 and Fig. 9 also include recalculated ƒO2 values for the
high pressure samples incorporating this correction for the phase
compressibilities (Woodland et al., 1999). In the case of Uv130/03
(the 7.1 GPa sample) this will place it well within error of the NiPC
curve (Fig. 9). Accounting for this effect shifts the ΔlogƒO2

[FMQ]s of all
high pressure samples from this suite (i.e. those at 6–7 GPa) to somewhat
higher values but does not alter themajor conclusions of this paper. How-
ever, we believe it appropriate to base our discussion on the ΔlogƒO2

[FMQ]

values calculated in the conventional manner (Gudmundsson andWood,
1995), to enable easier comparison with other similar studies of garnet
peridotite xenoliths suites, which have all used the Gudmundsson and
Wood (1995) calibration.

Several earlier studies have measured Fe3+ in garnet from
kimberlite-bourne garnet peridotites from various cratons (Kaapvaal,
Slave, Fennoscandian Shield) using either Mössbauer spectroscopy
(Lazarov et al., 2009; McCammon and Kopylova, 2004; McCammon
et al., 2001; Woodland and Koch, 2003; Woodland and Peltonen,
1999) or the electron microprobe based flank method (Creighton et
al., 2009; Creighton et al., 2010; Höfer and Brey, 2007). An association
between metasomatic enrichment in the cratonic lithosphere and ox-
idation has also been noted in these earlier studies. To our knowledge,
this is the first demonstration of this effect in the Siberian Craton. In
the Kaapvaal Craton, there is a steady decrease in ΔlogƒO2

[FMQ] with
depth from values around 0 to −1 at ≈70 km depth to around
−3.5 at ≈140 km depth (Woodland and Koch, 2003). At deeper
levels, the rate of decrease of ΔlogƒO2

[FMQ] decreases, such that values
at ≈220 km depth were around −4.2. Similar results were obtained
by Lazarov et al. (Lazarov et al., 2009) for samples from the Finsch
mine in the Kaapvaal Craton. In this case, ΔlogƒO2

[FMQ] decreased
from −2.5 to −4.7 with increasing pressure from pressures of 4.4

to 6.5 GPa. However in the Finsch samples, there was no discernable
break in slope of the ΔlogƒO2

[FMQ]−P profile at high pressures.
Woodland and Koch (2003) attributed the overall decrease in mantle
ΔlogƒO2

[FMQ] with increasing pressure to the positive molar volume
change of the buffering reaction in garnet peridotite assemblages (re-
action (1)) (Frost and McCammon, 2008). The Woodland and Koch
(2003) samples from >140 km, where the slope of the ΔlogƒO2

[FMQ]

−depth trend decreased, were often those exhibiting textural evi-
dence of shearing and generally more fertile compositions. All sam-
ples from ≥60 km depth derived from the diamond/graphite
stability field (as opposed to carbonate stability) in depth-ƒO2 space.

The mildly to extensively metasomatised garnet peridotite xeno-
liths from Kimberley in the Kaapvaal Craton showed sufficient levels
of oxidation in some samples (up to ΔlogƒO2

[FMQ]=0) to inducemagne-
site rather than diamond stability (Creighton et al., 2009). This effect
was sufficiently strong to mask any depth-ƒO2 relationship of the sort
reported by Woodland and Koch (2003). A similar effect was reported
in an investigation of garnet peridotite xenoliths from theDiavik kimber-
lite in the Slave Craton by Creighton et al. (2010). Samples from theWes-
sleton kimberlite (Griffin et al., 1999; McCammon et al., 2001) exhibit
zoned garnet grains in which Ca-enriched rims crystallized on Ca-poor
cores during a metasomatic event. The rims were shown, using the
milli-Mössbauer technique, to be richer in Fe3+ than the cores, suggest-
ing that metasomatismwas associated with oxidation. During themeta-
somatic event, ΔlogƒO2

[FMQ] increased by up to about 1 log unit, from
garnet core to rim, such that the rims approached the carbonate-
limiting EMOD/G reaction (2).

The very reduced oxygen fugacities recorded by the deepest (≈5–
7 GPa) of the depleted samples in the Udachnaya suite, and by many
deeply-derived samples from other suites, probably preclude the ex-
istence of carbonatite melts as metasomatic agents, but are consistent
with fluids dominated by CH4+H2O (Woodland and Koch, 2003) in
equilibrium with diamond (i.e. fluids on the C-saturation surface —
Taylor and Green, 1987). Such CH4-rich fluids percolating upwards
from the asthenosphere or the deepest cratonic lithosphere are
expected to encounter progressively more oxidizing conditions at de-
creasing pressures, and may evolve towards the H2O-maximum
(Taylor and Green, 1987; Woodland and Koch, 2003) by oxidation
of CH4 to diamond. The associated increase in fluid water activity
(aH2O) may lead to redox melting at deep levels of the lithosphere
(Foley, 2011; Taylor and Green, 1988), because of the well-known ef-
fect of minor quantities of H2O-rich fluid in lowering peridotite-CH4

