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Abstract

Lithium concentrations and isotopic compositions of coexisting olivine and clinopyroxene (cpx) in well-characterized peridotite
xenoliths from Tok (SE Siberian craton) and samples from two other far-east Russian localities reveal strong elemental and isotopic
disequilibria, which correlates with bulk rock composition. Lithium concentrations in cpx from Tok (1-12 ppm) are equal to or
significantly greater than those in coexisting olivines (1-5 ppm). The Li-rich cpx show core to rim zoning, indicative of Li
infiltration from the grain boundaries. Olivines are generally unzoned, although Li concentrations can vary significantly from grain
to grain. ®’*P*D varies from 0.2 to 1.0, which is lower than that expected for equilibrium partitioning (° P*Deq=1.1 to 2.0), and
reflects preferential Li enrichment in cpx. The Li isotopic compositions of both minerals range far beyond normal mantle §’Li of
~ +4£2. §'Ligpy (—0.8 to —14.6) is systematically lighter than §’Li of coexisting olivine (—1.7 to +11.9), and A”Liyjcpy varies
from 2.8 to 22.9%o.. The greatest elemental and isotopic disequilibria occur in the most fertile samples (lherzolites) and may reflect
longer equilibration times and/or enhanced melt permeability in the more refractory samples. Collectively, these observations
suggest that the peridotite minerals experienced Li addition via diffusion from a grain boundary melt or fluid shortly before or
coincident with their entrainment into the host basalt (i.e., within tens of thousands of years, based on published diffusion
coefficients for Li in cpx at the temperatures of equilibration). This diffusional ingress of Li generated large kinetic isotopic
fractionation, leading to unusually light cpx and heavier olivines. Thus, low 67LiCpx do not reflect the influence of an exotic mantle
component related to crustal recycling.
© 2007 Elsevier B.V. All rights reserved.
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Fig. 1. Map of far-east Russia and vicinity. Circles show xenolith
localities investigated here: Tok, Barhatny and Koppy. Whereas Tok
occurs within the Precambrian Siberian craton, the latter two localities
lie within the Sikhote-Alin Mountains, which run along the eastern
seaboard of Russia. Squares are xenolith localities investigated by [29].
F =Fevralsky, E = Ennokentiev, S = Sveyagin, IM = Ichinomegata, T =
Takashima and K = Kurose. Cpx from all of the far-east Russian
peridotites plus those from Takashima and Kurose have anomalously
light 8"Li. Plate boundaries (subduction zone and transform boundary)
are overlain. Latitude and longitude marked in degrees north and east,
respectively. Base map courtesy of Dr. William A. Bowen, California
Geographical Survey — http://geogdata.csun.edu.

useful for tracing crust—mantle recycling (e.g., [12,38]
and references therein). Lithium isotopes can be
strongly fractionated at low temperatures, with 6’Li
(:(7Li/6Lisample/7Li/6LiL—SVEC standard — 1) * 103)
values ranging from +32 in sea water (up to +56 in
some sedimentary pore fluids [48]) to very light
isotopic compositions in eclogites (=—12), which are
interpreted as analogs of dehydrated oceanic crust [49].
As for oxygen isotopes, 0’Li in altered oceanic crust
can be either heavy (up to +14) or light (down to — 2),
depending on the temperature of alteration [2,7,8].
Because Li is a fluid-mobile element (P4 D;;=0.2,
[4]), it was initially expected that heavy seawater Li
incorporated into altered oceanic crust should be re-
moved from the slab during subduction zone metamor-
phism and follow other fluid-mobile elements into the
mantle wedge, ultimately to be sampled again in island
arc lavas. However, studies of island arcs show that L1 is
decoupled from other fluid-mobile elements such as B
and Ba, and most island arc lavas have 6'Li that are
indistinguishable from those of MORB ([38], and
references therein). Studies of subduction zone meta-
morphic rocks suggest that 6’Li may be fractionated
during dehydration [49], a supposition supported by

recent fluid—pyroxene partitioning data [47]. Thus, the
isotopic composition of recycled Li remains a matter of
speculation [12].

