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a b s t r a c t
The ~ 380 Ma Nyurbinskaya kimberlite pipe, Yakutia, Siberia, sampled a highly-diamondiferous and unusual
mantle xenolith population dominated by eclogites. New in-situ major- and trace-element data for garnets
previously analyzed for oxygen isotope compositions show that Group A eclogitic garnets have Mg# N 68 and
are LREE-depleted. Group B and Group C eclogitic garnets cover a range of Mg#, and are each divided into two
types based on their trace-element characteristics. Type B1 and C1 eclogitic garnets are dominant and are
LREE-depleted. Less common Type B2 and C2 garnets generally have Mg# N 60 and convex-upward REEproﬁles. Harzburgitic garnets are a minor component of the Nyurbinskaya xenolith suite, and have high
Mg# (~ 84), high Cr contents (~ 11 wt.% Cr2O3), and sinusoidal REE-patterns. Group A, Type B1, and C1
eclogitic garnets deﬁne a broad negative correlation between Mg# and Yb abundances consistent with a
shallow origin as basaltic and gabbroic portions of oceanic crust. Harzburgitic, Type B2, and C2 eclogitic
garnets have trace-element characteristics indicative of interaction with a C–O–H–N–S-rich ﬂuid in
lithospheric environments. These results provide clear evidence for the presence of subducted crustal
materials in the Siberian mantle lithosphere and support models of craton formation by subduction zone
stacking.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Despite the relative rarity of eclogitic and pyroxenitic mantle
xenoliths sampled by kimberlites, they offer key constraints on the
formation of thickened Archean cratonic lithosphere, as well as the
extent of modiﬁcation resulting from interaction with melt or ﬂuids in
mantle environments and during kimberlite transport (e.g., Pearson
et al., 2003; Carlson et al., 2005). Studies of eclogites and pyroxenites
are not only important for reﬁning models of global crust–mantle
evolution, but also provide constraints on the origin of highlydiamondiferous mantle as eclogites and pyroxenites represent
signiﬁcant diamond reservoirs in some portions of Archean lithosphere (e.g., Orapa, Magondi Mobile Belt, Shee and Gurney, 1979;
Roberts Victor, Kaapvaal Craton, MacGregor and Manton, 1986;
Carswell et al., 1981; Lac de Gras, Slave Craton, Aulbach et al., 2007;
Nyurbinskaya, Siberian Craton, Spetsius et al., 2008). Two general
scenarios have been proposed to explain the compositional diversity
of ancient cratonic mantle, namely; 1) subduction zone stacking
(Helmstaedt and Gurney, 1995; Pearson and Witting, 2008), and 2)
melt intrusion and ponding at the base of the lithospheric mantle (e.g.,
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Grifﬁn et al., 1999a; Grifﬁn and O'Reilly, 2007). Several early studies
suggested that eclogite and pyroxenite xenoliths may represent the
products of high-pressure crystal fractionation (e.g., O'Hara, 1969;
MacGregor and Carter, 1970; Garlick et al., 1971; O'Hara et al., 1975).
However, mineralogical and reconstructed bulk-rock characteristics
(major-, minor-, and trace-element systematics, and isotopic compositions) of many eclogites may not be accounted for by high-pressure
crystal fractionation (e.g., Shervais et al., 1988; Taylor and Neal, 1989;
Jacob, 2004; Schmickler et al., 2004). In this context, eclogites and
pyroxenites may ultimately be derived from crustal precursors (e.g.,
Taylor and Neal, 1989; Pearson et al., 1993; Spetsius, 2004).
Compared to other Yakutian kimberlites (e.g., Udachnaya kimberlite, Daldyn kimberlite ﬁeld, Pokhilenko et al., 1991; Boyd et al., 1997),
the ~ 380 Ma Nyurbinskaya kimberlite (Fig. 1) matrix has lower LREE,
Nb, Ta, U and Th contents (Agashev et al., 2001, 2004; Lapin et al.,
2007). Further, the 87Sr/86Sr and 143Nd/144Nd compositions of the
Nyurbinskaya kimberlite at the time of eruption are transitional
between Group I and Group II kimberlites of the African cratons (e.g.,
Agashev et al., 2001; Kornilova et al., 2001). This distinctive kimberlite
sampled an unusual and highly-diamondiferous mantle attested to by
a xenolith population that is dominated by eclogites with only minor
amounts of peridotite. Eclogite-rich xenolith populations have been
identiﬁed in only one other Yakutian kimberlite (Zagadochnaya,
30 km Southeast of Udachnaya), but Zagadochnaya xenoliths are
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Fig. 1. Schematic diagram of prominent geological structures and crustal provinces of the Siberian Platform (A), and (B) location of Yakutian kimberlite ﬁelds with the site of
Obazhennaya, Udachnaya, Mir and Nyurbinskaya kimberlite pipes (after Dawson, 1980 and Rosen et al., 1994). KSZ = Kotuykan Shear Zone. BSZ = Billyakh Shear Zone. L.B. = Lake
Baikal.

devoid of diamonds, and grospydites (grossular ± clinopyroxene ±
kyanite), for which it is the type-locality, are abundant (Bobrievich
et al., 1960; Sobolev et al., 1968; Nimis et al., 2009). Importantly, the
Nyurbinskaya xenolith suite has an unusual distribution of oxygen
isotope compositions extending to the highest known δ18O value
(+9.65‰; Spetsius et al., 2008) observed in diamondiferous xenoliths
worldwide. In contrast to xenolith suites from other localities across
the Siberian craton, and even across the globe, garnets of Nyurbinskaya mantle xenoliths have no δ18O values below the mantle range
(5.3 ± 0.6‰, 2σstdev, where garnet–zircon fractionation is b0.1‰;
Valley et al., 1998 and Valley, 2003) and deﬁne two populations, the
largest of which is centered at 6.6‰ (Fig. 2).
It is widely accepted that O-isotopes fractionate little (≤1‰)
during high-temperature melting, metasomatism, and metamorphism in the upper mantle (Eiler, 2001). Larger fractionations of
oxygen isotopes require processes involving ﬂuids at or near Earth's
surface (Clayton et al., 1975), which are considered analogous to low-

and high-temperature alteration experienced by oceanic crust
(Gregory and Taylor, 1981; Alt et al., 1986). The robust nature of
oxygen isotopes during prograde metamorphism is demonstrated by
the preservation of values consistent with low-temperature alteration
in massif eclogites and eclogite-facies rocks with a complex structural
history (e.g., Getty and Selverstone, 1994; Pulitz et al., 2000). Thus, the
large positive δ18O values of Nyurbinskaya garnets strongly supports
the involvement of subducted oceanic crust which has been altered at
low-temperatures (b350 °C) in the mantle lithosphere underlying
this region of the Siberian craton (Spetsius et al., 2008).
An earlier study of eclogitic xenoliths from Nyurbinskaya performed by our group (Spetsius et al., 2008) did not identify whether
these maﬁc lithologies represent; 1) subducted crustal material of
low-pressure origin, or 2) high-pressure cumulates derived from a
heterogeneous asthenosphere containing a portion of recycled crust.
This study explores these two different models of eclogite origin using
new in-situ major- and trace-element data for garnets of known