solidii (Taylor and Green, 1988). However, this would probably re-
quire higher temperatures (b1400 °C) than recorded by the sheared
xenolith suite at the time of their sampling by the host kimberlite
(Fig. 7), as the H2O-saturated peridotite solidus at 5–7 GPa is around
100–200 °C higher in temperature over this pressure interval (Green
et al. 2010). During partial melting of garnet peridotite, Fe3+ is
expected to behave incompatibly with a melt/residue partition coeffi-
cient of ≈0.1 (Canil and ONeill, 1996; Canil et al., 1994), mainly be-
cause modal abundances of Fe3+-hosting phases (garnet and
pyroxenes) will decrease in the more refractory residues after partial
melting. Conversely, partial melts in equilibrium with the residue are
expected to be relatively enriched in Fe3+. If these partial melts seg-
regate and move into nearby zones in which aH2O or temperature is
lower, they may metasomatise adjacent parts of the lithosphere by
freezing and crystallizing garnet and clinopyroxene which is relatively
Fe3+-rich compared with the pre-metasomatic phases. This metasoma-
tised material will hence record an increase in ƒO2. A record of such a
process may be preserved in rare garnet peridotite xenoliths such as
those from the Wesselton kimberlite in the Kaapvaal Craton, with Ca-
enriched metasomatic garnet rims overgrowing more refractory cores
(Griffin et al., 1999). Mössbauer milli-probe measurements conducted
on the rims and cores of these garnets demonstrated an increase in
ƒO2 in the rims relative to the cores, suggesting that oxidation was asso-
ciated with metasomatism (McCammon et al., 2001). Preservation of
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the rims on garnet implied that metasomatism occurred a very short
time (b1 Ma) before transport of the xenoliths in the host kimberlite
and near-surface quenching. However, if metasomatism had occurred
a significantly greater timebefore removal of the xenoliths from the lith-
osphere, it is expected that diffusive re-equilibration and recrystallisa-
tion would have rehomogenised the sample, but the final Fe3+/∑Fe
content of the homogenized garnet would have remained higher than
that of the pre-metasomatic garnet, thus recording increased ƒO2. The
enriched (metasomatised) Siberian samples are oxidized relative to
the depleted samples andmay have undergone a process similar to this.

6. Conclusions

(1) The Udachnaya East kimberlite has sampled garnet peridotite
xenoliths from the underlying cratonic lithosphere from a
depth range corresponding to pressures of 1.2 to 7.1 GPa.
With one exception, samples derived from b5.2 GPa lie ap-
proximately on a typical cratonic geotherm of 40 mWm−2.
More deeply derived samples record temperatures ≥100 °C
above this.

(2) The high temperature – high pressure samples mostly have
sheared textures and evidence in garnet and clinopyroxene
chemistry of enrichment, relative to the low temperature –
low pressure group which exhibits mostly granular textures
and depleted garnet and clinopyroxene chemistry. Thus, the Si-
berian cratonic lithosphere under the Undachnaya pipe con-
sists of a relatively cool and depleted upper layer about
150 km deep, underlain by a hotter, sheared layer which ex-
tends to at least 210 km and contains both depleted and
enriched material.

(3) The newly developed Fe K-edge XANES technique (Berry et al.,
2010) was applied to garnets from this suite to determine their
Fe3+/∑Fe values. This enabled determination of a redox pro-
file through the lithospheric section represented by the xeno-
lith suite. An overall trend to lower ΔlogƒO2

[FMQ] values with
increasing pressure was observed with ΔlogƒO2

[FMQ] varying
from −2.5 to nearly −6.0 over the sampled pressure interval.
This relates to the molar volume change of ƒO2-dependent
equilibria between Fe2+/Fe3+-bearing silicate phases (e.g.
Frost and McCammon, 2008).

(4) Superimposed on this trend is an oxidation trend to ΔlogƒO2
[FMQ]

values 1–2 units higher than the main molar volume-related
trend. The more oxidized xenoliths are almost exclusively con-
fined to the pressure interval fromwhich the sheared and meta-
somatically enriched samples were derived, indicating a very
clear link between metasomatism and oxidation. The amount
of oxidation was insufficient to de-stabilize diamond in the
deep lithosphere, however.

(5) CHO-fluids present in the very deepest parts of the lithosphere
would have been CH4-rich at the ƒO2 values indicated by the dee-
pest, depleted and most reduced xenoliths (ΔlogƒO2

[FMQ]≈−6).
A possible mechanism for the metasomatism relates to localized,
low degree “redox melting”. It is envisaged that upwardly perco-
lating CH4±H2O fluids would encounter progressively more ox-
idizing peridotite wall-rock, and would eventually become
oxidized, leading to diamond crystallization and an increase in
water activity in the fluid. This could lead to local partial melting
and enriched melts could migrate into cooler parts of the litho-
sphere and crystallize, thus metasomatically enriching parts of
the lithosphere. Melts thus formed are expected to be relatively
enriched in Fe3+ as it is moderately incompatible during partial
melting. Therefore, lithospheric domains metasomatised by so-
lidification of these melts would be relatively enriched in Fe3+

and garnets may therefore have higher Fe3+/∑Fe values, thus
recording relatively higher ΔlogƒO2

[FMQ] values.

(6) Fe K-edge XANES (Berry et al., 2010) offers a highly spatially
resolved and rapid technique for determination of Fe3+/∑Fe
in mantle-derived garnets with accuracy and precision similar
to those of Mössbauer spectroscopy.
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