One way to access the Li isotopic composition of the
upper mantle is through the study of peridotite xenoliths,
carried in rapidly erupting basalts and kimberlites. Indeed
it is through such studies that the composition of the
Earth’s upper mantle has been defined for major and trace
elements [20,27] and for a number of isotopic systems
[25,28]. To date, studies of Li isotopes in mantle
xenoliths reveal a great range in compositions. The first
measurements of whole rock peridotites yielded &’Li
roughly similar to those of MORB [6,9]. Later studies
that focused on mantle xenoliths revealed a more
complicated story. Nishio et al. [29] document very
large variations in 6’Li in cpx from mantle xenoliths
from far-east Russia and SW Japan. They observed a
rough correlation between 6’Li and Nd and Sr isotopes
and suggested that the low &’Li reflected a component
derived from recycled dehydrated basaltic oceanic crust
(EM1, based on Sr and Nd isotopes). In contrast, other
studies [21,24,33] find a narrower range of &'Li in
peridotite xenoliths from a variety of settings (—2 to +4)
and, where data exist [33], no correlation between &'Li
and radiogenic isotope compositions of the cpx.

Here, we report Li concentrations and isotopic
compositions of pure olivine and cpx separates from
well-characterized and variably (but typically strongly)
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Fig. 2. Primitive mantle-normalized REE patterns of cpx from the Tok
xenoliths measured by LA-ICP-MS (data from [15]). LREE-enrich-
ments in the Tok cpx are negatively correlated with modal cpx in the
LH series xenoliths [15]. Cpx from refractory peridotites (harzburgites
and refractory lherzolites with 3—-6% cpx) have strongly enriched
LREE and variably depleted HREE. In contrast, cpx from most fertile
lherzolites (17% cpx; gray field) have relatively flat patterns at ~5
times primitive mantle. Three moderately refractory lherzolites (10—
14% cpx: 6-3, 7-5 and 8-5) show LREE-enrichments. A single wehrlite
from the LW series (3-2 LW), for which Li analyses are made, is also
shown. Primitive mantle values are from [27].
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Table 1
Whole rock and mineralogical characteristics of the samples, including Li concentrations measured by LA-ICP-MS in ppm
Sample No. Mgt Cr# Al,O3 Modal abundances, wt.%: T°C Li in olivine Li in opx Li in cpx