Fig. 2. A: Oxygen isotope compositions of garnets from mantle xenoliths of the Nyurbinskaya kimberlite pipe with corresponding probability density curves (after Spetsius et al.,
2008), compared to the oxygen isotope composition of garnets of “typical” upper mantle (assuming garnet–zircon fraction is b 0.1‰; Valley et al., 1998; Valley, 2003). The population
with mantle-like δ18O values (eclogite + peridotite) accounts for 18% of the analyzed xenoliths and ranges from 4.7 to 5.8‰ displaying a negatively skewed distribution. The large
population dominated by eclogite xenoliths accounts for 82% of the population and ranges from 5.9 to 9.7‰ with a steep-sided bell-shaped curve that approaches a normal
distribution (kurtosis = 0.188; calculated by including all values above 5.9‰). B: Oxygen isotope compositions observed in a suite of samples from the Samail ophiolite displaying
high δ18O values in the upper portion of oceanic crust altered at low-temperatures (after Gregory and Taylor, 1981; plg = plagiogranite).
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oxygen isotope compositions from the Nyurbinskaya kimberlite pipe,
Yakutia, Siberia. We show that eclogitic garnets with high δ18O have
major- and trace-element compositions consistent with a lowpressure origin, and this provides some of the strongest evidence in
support of models advocating subduction zone stacking during the
generation of Archean cratonic lithosphere in the Siberian region.
2. Methods
In this study, a total of 89 garnets from 47 individual xenoliths
were examined for their major- and trace-element compositions
(Supplementary Tables A1 and B1). Due to signiﬁcant alteration only
fresh garnets were consistently recovered from these xenoliths, and
these materials are no longer available for study as they have been
crushed and used for other purposes (i.e., diamond extraction). For
these reasons clinopyroxene analyses were not performed and
xenoliths were classiﬁed on the basis of their garnet compositions
(c.f., Spetsius et al., 2008). In the majority of xenoliths (59%), between
2 to 5 high-purity garnet fragments were characterized, and these
mineral separates correspond directly to sample aliquants on which
oxygen isotope compositions were determined previously by Spetsius
et al. (2008). This approach contrasts with major-element compositions reported by Spetsius et al. (2008), which were determined on
polished sections of the same xenoliths. Major-element compositions
were measured using a CAMECA SX-100 electron microprobe (EMP)
at the University of Tennessee. Garnet compositions were determined
using a 10 μm beam size, a 20 nA beam current, and an accelerating
potential of 15 kV. Counting times for all elements were generally 20–
30 s. with the exception of P (60 s.), Ni (60 s.), and Cr (40 s.). Standard
PAP corrections were applied to all analyses. Precision and accuracy were
monitored with natural and synthetic standards at intervals during each
analytical session, and drift was within counting error. Detection limits
(3σ above background) are typically b0.03 wt.% for SiO2, TiO2, Al2O3,
MgO, CaO, Na2O, and b0.05–0.1 wt.% for FeO, MnO, Cr2O3, NiO, and P2O5.
Trace-element analyses were performed on the same garnet
fragments measured for their major-element compositions using a
New Wave Research UP213 (213 nm) Nd:YAG laser-ablation system,
coupled to a ThermoFinnigan Element 2 ICP-MS, at the University of
Maryland. A laser repetition rate of 7 Hz and a photon ﬂuence of 1.8 to
2.5 J/cm2 were employed for all analyses, and each grain was analyzed
with a 40 to 80 μm spot. Data were acquired across a mass range of
45
Sc to 238U, and samples were ablated in a pure He atmosphere then
mixed with argon before entering the plasma (c.f., Günther and
Heinrich, 1999). The NIST 610 glass standard was used for calibration
purposes, and the BCR-2g glass standard was analyzed as an unknown
to assess accuracy and reproducibility (Supplementary Table A2).
Minor- and trace-element reproducibility of the standard was better
than 3% (RSD) for all elements analyzed. Elemental abundances of
BCR-2g were generally within error (1σstdev) of the accepted value,
and reproducibility of the reference material was generally better than
5% (RSD). LA-ICP-MS analyses were normalized to the CaO value
determined by EMP analysis. Detection limits across the 45Sc to 238U
mass range were generally within the 10 to 200 ppb range and vary
in response to the mass of sample ablated.
3. Results
3.1. Garnet major-element compositions
Garnets analyzed here have no observable exsolution textures.
Major-element concentrations of garnets of Nyurbinskaya xenoliths
cover a wide compositional range (Table 1, Fig. 3) similar to those
determined on polished sections from the same xenolith suite
(Spetsius et al., 2008). However, in detail, the major-element
compositions of garnets from a limited number of xenoliths (notably
N8, N14, N16, N20, N22, and N72) differ from those reported by Spetsius