Ol spl WR Ol opx cpx  phos  Ca-opx n Range Average o n Average o n range Average o
Tok: Fertile to moderately refractory spinel lherzolites, lherzolite—harzburgite (LH series)
6-1 0.895  0.08  3.94 55 26 17 1010 7 1824 22 02 3t 14 0.73 9 1.7-33 2.6 0.4
6-2 0.895  0.09  3.98 54 26 17 1001 5 1.9-24 20 02 3f 15 1.9 5 2.1-3.0 23 0.5
6-3 0.909 020 247 55 33 10 976 6 1426 20 05 4t 27 2.4 5 4.0-8.4 5.4 1.7
7-5 0901  0.12  3.34 57 26 14 985 6 13-23 1.9 04 4 22 0.3 10 1.5-5.5 2.9 1.6
8-5 0.901  0.14  2.60 63 24 10 1004 9 21-50 34 1.0 2 2.8 0.2 7 1.1-4.8 42 0.3
8-6 0.896  0.10  3.58 59 23 15 985 9 23-37 29 0.3 1 5.5 8 2.3-9.6 2.6 0.6
8-39 0.894  0.09  3.92 54 26 17 964 9 1826 22 0.3 1 2.4 8 1.4-2.8 2.4 1.0
Tok: Refractory harzburgites and cpx-poor lherzolites (LH series)
1-2 0913  0.64 0.63 79 17 3 0.1 910 3 4142 42 0.1 1 2.6 4 2.9-3.8 35 0.4
1-3 0912  0.64 0.70 80 13 5 907 3 42-50 46 04 1 3.6 3 9.0-9.9 9.3 0.5
1-13 0.910 0.48 0.88 80 16 3 933 3 2.6-3.5 3.1 0.5 1 2.1 1 - 8.2
2-6 0.899 044 125 67 25 6 980 2 3536 3.6 1 5.1 1 - 5.7
2-9 0.914 0.62 0.76 79 16 3 874 3 2.3-3.7 3.1 0.7 1 0.9 1 - 2.4
3-4 0.910 038 1.10 74 21 3 910 2 4145 43 1 - 5.7
3-19 0.900 034 130 70 21 6 931 2 2527 26 3 0.9 0.9 0.0
5-3 0904 027 125 74 15 9 0.2 907 4 2831 29 01 2 42 0.8 4 1.9-2.5 22 0.3
6-0 0.919 0.41 0.79 80 15 3 0.3 890 1 - 2.3
7-1 0.911 0.55  0.82 79 15 5 985 4 3346 37 07 3 1.8 0.4 4 3.7-4.5 42 0.3
8-1 0.904  0.27 1.64 74 17 7 1005 3 2026 23 03 3t 13 1.0 3 6.7-13 10.0 2.4
8-2 0906 034 1.26 74 19 6 976 2 3.0 3.0 1 1.8 2 7.9-10 9.0
8-3 0.903 0.46 1.14 74 20 4 956 2 3.6-4.0 3.8 1 2.8 0.2 3 14-23 1.7
8-7 0.911 0.55 091 77 17 5 0.1 968 4 3748 43 06 1 1.0 2 4.1-7.7 6.0
8-8 0.911 0.47 1.08 72 23 4 955 3 1.7-4.0 32 1.2 2 1.3 0.4 3 8.0-9.3 8.6 0.7
8-11 0913  0.54 0.5 78 17 5 957 3 4445 44 0.1 3f 48 25 4 6.0-7.8 6.7 0.9
8-31 0916  0.56 1.11 76 17 5 0.2 887 3 25-33 29 04 2 2.4 0.7 4 53-12.4 7.5 3.4
8-50 0912 040 1.14 77 18 4 992 5 1.7-24 22 03 2 1.0 0.1 10 0.5-1.1 0.9 0.2
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10-2 0915 0.59  0.80 77 17 4 0.1 914 2 41-45 43 1 1.8 4 0.5-2.2 1.3
10-4 0914 057 077 80 16 3 926 4 22-35 28 0.6 2 1.4 0.1 5 1.1-2.0 1.6
10-8 0908 054 0.79 79 15 5 950 3 29-37 32 0.4 1 2.4 3 2.6-2.9 2.7
10-16 0.899  0.51 0.90 76 17 6 957 5 1.8-2.6 22 0.3 1 1.3 5 0.8-1.5 1.2
10-17 0907 0.24 1.64 76 19 4 1011 7 1.7-24 22 0.3 1 1.2 5 0.7-1.2 1.0
10-19 0911 046  0.89 73 23 3 0.3 951 2 1.4-1.7 1.6 1 1.0 5 0.6-1.2 0.9
Tok: Lherzolite—wehrlite (LW) series peridotites

2-1 0.870  0.41 1.59 78 1 19 2 33-38 3.6 1 - 11.5
2-2 0.884 042 1.59 79 4 14 909 2 24-25 24 1 0.8 1 - 3.0
2-3 0.884  0.32 1.55 80 5 12 908 2 33-47 40 1 0.9 1 - 3.7
2-4 0.880  0.31 1.65 80 1 15 0.1 2 35-39 37 1 - 8.4
2-10 0.882  0.10 3.36 66 11 18 1024 2 33-38 3.6 1 6.9 1 - 8.7
3-2 0.890  0.40 1.38 76 6 15 949 4 2.6-3.1 2.8 0.3 2 1.3 0.0 4 1.2-2.2 1.6
3-22 0.860 054 098 82 tr. 16 0.1 5 3.1-3.8 3.4 1.8 4 1.7-2.2 2.0
8-10 0.877 026  2.03 79 1 17 0.1 984 5 21-39 30 0.7 2 43 0.1 4% 1.1-13.8 7.3
10-1 0.857 0.14 282 71 3 22 964 3 23-3.0 27 04 2 2.3 0.3 7 0.9-3.0 1.7
10-3 0.842  0.63 0.76 84 tr. 16 982 3 2.9-43 3.6 0.7 2 2.0 1.9 4 1.2-23 1.6
10-11 0.851 047 082 78 13 7 0.4 920 5  47-63 5.5 0.7 2 4.1 0.6 3 5.0-11 7.4
Sikhote-Alin spinel lherzolite xenoliths

13-8 0.903 0.15 2.53 10 905 1 - 4.1 1 1.8 2 6.5-29 17.6
8802-1 0.900  0.11 3.00 65.7 215 10 987

0.7
0.3
0.1
0.3
0.2
0.3

0.2
0.3
3.7
0.9
0.5
3.1

n = number of spot analyses.

Modal, chemical and equilibration temperature (7) data are from Ionov et al. [14-17,19]; Mg# in italics are for heterogeneous olivine.

Ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; phos, phosphates (apatite and whitlockite). 7 estimates are after Brey and Kohler (1990) [5].

fPyroxenes with broadly variable Li abundances (>50% difference for duplicate analyses).

Samples shown in bold were measured for lithium isotopes (see Table 2). Sikhote-Alin samples are from the following localities: 13-8: Barhatny, 8802-1 Koppy Lava Field.

Li concentrations (in ppm) of international standards measured by LA-ICP-MS in the same lab include: BHVO-2g=4.47+0.44 (n=8); BCR-2g=9.4+0.24 (n=7); BIR-1g=3.3+£0.24 (n=6),

GOR132=10.2%0.64 (n=16); BM90/21g=2.1940.18 (1=7) (all uncertainties are 2¢).
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metasomatised peridotite xenoliths from far-east Russia,
as well as Li concentrations obtained by laser-ablation
inductively coupled mass-spectrometry (LA-ICP-MS)
in olivine and pyroxenes from a total of over 40
xenoliths. We use these data to explore the geographic
distribution of anomalous Li abundances and isotope
compositions in the NE Asian mantle and investigate the
origin of the anomalous signatures.

2. Samples

The majority of the xenoliths in this study are from
Quaternary (0.3—0.6 Ma) alkali basaltic lavas at Tok in
the south-eastern Siberian craton, Russia (Fig. 1).
Mineral major and trace element data, thermometry,
whole rock major and trace element data, platinum
group element concentrations and Sr, Nd, Hf and Os
isotope data have previously been reported for these
xenoliths by Ionov and coworkers [14,15,17,19]. Ionov
et al. [17] identified two main rock series among Tok
peridotite xenoliths. Samples in the lherzolite—harzbur-
gite (LH) series range from fertile to highly refractory
compositions (4 to 0.6 wt.% Al,05), reflecting variable
amounts of melt extraction at shallow levels. Refractory
(olivine-rich, cpx-poor), LH peridotites are strongly
metasomatised, as indicated by convex-upward trace
element patterns (Fig. 2), the presence of accessory
minerals (phosphates, alkali feldspar, phlogopite, am-
phibole) and cryptocrystalline interstitial materials, Na-
rich cpx, etc. [15,16]. Minerals in the LH series
peridotites are generally homogeneous, although mul-
tiple olivine generations are present in some samples
(see samples marked by asterisks in Table 1 and [17]).
Lherzolite—wehrlite (LW) series rocks were produced
by interaction of the LH series protoliths with evolved
silicate melts, which partially or completely replaced
orthopyroxene (opx) with cpx and caused moderate to
strong Fe-enrichments [14]. Li concentrations (Tables 1
and 2) and isotopic compositions were determined for
mineral separates (cpx, olivine and, in two samples,
opx) in 12 LH series and one LW series xenoliths, as
well as the host basalt (Table 2). Li concentrations in
coexisting minerals were determined in situ for a much
larger sample population (Table 1).

The Tok suite has been selected for this study for
several reasons. (1) It is located near the subduction-
related Pacific margin of Siberia, approximately 400—
1000 km north from the far-east Russian localities where
Nishio et al. [29] found cpx with anomalous Li-isotope
compositions (Fig. 1). (2) Nearly all the Tok xenoliths are
metasomatised to various degrees (e.g., most are LREE-
enriched, Fig. 2) and many appear to have experienced

several metasomatic events [15]. (3) Detailed information
about petrography, chemical and isotope composition of
the xenoliths is available from earlier [14—17,19] and
ongoing [45] work.