et al. (2008). These differences probably reﬂect heterogeneity between
polished sections and grain separates from individual xenoliths,
emphasizing the need for compositional data on the same population
of garnets measured for oxygen isotope compositions. Several schemes
exist for the classiﬁcation of garnets on the basis of major-element
concentrations (e.g., Sobolev et al., 1973; McCandless and Gurney, 1989;
Taylor and Neal, 1989; Schulze, 2003; Grütter et al., 2004); each of these
suggests lithological afﬁnities and, in some cases, provides an indication
of whether diamond may be present in the host xenolith. Here we adopt
the classiﬁcation scheme of Taylor and Neal (1989), which is based on
chemical divisions suggested by Coleman et al. (1965).
Except for two garnets from one harzburgitic xenolith (N97),
garnet grains (n = 87) from all other xenoliths (n = 46) within
this suite are eclogitic (Supplementary Tables A1 and B1), and can
be subdivided into three groups (A, B and C) based on the molar
proportions of pyrope, almandine, and grossular (Fig. 3). Many
individual xenoliths contain garnets of near-uniform major-element
compositions, and only a limited number of xenoliths contain
mixed populations of Group A, B, and/or C garnets (Supplementary
Table A1). The majority (~78%) of eclogitic xenoliths contain Group B
garnets. From studies of garnets in eclogitic and pyroxenitic xenoliths
of the Slave Craton, Aulbach et al. (2007) suggested that distinct
trends could be identiﬁed in CaO–Na2O space. However, relatively
large uncertainties on Na2O abundances determined by EMP analysis
(~0.1 wt.% Na2O, 2σSt Dev, internal precision) make it difﬁcult to
identify systematic trends between these elements in the Nyurbinskaya data set (Fig. 3b).
Harzburgitic garnets studied here are derived from a single
xenolith (N97) with a garnet δ18O value of 4.98‰; the larger
population of harzburgitic xenoliths studied by Spetsius et al.
(2008) contain garnets of near-uniform oxygen isotope compositions
(+4.98 to +5.07‰, where internal precision is typically 0.1‰; Valley
et al., 1995), all of which are within the range of “typical” mantle
garnet. In contrast, eclogitic garnets cover a wide range of δ18O values
and 75% of Group A, ~80% of Group B, and ~ 17% of Group C xenoliths
have garnet δ18O values above the mantle range. Further, a small
number of xenoliths (n = 3) contain mixed garnet populations, and
yield average garnet oxygen isotope compositions within and above
the garnet mantle range. Major-element compositions of Nyurbinskaya garnets do not co-vary with oxygen isotopes and deﬁne a
scattered distribution (e.g., Figs. 3a and 4a), which is consistent with
the suggestion that major-element compositions are decoupled from
oxygen isotope values (Spetsius et al., 2008).
3.2. Trace-element characteristics
Garnets from the 47 studied xenoliths display a wide range of
trace-element compositions (Fig. 5, Table 1 and Supplementary Fig.
A1 to A4). CI-chondrite normalized rare-earth-element (REE) patterns of eclogitic garnets generally show light-REE (LREE) depletion
relative to heavy-REE (HREE), whereas abundances of HREE and
middle-REE (MREE) are variable (Supplementary Fig. A2). All
primitive mantle normalized trace-element patterns of these garnets
display a saw-tooth pattern between Ba and Pr with ThPM, LaPM, and
SrPM depleted relative to adjacent elements, as broadly expected for
trace-element partitioning into garnets (e.g., Green, 1994). The CIchondrite normalized Zr/Hf values of all garnets are ~chondritic to
supra-chondritic, and Ti anomalies ([Ti/Ti*]PM, where Ti* = [(Eu +
Gd)/2]PM, and PM denotes normalization to primitive mantle) are
commonly negative (Fig. 6). For the majority of garnets, Rb, Ba, Nb, La,
Ta, Pb, and Th are below the limits of detection (Appendix B).
3.2.1. Group A eclogitic garnets
Group A eclogitic garnets have been identiﬁed in four xenoliths,
and have HREE abundances (LuN = 15.0 to 32.5, where N denotes
normalization to CI-chondrite) that are intermediate among eclogitic
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Table 1
Major-, minor-, and trace-element abundances in representative garnets of Nyurbinskaya mantle xenoliths.
GROUP A

GROUP B

GROUP C

HARZBURGITIC

Xenolith

N47†

N104

N65

N72

N72

N77†

N77†*

N84*

N8*†

N31

N121

N97

N97

Details

Grain 4

Grain 3

Grain 3

Grain 2

Grain 3

Grain 4

Grain 6

Grain 3

Grain 4

Grain 2

Grain 4

Grain 1

Grain 3

δ18O (‰)

6.03

8.59

6.75

6.52

6.52

5.39

5.39

4.78

6.35

5.43

5.25

4.98

4.98

SiO2 (wt.%)
TiO2
Al2O3
FeO
MnO
CaO
MgO
Na2O
P2O5
Cr2O3
Total
Mg#
Ca/(Ca + Mg) (mol.)
Pyrope (mol.%)
Almandine
Spessartine
Grossular
Sc (ppm)
Ti
V
Cr
Co
Ni
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th

42.3
0.37
23.4
10.0
0.33
3.16
20.6
0.09
0.04
b0.03
100.3
78.8
0.10
71.8
19.6
0.65
7.94
38.6
2270
92.3
268
58.3
33.0
b0.28
0.13
9.8
57.8
0.14
b0.23
b0.02
0.06
0.02
0.39
0.49
0.29
1.09
0.22
1.61
0.40
1.49
0.27
2.45
0.39
0.61
0.02
b0.07
b0.01

41.4
0.36
23.1
14.1
0.36
3.62
17.3
0.12
b0.03
0.04
100.4
68.7
0.12
61.7
28.3
0.72
9.28
38.3
1968
58.6
227
55.7
15.9
b0.25
0.17
22.0
12.8
0.05
b0.18
b0.02
0.04
0.02
0.28
0.36
0.29
1.34
0.38
3.20
0.84
2.81
0.47
3.83
0.61
0.28
b0.01
b0.08
b0.01

40.2
0.27
22.6
19.7
0.39
4.54
12.9
0.11
0.04
0.03
100.7
54.6
0.20
47.0
40.3
0.81
11.9
45.3
76.7
51.2
203
48.1
b15.3
b 0.30
0.17
15.6
2.77
0.03
b 0.11
b 0.02
0.10
0.04
0.33
0.24
0.13
0.54
0.19
2.17
0.68
2.51
0.42
3.77
0.57
0.07
b 0.01
b 0.08
b 0.01

40.4
0.25
22.6
19.9
0.35
3.74
13.4
0.11
0.06
0.02
100.8
54.8
0.17
48.8
40.7
0.74
9.82
66.2
2144
101
283
88.2
19.3
b0.34
0.40
56.1
13.2
b0.02
b0.21
b0.03
0.14
0.06
0.76
0.92
0.79
4.07
1.06
8.82
2.20
6.87
1.07
8.28
1.29
0.17
b0.01
b0.17
b0.01

40.4
0.24
22.7
19.7
0.35
5.77
11.8
0.11
0.06
0.05
101.2
51.6
0.26
43.3
40.7
0.80
15.2
32.3
796
49.4
168
34.7
12.1
b 0.15
0.28
21.0
5.88
b 0.02
b 0.07
0.01
0.10
0.04
0.44
0.36
0.20
1.15
0.36
3.13
0.79
2.66
0.44
3.32
0.50
0.10
b 0.01
b 0.05
b 0.01

40.5
0.25
22.9
19.0
0.37
4.75
13.4
0.12
0.05
0.03
101.3
56.4
0.21
48.3
38.6
0.76
12.4
47.0
1249
72.2
246
57.4
25.3
b0.29
0.39
32.0
12.0
b0.01
b0.15
0.01
0.14
0.05
0.70
0.56
0.35
1.87
0.58
4.86
1.24
3.88
0.63
4.96
0.77
0.17
b0.01
b0.10
b0.01

41.5
0.49
22.9
10.0
0.23
8.63
16.4
0.10
0.08
0.18
100.5
75.4
0.27
57.8
19.9
0.45
21.9
30.0
2712
144
1150
57.3
77.6
b0.30
0.41
6.93
21.8
0.06
b0.16
0.02
0.09
0.03
0.47
0.63
0.38
1.52
0.29
1.72
0.30
0.61
0.07
0.44
0.07
0.60
0.01
b0.09
b0.01

41.1
0.34
23.0
13.3
0.21
6.68
15.7
0.11
0.11
0.06
100.7
69.0
0.23
56.0
26.5
0.42
17.1
19.6
1836
66.8
412
81.9
102
b 0.33
0.51
6.86
17.4
0.03
b 0.23
b 0.01
0.14
0.07
0.95
0.89
0.57
1.41
0.22
1.40
0.27
0.70
0.10
0.69
0.09
0.38
b 0.02
b 0.13
0.00

40.3
0.38
22.9
10.5
0.15
17.2
9.06
0.17
b 0.03
b 0.04
100.9
61.4
0.16
33.1
21.5
0.32
45.1
9.52
2134
48.6
80.2
56.0
64.0
b 0.24
0.94
5.86
24.4
0.12
b 0.16
0.02
0.37
0.22
2.90
2.49
1.14
3.26
0.43
1.89
0.25
0.40
0.04
0.24
0.03
0.59
0.02
b 0.12
b 0.01

40.5
0.20
23.0
9.00
0.17
17.3
9.94
0.10
0.13
0.07
100.4
67.6
0.56
36.1
18.3
0.34
45.2
157
3900
262
659
197
107
b 0.89
0.99
75.0
36.6
b 0.06
b 0.62
b 0.10
0.16
0.08
1.07
1.75
1.08
5.24
1.33
12.3
3.1
10.2
1.66
13.3
2.10
0.73
b 0.05
b 0.49
b 0.01

40.5
0.42
22.8
11.1
0.19
15.0
10.1
0.17
0.18
b 0.01
100.4
61.8
0.52
37.0
22.9
0.40
39.7
11.5
2324
104
55
57.1
52.3
b 0.29
0.63
5.65
20.7
0.09
b 0.12
b 0.01
0.13
0.08
1.34
1.52
0.75
2.19
0.32
1.46
0.22
0.42
0.05
0.26
0.03
0.52
0.01
b 0.10
b 0.01

41.0
0.17
15.4
6.80
0.39
5.27
19.8
0.05
0.07
11.0
100.0
84.2
0.16
71.7
13.8
0.81
13.7
152
845
369
–
38.7
44.8
0.86
1.38
6.50
34.5
0.20
b 0.16
0.08
0.77
0.28
3.89
1.68
0.59
1.86
0.29
1.54
0.25
0.59
0.08
0.57
0.10
0.64
0.03
b 0.08
0.02

40.9
0.12
15.2
6.85
0.41
5.44
19.6
0.04
0.06
11.2
99.8
84.1
0.17
71.1
13.9
0.85
14.2
150
848
377
–
37.7
42.2
1.19
0.80
6.48
35.4
0.19
b 0.21
0.02
0.45
0.22
3.58
1.79
0.63
1.82
0.29
1.55
0.25
0.56
0.08
0.54
0.10
0.75
0.02
b 0.05
b 0.01

Major-element compositions were determined by EMP and are reported as wt.%. Minor- and trace-element abundances (ppm) were determined by LA-ICP-MS. Garnets are classiﬁed
on the basis of major-element compositions (after Taylor and Neal, 1989). Xenoliths containing mixed garnets are marked by a †. Eclogitic garnets marked with an asterisk (*) have
Type 2 trace-element characteristics (details are given in the text). During analyses by LA-ICP-MS detection limits (b X) show modest variations between analytical points in
response to the mass ablated in-run. Oxygen isotope compositions were determined on multiple grain fragments in each xenolith and were reported previously by Spetsius et al.
(2008). A complete set of garnet compositions for Nyurbinskaya xenoliths studied here is included in the supplementary material (Appendix B).

garnets. These garnets generally display a positive slope within the
HREEs ([Dy/Yb]N = 0.4 to 0.6), and commonly deﬁne LREE-depleted
proﬁles ([La/Sm]N ≈ 0.01, and [Sm/Yb]N = 0.10 to 0.23). Group A
eclogite garnets display both small negative and positive Euanomalies ([Eu/Eu*]N = 0.95 to 1.17, where Eu* = [(Sm + Gd)/2]N,
and N denotes normalization to CI-chondrite). However, the magnitude of these Eu-anomalies is relatively small and generally within
analytical uncertainties. These garnets cover a wide range of Ti, Y, V,
and Cr concentrations that overlap the range observed in Group B and
Group C eclogitic garnets (Supplementary material). Group A garnets
cover a range of Zr/Ti, Cr/Ti, and Y/Ti values, but the V and Ti
abundances in garnets with δ18O values N5.9‰ deﬁne a positive linear
correlation (Supplementary Fig. A3). All Group A eclogitic garnets
deﬁne a broad negative correlation between Mg# and Yb content

(Fig. 6a). The Ti anomalies of Group A garnets range from weakly
negative to small positive values, (0.61–1.04, Fig. 6c), and cover a
range of Zr/Hf values at low Sm/Hf (Fig. 7). Three garnets from a single
xenolith (N47) display unusual REE-patterns, with a near-ﬂat proﬁle
between Eu and Ho ([Eu/Ho]N = ~ 0.70), and elevated HREE relative to
MREE ([Sm/Yb]N = 0.22–0.23). In addition, among all eclogitic
garnets, the N47 garnets contain the highest Zr abundances (up to
58 ppm), and have the highest Zr/Hf and low Sm/Zr values (86 to 98
and ~0.01, respectively).
3.2.2. Group B eclogitic garnets
Group B eclogitic garnets of Nyurbinskaya deﬁne two distinct
populations (B1 and B2) on the basis of their trace-element characteristics (Fig. 5 and Supplementary Fig. A2). Type B1 and B2 garnets differ

Author's personal copy
372

A.J.V. Riches et al. / Lithos 120 (2010) 368–378

Fig. 3. Major-element compositions of Nyurbinskaya garnets, combined with oxygen isotope compositions reported by Spetsius et al. (2008). A: The A–B–C classiﬁcation scheme of
Taylor and Neal (1989) builds on that of Coleman et al. (1965). (Prp = pyrope, Alm = almandine, Grs = grossular). Arrow 1 indicates increasing almandine content, whereas arrow 2
indicates enrichment in grossular (after Snyder et al., 1997). B. Oxide content of garnet grains with typical error (2σstdev derived from counting statistics) and detection limit of
electron microprobe analyses. Data ﬁelds for xenoliths of the Udachnaya kimberlite, Siberia and Lac de Gras kimberlites, Central Slave Craton are derived from compositions reported
by Jerde et al. (1993), Sobolev et al. (1994), Beard et al. (1996), Snyder et al. (1997), and Aulbach et al. (2007).

mostly in their HREE abundances and their MREE–HREE slope
(Supplementary Fig. A2). The dominant population, Type B1, is the
most common (69 grains of 38 xenoliths) and has trace-element patterns
that are similar to those of Group A eclogitic garnets (Fig. 5). These

garnets are LREE-depleted ([La/Sm]N = 0.01 to 0.20, and [Sm/Yb]N = 0.03
to 0.23), and have high HREE concentrations (LuN = 18.7 to 52.4) that
generally display a shallow positive slope ([Dy/Yb]N =0.31 to 0.90). In
contrast, rare Type B2 eclogitic garnets (2 grains, each from a different