Two other xenoliths studied here come from the
northern Sikhote-Alin Mountains in far-east Russia
(Fig. 1). Sample 13-8 is a metasomatised, feldspar-
bearing lherzolite from the Barhatny volcanic center that
is strongly LREE-enriched [22]. Sample 8802-1 is a
LREE-depleted spinel lherzolite from the Koppy
volcanic field close to the Japan Sea coast [18], and
hence closest to the subduction zone. The Li concen-
tration and isotopic composition for the Barhatny host
basalt is given in Table 2. Essential information on all
the samples from this study is summarized in Table 1.

3. Analytical methods

Li concentrations were measured in situ by laser
ablation inductively-coupled plasma mass spectrometry
(LA-ICP-MS) with a precision and accuracy of <10%.
Li concentrations and isotopic compositions for clean
mineral separates were measured by the sample-
standard bracketing method using a Nu Plasma multi-
collector ICP-MS (MC-ICP-MS) following the proce-
dures outlined in Rudnick et al. [32], with a precision of
<1%o on 6'Li and +15% on Li concentration. Full
details of the analytical methods are provided in the
electronic supplement.

4. Results

Lithium concentrations of the peridotite minerals
determined by LA-ICP-MS are provided in Table 1 and
Li concentrations and isotopic compositions determined
by MC-ICP-MS are reported in Table 2.

4.1. Heterogeneous Li distribution in minerals and
comparison of methods

Analyses of pyroxenes by LA-ICP-MS in some of
the Tok peridotites and in the single sample from
Barhatny (13-8) can show variations in Li concentra-
tions that are well beyond analytical uncertainty (with %
RSD ranging up to 54%, Table 1), indicating significant
compositional heterogeneity. In some cases, this het-
erogeneity can be seen as significant changes in Li/Si or
Li/Ca signal ratios within individual pyroxene grains
during ablation, while signal intensities for other
elements remain constant, indicating zoning in Li but
not other elements. The strongest Li zoning and grain-
to-grain variations are seen in cpx, followed by opx.



R.L. Rudnick, D.A. Ionov / Earth and Planetary Science Letters 256 (2007) 278-293 283
Table 2
Lithium concentrations and isotopic compositions of minerals from peridotite xenoliths from far-east Russia
Sample Locality ~Rock type ~ Mineral Handling Li ppm MC-ICP-MS ~ Li ppm LA-ICP-MS 1o §'Li n o A'Ligeps  °"P*D
Tok: Fertile to moderately refractory spinel lherzolites, lherzolite—harzburgite (LH series)
6-1 Tok Lherzolite cpx Leached n.d. -64 1 149 0.4
cpXx-r Leached 4.4 =73 2
cpxi# Leached 2.1 1
cpx ave 3.3 2.6 04 -6.9
ol Washed 1.3 22 0.1 81 2
6-3% Tok Lherzolite cpx Leached 6.7 5.4 1.7 =93 3 21.1 0.2
ol Washed 1.5 2.0 0.5 11.8 1
7-5 Tok Lherzolite cpx Leached 4.8 2.9 1.6 —-98 1 21.7 0.3
ol Washed 1.5 11.6 1
ol-r Washed 1.7 121 1
ol ave 1.6 1.9 0.4 11.9
8-5% Tok Depl. Lherz  cpx Leached 4.8 -132 2 137 0.5
CpX-T Leached 3.3 -12.6 2
cpx ave 4.1 42 03 -12.9
ol Washed 2.2 1.0 3
ol-r Washed 2.1 05 1
ol ave 2.1 34 1.0 0.8
8-6* Tok Lherzolite cpx Washed 3.7 -10.8 2 18.8 0.4
cpX-T Washed 4.8 -10.6 2
cpx ave 4.3 2.6 0.6 -10.7
opx Washed 3.2 -11.8 1
opx-r Washed 3.3 -11.8 1
opx ave 3.3 5.5 -11.8
ol Washed 1.3 7.8 1
ol# Leached 1.7 10.1 1
ol# Washed 1.4 63 1
ol ave 1.5 2.9 0.3 8.1
8-39 Tok Lherzolite cpx Washed 4.1 -147 3 229 0.5
cpX-r Washed 1.2 -139 2
cpx# Leached 4.4 -153 1
cpx ave 3.2 2.4 1.0 -14.6
opx Washed 3.2 -132 1
opXx-1 Washed 3.3 -139 1
opx ave 3.3 24 -13.6
ol Washed 1.7 81 1
ol-r Washed 1.8 85 1
ol ave 1.8 22 0.3 8.3
Tok: Refractory harzburgites and cpx-poor lherzolites (LH series)
1-2 Tok Harzburgite  cpx Washed 4.8 -30 2 36 1.0
cpx# Leached 3.9 =31 1
cpx ave 4.4 3.5 04 -3.0
ol Washed 4.2 4.2 0.1 06 1
8-31 Tok Harzburgite  cpx Washed 8.3 7.5 34 =73 1 96 0.4
ol Washed 3.0 2.9 0.4 23 1
8-50 Tok Harzburgite  cpx Washed 2.1 -89 2 74 1.0
cpX-r Washed 2.4 -93 2
cpx ave 2.3 0.9 0.7 -9.1
ol Washed 2.1 -1.0 2
ol-r Washed 2.4 -24 2
ol ave 2.3 22 03 -1.7
10-16*  Tok Harzburgite  cpx Leached 1.6 1.2 0.3 0.7
ol Leached 1.1 22 0.3 33 1
10-17  Tok Harzburgite  cpxf Washed 1.4 1.0 02 -19 3 40 1.1
ol Leached 1.5 2.2 0.3 2.1 1