Fig. 4. Oxygen isotope compositions of Nyurbinskaya garnets (data from Spetsius et al., 2008) combined with A) Mg#, B) (Sm/Yb)N, C) (Eu/Eu*)N (where, Eu* = (Sm + Gd)/2), and D)
(Zr/Hf)PM values determined by EMP and LA-ICP-MS. Sufﬁx N denotes normalization to CI-chondrite (McDonough and Sun, 1995), whereas sufﬁx PM indicates normalization to
primitive mantle (Sun and McDonough, 1989). The light gray ﬁeld marks the range of compositions observed in a larger suite of garnets from Nyurbinskaya xenoliths (Spetsius et al.,
2008), and the dark gray bar marks the range of “typical” mantle garnet δ18O values (5.3 ± 0.6‰ 2σstdev, Valley et al., 1998). The dashed line in C delineates the boundary between
positive and negative Eu-anomalies that are discussed in the text.
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Fig. 5. Primitive mantle normalized trace-element abundances of Nyurbinskaya garnets determined by LA-ICP-MS. Representative grain compositions are shown as lines, and gray
ﬁelds mark the data range of all Nyurbinskaya garnets studied here (Appendix B). Concentrations are normalized to the primitive mantle value of Sun and McDonough (1989).

xenolith) have convex-upward REE-patterns with a maximum CInormalized value at Sm ([La/Sm]N ≈ 0.02, [Sm/Yb]N = 1.41 to 1.56, and
[Dy/Yb]N =1.33 to 2.56). The HREE abundances of Type B2 garnets
(LuN = 2.85 to 3.66) are slightly lower than harzburgitic garnets
(LuN = 4.07), and these eclogitic garnets display a near-ﬂat slope
between Tm and Yb ([Tm/Yb]N =0.98 to 1.00), which contrasts to the
positive slope in harzburgitic garnets ([Tm/Yb]N ≈0.80). Compared to
Type B1, B2 garnets with mantle-like δ18O have the highest Mg# (69 to
75) and Ni abundances (77 to 102 ppm), but the lowest Y and Yb
contents (~7 ppm and 0.44 to 0.69 ppm, respectively; Supplementary
Table B1). Type B1 garnets generally have small positive and negative Euanomalies (Eu/Eu*= 0.85 to 1.13; although many of these values are
within analytical uncertainties), whereas Eu-anomalies of Type B2
garnets are positive and range from 1.13 to 1.55. Except for one garnet
grain (Type B1) with a positive Ti-anomaly (1.14), all other Group B
garnets have negative Ti-anomalies (0.01 to 0.90). Type B1 and B2
garnets show similar ranges of Sc, Ti, V, and Cr contents, with Zr/Ti values
generally between 0.005 and 0.013, V/Ti values commonly range
from 0.03 to 0.07, and Cr/Ti values are generally b1 (Supplementary
Fig. A3). All Group B eclogitic garnets form a broad negative trend
between Mg# and Yb contents (Fig. 6a), sub-parallel to the negative
correlation observed in eclogitic xenoliths of the Slave Craton (Aulbach
et al., 2007).
3.2.3. Group C eclogitic garnets
Group C garnets from 6 xenoliths also delineate two populations
(C1 and C2) analogous to Type B1 and B2 groups (Fig. 5 and
Supplementary Fig. A2). Garnets of Type C1 contain the highest Lu
concentrations observed in the Nyurbinskaya xenolith suite
(LuN = 36.1 to 103), whereas C2 garnets contain the lowest Lu
abundances in all samples (LuN = 0.81 to 2.44). Type C1 garnets

display no clear europium anomalies ([Eu/Eu*]N = 0.92 to 1.01),
whereas (Eu/Eu*)N values of C2 garnets are positive (1.13 to 1.25). All
Group C garnets display negative Ti-anomalies (0.25 to 0.58), and
Type C1 garnets have the highest Ti, Y and V contents observed in
the Nyurbinskaya xenolith suite. Compared to Type C2, C1 garnets
have the highest concentrations of Y (42 to 113 ppm), Cr (115 to
2626 ppm), and Sc (66 to 157 ppm). Group C garnets do not deﬁne a
clear correlation between Mg# and Yb content, and generally scatter
outside the elongate ﬁeld deﬁned by all other samples (Fig. 6a).
3.2.4. Harzburgitic garnets
Two harzburgitic garnet fragments from one xenolith (N97) have
low HREE abundances (LuN ≈ 4.07), and sinusoidal REE-proﬁles with
a peak at Sm ([La/Sm]N ≈ 0.02, and [Sm/Yb]N ≈ 3.21 to 3.61). The
sinusoidal shape of the harzburgitic REE-proﬁle is supported by the
shallow positive slope between Tm and Yb (Fig. 5a; [Tm/Yb]N ≈ 0.8),
and no Eu-anomaly is present. In contrast to many eclogitic garnets
that contain no detectable Rb, these harzburgitic garnets contain the
highest Rb contents (0.9–1.2 ppm, Appendix B). In detail, ZrPM and TaPM
are elevated relative to HfPM and NbPM respectively (not plotted; [Zr/
Hf]PM =1.29 to 1.48, [Nb/Ta]PM =0.38 to 0.45). Harzburgitic garnets have
intermediate Ni and Sc contents (42.2 to 44.8 ppm and ~151 ppm,
respectively) compared to eclogitic garnets. This type of garnet has low
Ti and Y contents (~845 ppm, and ~6.48 ppm, respectively), but the
highest Cr and V concentrations (~11.1 wt.% Cr2O3 and 369 to 377 ppm V)
observed in the Nyurbinskaya sample suite (Supplementary Fig. A3).
Further, these garnets have relatively low (Ti/Ti*)PM values (~0.20)
compared to eclogitic garnets (Fig. 6c). In addition, the Y and Zr contents of
harzburgitic garnets (Supplementary Fig. A4) coincide with the ﬁeld of
low-temperature phlogopite metasomatism deﬁned for peridotitic
garnets by Grifﬁn et al. (1999b).
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Fig. 7. Zirconium and hafnium concentrations determined by LA-ICP-MS (A) and ratios
relative to Sm/Zr values (B) of Nyurbinskaya garnets combined with oxygen isotope
compositions reported by Spetsius et al. (2008). Labels in A correspond to low and high
Zr/Hf values associated with phlogopite-free and phlogopite-bearing eclogitic xenoliths, respectively (Jacob et al., 2009), and CI-chondrite values of B are from McDonough
and Sun (1995).

Fig. 6. Trace-element abundances and Mg# of Nyurbinskaya garnets measured by EMP
and LA-ICP-MS analyses, and combined with oxygen isotope compositions reported by
Spetsius et al. (2008). Subscripts N and PM denote normalization to the CI-chondrite
value of McDonough and Sun (1995), and the estimate of primitive mantle given by Sun
and McDonough (1989), respectively. Arrow 1 (A) corresponds to the negative
correlation between Yb-abundances and Mg# of eclogitic garnets of Aulbach et al.
(2007), and contrasts to the positive correlation (arrow 2) attributed to pyroxenitic
garnets by these authors. The majority of Nyurbinskaya garnets have Mg# and YbPM
values deﬁning a broad ﬁeld of data with a shallow negative slope (outlined in A).
Eu* = [Sm + Gd]N/2, and Ti* = [Eu + Gd]PM/2. Typical uncertainties on Eu-anomalies
determined by LA-ICP-MS (2σerror) are shown by the gray bar that brackets a value of 1.

3.3. Summary of results
Within the entire population of garnets from mantle xenoliths of
Nyurbinskaya (47 xenoliths, 89 garnet fragments), minor- and traceelement abundances and inter-element ratios do not co-vary with
δ18O values and commonly display a scattered distribution indicating
decoupling between oxygen isotope and trace-element compositions
(Fig. 4b–d). Garnets with δ18O N 5.9‰ contain LREE-depleted patterns
(with only one exception), whereas those grains with mantle-like

δ18O contain both the LREE-depleted and convex-upward REEpatterns (e.g., Fig. 4b). Although some correlations between δ18O,
CaO, and FeO content, and trace-element ratios were reported in
garnets from eight xenoliths of the Udachnaya kimberlite (Jacob et al.,
1994; Jacob and Foley, 1999), these trends have not been observed in
studies of larger xenolith populations (c.f., Snyder et al., 1998), and are
not evident in the large suite of garnets studied here. Generally,
abundances of Hf, HREE, and elements of greater incompatibility do
not co-vary with structural element (Fe–Mg–Ca) abundances.
However, the abundance of Sm displays a broad positive correlation
with Ca/(Ca + Mg) (Supplementary Fig. A1) suggesting that the
concentration of this element generally increases as Ca-content
increases in garnet. Additionally, Group B and C garnets contain
sub-groups dominated by LREE-depleted proﬁles (Type B1 and C1),
with minor amounts of garnets displaying convex-upward REEproﬁles (Type B2 and C2). These major- and trace-element characteristics of garnets of Nyurbinskaya mantle xenoliths are broadly similar
to those observed in previously studied peridotitic and eclogitic
xenoliths from the Siberian Platform (e.g., Jerde et al., 1993; Sobolev
et al., 1994; Snyder et al., 1997; Taylor et al., 2003a).
4. Discussion
4.1. Origin of highly-diamondiferous Nyurbinskaya xenoliths
A substantial portion of studied garnets fall in the classiﬁcation for
eclogites. As presented in Coleman et al. (1965) and Taylor and Neal
(1989), garnets represent and resemble the major-element variations
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of their host xenoliths. Therefore, we discuss the origin of the host
eclogites according to the groupings based on garnet compositions.