(continued on next page)
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Table 2 (continued)

Sample Locality = Rock type

Mineral ~Handling Li ppm MC-ICP-MS  Li ppm LA-ICP-MS 1o 0’'Li 7 A'Liggy  °PD

10-19  Tok Harzburgite  cpxf Washed 1.2
ol Leached 1.3

Tok: Lherzolite—wehrlite (LW) series peridotites

32 Tok Wehrlite cpx Washed 1.2
cpx# Leached 1.9
cpx ave 1.6
ol Washed 3.2

Sikhote-Alin spinel lherzolite xenoliths

13-8 Barhatny  Lherzolite cpx Washed 6.6
ol Washed 5.0
ol-r Washed 4.5
ol ave 4.8

8802-1 Koppy Lherzolite cpx Washed 1.2
ol Washed 1.5

Host basalts

8-1bas Tok Host basalt None 11.8

Bh-1 Barhatny  Host basalt None 7.8

0.9 03 -21 3 49 1.1
1.6 28 1
-07 2 28 2.1
-0.8 1
1.6 02 -0.8
2.8 0.3 20 1
17.6 - -63 2 11.0 0.7
44 1
50 1
4.1 - 4.7
30 1 1.0 1.3
40 1
12 1
34 1

mineral abbreviations: cpx = clinopyroxene, ol = olivine, -r following mineral symbol indicates replicate analysis, # means replicate dissolution (see

text for details).

8"Li values are averages of repeat analyses where 7z = number of analyses of particular solution.
*Samples containing heterogeneous olivines according to Ionov et al. (2005) [17].

fSamples analyzed in Frankfurt.

—in 1 sigma column indicates <3 spot analyses, so no standard deviation was calculated.

Reproducibility of the LA-ICP-MS analyses for Li in
olivines is generally better than that for the pyroxenes
(i.e., RSD for olivines are typically lower than for cpx in
individual samples, Table 1), suggesting that olivines
have more uniform Li concentrations.

Profiles across cpx from three samples (Fig. 3) show
variable, but generally higher Li concentrations on cpx
rims in the two lherzolite samples (8-6 and 8-5), and
relatively constant Li in the single harzburgite investi-
gated. Li in the lherzolite cpx is enriched by up to a
factor of three on rims relative to the cores. Due to the
large size (120 pm) of the laser beam used, and because
the laser pits are >30 um away from the cpx rims,
small-scale Li zoning in the cpx may be even more
dramatic. In contrast, profiles across olivines in the same
samples show little change in Li content from core to
rim (Fig. 3). Nevertheless, different olivine grains in
these samples can have significantly different Li
contents (e.g., Li contents in olivines from sample 8-5
range from 2 to 5 ppm, Table 1). Thus olivine grains
appear to be unzoned, within the limits of the precision
of the method, but individual samples may contain
different populations of olivines that have distinctive Li
concentrations.