4.1.1. Origin of Group A eclogitic garnets
Group A eclogitic garnets of Nyurbinskaya have compositions that
correspond to the broad negative correlation between Mg# and Ybabundances evident in the vast majority of samples from Nyurbinskaya. High-pressure cumulates that fractionate garnet will deﬁne a
positive slope between Mg# and Yb content, therefore the opposite
trend observed in these eclogitic garnets suggests a low-pressure
origin (after Taylor and Neal, 1989 and Aulbach et al., 2007).
Moreover, the majority of Group A eclogitic garnets of Nyurbinskaya
have δ18O above the mantle range, and this may indicate the
involvement of a component altered in near-surface environments
during low-temperature (b350 °C) hydrothermal alteration. The
small Eu-anomalies observed in the Group A eclogitic garnets of
Nyurbinskaya are within analytical uncertainties, and the major- and
trace-element compositions of these garnets resemble those of Group
A eclogites recovered from the Mir kimberlite (Beard et al., 1996). In
this case, Group A eclogites may not derived from gabbroic materials,
but these magnesian eclogites may be derived from basaltic protoliths
that have been subjected to low-temperature sea-water alteration
prior to subduction and metamorphism (Beard et al., 1996).
Group A eclogites display some complexity and this is evidenced
by garnets of N47 that show notable enrichment in Zr relative to Sm,
and have Hf concentrations up to 0.61 ppm with Zr/Hf values up to 98.
These characteristics are similar to garnets of phlogopite-bearing
eclogites of the Kimberley diamond pipe, South Africa (Jacob et al.,
2009), and Y and Zr abundances also place this sample within the ﬁeld
of low-temperature phlogopite metasomatism deﬁned by Grifﬁn et al.
(1999b) (Supplementary Fig. 4A). For these reasons, the bulk-rock
of xenolith N47 may contain accessory phases such as phlogopite
and the conditions under which phlogopite may have formed in this
xenolith are not well constrained.
The major- and trace-element systematics, and oxygen isotope
compositions of garnets of Group A Nyurbinskaya eclogites contrast to
those of several previous studies of magnesian (Group A) eclogitic
xenoliths of Siberia, the Kaapvaal, and Western Africa cratons in
which garnets have mantle-like δ18O values, often have Cr2O3
contents N1 wt.%, and display extreme LREE-depletion (e.g., Taylor
and Neal, 1989; Neal et al., 1990; Snyder et al., 1997; Barth et al.,
2002). Additionally, eclogites with mantle-like oxygen isotope
compositions are characterized by relatively unradiogenic 87Sr/86Sr
(0.70298–0.70315), and depleted whole-rock Nd isotopic signatures
at the time of kimberlite eruption (ε Nd390 Ma = + 4.3 to +6.7; Snyder
et al., 1997). These high-Cr Group A eclogites have not been
interpreted as subducted materials, rather they are thought to
represent high-pressure cumulates from melting of garnet-facies
asthenosphere (Taylor and Neal, 1989; Neal et al., 1990). In addition,
some Group A eclogitic garnets of the Udachnaya and Obnazhennaya
kimberlites have δ18O values N5.9‰, and have been attributed to two
distinct protoliths; 1) subducted magnesian cumulates (Jacob et al.,
1994), and 2) metasomatism of peridotitic mantle by carbonatitic and
TTG melts (Taylor et al., 2003a). Together, this information suggests
that Group A eclogites sampled around the globe, or even by a single
kimberlite pipe (e.g., Nyurbinskaya), may not be accounted for by a
single genetic model.
Group A eclogites are known to be transitional between eclogites of
mantle origin (high-pressure cumulates) and those derived from
subducted crustal materials (Taylor et al., 2003a). An increasing
number of studies show that there are notable variations in the major-,
minor-, and trace-element abundances, and oxygen isotope compositions of this group of eclogites when different sample suites are
considered. These differences reﬂect not only the possibility of
derivation from different mantle protoliths, but may also testify to
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distinct histories experienced by lithospheric blocks sampled by
discrete kimberlite pipes.
4.1.2. Origin of Type B1 and C1 eclogitic garnets
Garnets of Type B1 and C1 eclogites cover a range of Mg#, and
generally have low grossular contents but varying molar proportions
of almandine (i.e., arrow 2 of Fig. 3a). The majority (85%) of LREEdepleted Type B1 and C1 eclogitic garnets deﬁne a broad negative
array in Yb–Mg# space, and have δ18O values above the mantle range
These compositional characteristics, combined with the presence of
omphacitic pyroxene and relatively high bulk SiO2, CaO, Al2O and
Na2O abundances (e.g., Beard et al., 1996), have been used to indicate
that these groups of eclogite xenoliths are derived from gabbroic
cumulates and basaltic portions of oceanic crust that have experienced plagioclase accumulation and removal at low-pressures prior to
low-temperature alteration in near-surface environments (c.f., Snyder
et al., 1997 for a discussion). The absence of large Eu-anomalies in
Nyurbinskaya eclogitc garnets is comparable to that observed in
garnets of diamond-bearing eclogites from the Mir kimberlite, and it
has been argued that this may reﬂect the inﬂuence of sea-water
alteration and a small-degree of melt loss during subduction (Beard et
al., 1996). Further, textural observations reported in previous studies
of Group B and C eclogites (e.g., spongy-pyroxene rims and kelyphitic
garnet boundaries recognized by Taylor and Neal, 1989; Jerde et al.,
1993; Snyder et al., 1997) may support the notion that these xenoliths
have experienced a small-degree of melt removal, and this has been
linked to LREE-depletion observed in reconstructed bulk-rock
patterns of fresh eclogite assemblages (e.g., Snyder et al., 1997). In
addition, Jerde et al. (1993) suggested that Siberian eclogites derived
from basaltic protoliths may sample both Type I and Type II basalts
extruded in oceanic environments (BVSP, 1981), and Jacob and Foley
(1999) argued that some eclogites with low HFSE abundances may be
derived from island arc tholeiites.
Taken together, this evidence suggests that Group B1 and C1
eclogites are derived from subducted crustal materials altered in
near-surface environments that sample both gabbroic and basaltic
precursors widely considered to be produced in oceanic-spreading
environments, with only minor proportions of subducted crust from
arc-terranes that, for reasons of buoyancy, may be signiﬁcantly more
difﬁcult to force to mantle depths (e.g., Cloos, 1993).
4.1.3. Origin of harzburgitic, Type B2, and C2 eclogitic garnets
Harzburgitic garnets of Nyurbinskaya are Mg and Cr-rich, and have
mantle-like oxygen isotope compositions. Results of experimental
work conducted within the pressure range of the garnet stability ﬁeld
and under conditions appropriate for diamond formation, indicate
that sub-calcic Cr-rich garnets analogous to those of Nyurbinskaya
harzburgitic xenoliths cannot be produced by high-pressure melting
of fertile peridotite (Green et al., 1986; Brey et al., 1990; Canil and
Wei, 1992), but may instead reﬂect metamorphism during subduction
of spinel-facies melting residues with high-Cr/Al values (Bulatov et al.,
1991; Stachel et al., 1998; Stachel and Harris, 2008). The sinusoidal
REE-patterns observed in two harzburgitic garnet grains of a single
Nyurbinskaya mantle xenolith are inconsistent with LREE-depleted
patterns predicted by models of equilibrium mantle melting and may
instead reﬂect post-melting modiﬁcation (e.g., Stachel et al., 1998;
Stachel and Harris, 2008). Sinusoidal REE-patterns are characteristic
of harzburgitic lithologies observed in cratonic mantle across the
globe (e.g., Pearson et al., 2003), and are typical of harzburgitic garnet
inclusions in diamonds worldwide (see reviews by Taylor and Anand,
2004; Stachel et al., 2004; Stachel and Harris, 2008), suggesting that
the trace-element characteristics of harzburgitic garnets from
Nyurbinskaya do not result from interaction with the host kimberlite.
The trace-element systematics of these garnets may reﬂect a twostage process involving melt depletion that generates a LREE-depleted
harzburgite (containing LREE-depleted garnet) and this may be
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recorded by the positive slope between Tm and Yb. Later, elements of
greater incompatibility may be added to create sinusoidal REEpatterns in harzburgitic garnets (e.g., Taylor et al., 1996; Stachel et al.,
1998), and this two-stage model may also apply to Group B and C
garnets with Type 2 trace-element characteristics. Metasomatic
agents considered responsible for the modiﬁcation of incompatible
element contents in mantle environments include; 1) Ti-poor
carbonatitic melts (e.g. McDonough and Frey, 1989), 2) C–O–H–N–
S-rich ﬂuids (e.g., Stachel et al., 1998), and 3) migration of a silicate
melt ± fractionation of that melt during melt percolation (e.g., Navon
and Stolper, 1987; Bodinier et al., 1990).
To assess whether the trace-element compositions of harzburgitic,
Type B2, and Type C2 garnets can be formed through interaction
with kimberlite melt, we have utilized garnet-melt partition coefﬁcients observed in kimberlite megacrysts (Fujimaki et al., 1984) and
experimental work (Green et al., 1989; garnet–tholeiitic basalt
partitioning at 25 kbar and 1100 °C). The results of this calculation
show that equilibrium melt contains relatively high LREE abundances,
signiﬁcantly lower HREE abundances, and have relatively low TiPM
compared to MREEPM (Fig. 8). Although the concentration of some
elements (e.g., Ce, Sm, Eu, Gd, Dy, Ti, Hf, and Zr) overlaps the range
observed in Yakutian kimberlites, other elements (e.g., Sr, Nb, Yb,
Er, Y, Lu; Fig. 8 and Supplementary Table B1) are not accounted for
by interaction with kimberlite melt, suggesting the involvement of
other types of ﬂuid or melt. Further, trace-element compositions of a
calculated equilibrium melt of N97 harzburgitic garnets from
Nyurbinskaya contrast to those calculated for harzburgitic silicate
inclusions in diamonds of Akwatia, Ghana (Stachel and Harris, 1997),
but display similar trace-element proﬁles to equilibrium melts of
lherzolitic diamond of this locality.
The metasomatic agent responsible for modifying the traceelement characteristics of harzburgitic, Type B2 and C2 eclogitic
garnets of Nyurbinskaya is LREE-enriched, HFSE-depleted (Ti, Zr, Hf)
and it may be tempting to attribute these characteristics to
carbonatite interaction. However, Ba and Sr contents of harzburgitic
garnets are lower than those resulting from equilibrium with
carbonatitic magmas (c.f., Ionov, 1998, for an example of the traceelement compositions of carbonatite products). Additionally, garnet
trace-element compositions requiring interaction with a LREEenriched, HFSE-depleted agent have been identiﬁed in diamond
inclusions recovered from kimberlites of Mir, Udachnaya, and Aikhal
(c.f., Taylor et al., 2003b and references therein), demonstrating the
wide-spread nature of this metasomatic signature within the Siberian
Craton. The physical and chemical constraints on the origin of this

Fig. 8. Calculated trace-element composition of melt in equilibrium with harzburgitic,
Type B2, and Type C2 eclogitic garnets of Nyurbinskaya (Supplementary Table B1). The
trace-element composition of kimberlites from Nyurbinskaya and other kimberlite
pipes of the Siberian Platform were determined by Lapin et al. (2007), and melts in
equilibrium with peridotitic diamond inclusions (DIs) of Akwatia, Ghana were reported
by Stachel and Harris (1997). All values are normalized to the primitive mantle
estimate of McDonough and Sun (1995), and details of the calculation are given in the
text.

type of metasomatism have been discussed by several authors (e.g.,
Stachel et al., 1998; Taylor et al., 2003b; Taylor and Anand, 2004) and
are not repeated here. These authors have concluded that although
limited data are available on the solubility of major- and traceelements in C–O–H–N–S bearing ﬂuids, these may be likely metasomatic agents in diamond-bearing lithosphere and may even be linked
to diamond formation during metasomatism (e.g., Liu et al., 2009).
4.2. Synopsis of the petrogenesis of Nyurbinskaya garnets
Combined oxygen isotope, major-, and trace-element characteristics of Nyurbinskaya garnets indicate the involvement of a
signiﬁcant portion of subducted crustal material in the mantle
lithosphere underlying the Nyurbinskaya kimberlite. In particular, a
negative slope between Mg# and Yb-contents, and oxygen isotope
compositions above the mantle range suggest that Group A, Type B1,
and C1 garnets are derived from the upper portions (basaltic and
gabbroic) of oceanic crust that have been metamorphosed during
subduction and incorporation into the lithosphere. Further, eclogites
may experience a small-degree of melt loss, and in many cases have
bulk-rock compositions that are not consistent with an origin as
restites resulting from TTG melt production (c.f., Snyder et al., 1997
and Taylor et al., 2003a for a discussion). In addition, incompatible
trace-element characteristics of harzburgitic, Type B2, and C2 garnets
provide evidence of metasomatic interaction, and indicate that C–O–
H–N–S-rich ﬂuids may have modiﬁed these materials in lithospheric
environments. The diverse major- and trace-element characteristics
of Nyurbinskaya garnets, and those of xenoliths across the Siberian
craton, suggest that these mantle xenoliths sample a number of
distinct protoliths of shallow origin, and indicates that the lithospheric mantle underlying the Anabar terrane may have a complex
metasomatic history.
4.3. Evidence of subducted crust: implications for lithosphere formation
Our study provides strong evidence in support of subducted
crustal materials in the mantle lithosphere underlying the Nyurbinskaya kimberlite pipe. In addition, our ﬁndings indicate that metasomatism by small-volume migrating CO–H–N–S-rich ﬂuids may be a
feature amongst these diamond-bearing xenoliths. The former study
of Nyurbinskaya xenoliths by Spetsius et al. (2008) reported
chlorotized phlogopite selveges surrounding diamonds, and suggested that their occurrence as chains or veinlets may indicate that
diamonds formed during metasomatism by carbon-bearing ﬂuids.
Evidence of the C–O–H–N–S-rich metasomatic ﬂuid(s) is widely
recognized in cratonic lithosphere and diamond inclusions. Moreover,
textural information, radiogenic (e.g., Rb–Sr, Sm–Nd) and carbon
isotope compositions of global mantle xenolith suites commonly
suggest that ﬂuid and melt generated from crustal materials during
subduction may be associated with metasomatism of the lithospheric
mantle, hybridization of the mantle wedge, and diamond formation
(e.g., Taylor et al., 2003b; Taylor and Anand, 2004; Spetsius and
Taylor, 2008; Stachel and Harris, 2008). In addition, many cratonic
mantle xenolith populations exhibit δ18O values outside the mantle
range (c.f., reviews by Eiler, 2001; Jacob, 2004; Taylor and Anand,
2004), and it seems increasingly apparent that this isotope system
may be a faithful indicator of the involvement of subducted crust
despite metasomatism by melts and/or C–O–H–N–S-rich ﬂuids
capable of modifying incompatible trace-element characteristics.
Chronological information on mantle materials sampled by
kimberlites compliments compositional constraints on the origin
and chemical evolution of mantle lithosphere beneath cratons, and
may provide a means for understanding the rates of global crustal
generation. Although precise chronological constraints are not
available for the Nyurbinskaya eclogites a number of previous
studies have constrained the timing of major differentiation events
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experienced across the Siberian craton. Yakutian xenoliths and
diamond inclusions have yielded osmium isotope compositions
indicative of crustal generation and concomitant stabilization of
peridotitic and eclogitic portions of lithosphere during the Archean
(e.g., Pearson et al., 1995a,b, 1999), and this may be supported by Pb–
Pb isotope systematics (e.g., Jacob and Foley, 1999). Further, the
Yakutian kimberlite province is located within a region of thickened
lithosphere (~200 km; Preistley and Debayle, 2003) that contains
lithological and structural evidence of volcanic arc accretion. This
basement sequence has a complex structural history involving
signiﬁcant prograde metamorphism (c.f., Rosen et al., 1994, 2007).
These features are common characteristics of cratonic regions around
the globe (c.f., Pearson and Witting, 2008 and references therein), and
provide important geodynamic constraints that aid our understanding of the processes of craton formation. Moreover, signatures of
subducted crust (major-, minor-, and trace-element, and stable
isotope compositions) are widely recognized in these ancient terranes
(e.g., Jacob and Foley, 1999; Barth et al., 2001, 2002; Aulbach et al.,
2002; Pearson et al., 2003; Aulbach et al., 2007, 2009; Jacob et al.,
2009; Liu et al., 2009; Spetsius et al., 2009), suggesting that
subduction zone processes are fundamental components linked to
the long-term survival of Earth's continental lithosphere. This widespread evidence of subducted protoliths supports models of thickened, persistent lithosphere formation by subduction zone stacking
during ancient collision events (Helmstaedt and Gurney, 1995;
Bleeker, 2003; Pearson and Witting, 2008), and these observations
may have important implications for our understanding of Precambrian supercontinent assembly and models of crust mantle evolution.
5. Summary
New major- and trace-element data of Nyurbinskaya garnets with
oxygen isotope compositions dominated by values above the mantle
range indicate that this eclogite-rich mantle xenolith population samples
materials of low-pressure origin. Harzburgitic garnets have the highest
Mg# and Cr contents, and sinusoidal REE-patterns that are most
consistent with spinel-facies melting followed by interaction with C–O–
H–N–S-rich ﬂuids. Group A, Type B1, and C1 eclogitic garnets commonly
have δ18O N5.9‰, and cover a range of Mg# that deﬁnes a negative
correlation with Yb-abundances that is consistent with a low-pressure
origin. These eclogites correspond to basaltic and gabbroic portions of
oceanic crust and provide clear evidence of the presence of subducted
crustal materials in the Siberian lithosphere. These results support models
of craton formation by subduction zone stacking. In addition, metasomatic
ﬂuids that may themselves originate from subducted crust potentially
play an important role in the modiﬁcation of mantle lithologies and may
be linked to diamond formation.
Supplementary materials related to this article can be found online
at doi:10.1016/j.lithos.2010.09.006.
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