Li concentrations in cpx determined by MC-ICP-MS
are generally higher than the average of LA-ICP-MS
analyses, and for several samples do not fall within

analytical precision of the LA-ICP-MS results (see
supplemental Fig. S1 in the Appendix). However, in
many cases the solution concentrations do overlap the
range of concentrations determined by LA-ICP-MS.
This general offset in concentrations may reflect a
greater proportion of high-Li cpx analyzed by solution.
Indeed, laser analyses were performed primarily on
clear cpx cores, and most samples contain cloudy cpx
rims as well as interstitial cpx, both of which may have
higher Li contents. The concentration profiles shown in
Fig. 3 confirm that Li is generally enriched on cpx rims
in these samples (and micron-scale enrichments can be
even greater).

Lithium concentrations determined by the two
methods for olivines do not show a very good cor-
relation (supplemental Fig. S1 in the Appendix),
particularly at the lowest concentrations, where the
laser data generally return higher values than the MC-
ICP-MS data. Sample 8-5 shows significant grain-to-
grain Li variability in olivine, from 2.1 to 5.0 ppm
(Table 1), although the single olivine grain that was
profiled revealed no significant core to rim zoning
(Fig. 3), suggesting a heterogeneous olivine population
with respect to Li concentrations. It is possible that
similar inter-grain heterogeneity can explain the
differences between olivine Li contents measured by
the two methods for sample 8-6, although the nine laser
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field represents average composition determined by solution ICP-MS; width of bar is +1 sigma uncertainty (15%). Samples 8-6 and 8-5 are relatively

fertile peridotites, whereas sample 1-2 is a refractory harzburgite.

spot analyses do not range below 2.3 ppm (Table 1),
compared to a replicated solution concentration of
1.5 ppm (Table 2).

4.2. Li abundances in minerals

Lithium concentrations determined by LA-ICP-MS
in olivine from Tok xenoliths are plotted against those in
coexisting opx and cpx in Fig. 4. Olivines contain
between 1.6 and 5.5 ppm Li, whereas cpx show an even
greater range, from 0.9 to 11.5 ppm. The Li concentra-
tions in most olivines and in pyroxenes greatly exceed
those reported for fertile spinel and garnet peridotites
from elsewhere (oval field in Fig. 4), including mantle
xenoliths in basalts from nearby intra-plate localities
(Baikal region, Mongolia) [21,24,33,34]. Li abundances
in minerals from refractory peridotites show a greater
range and tend to be higher than those of the LH series
lherzolites. Olivines from the more fertile lherzolites
(less than 60% modal olivine) have concentrations
overlapping those of the primitive mantle (Fig. 5). In
contrast, only a few of the olivines in refractory peri-
dotites have the low Li concentrations expected in

olivines of melt extraction residues; most have consid-
erably higher Li contents (Fig. 5).

In a very few LH series peridotites, mainly refractory
rocks, both the absolute Li abundances (0.7-2.5 ppm)
and the relative abundances between the different min-
eral phases (Liy > Licpx=Ligpx) are similar to those
found in “equilibrated” mantle peridotites (i.e., those
that do not contain metasomatic minerals and show
inter-mineral equilibration of transition metals, [34])
(oval field in Fig. 4). In most cases, however, the relative
abundance of Li between olivine and pyroxenes do not
match equilibrium values (i.e., ®/P*D=1.1 to 2.0,
[4,11,34]). In nearly all fertile lherzolites and in a ma-
jority of the refractory peridotites, Li concentrations in the
Tok pyroxenes are much higher than those in olivine and
show inverse relative abundances to those observed in
“equilibrated” mantle, with Lic,y>Liopc>Lig (Table 1,
Fig. 4). This abundance pattern is similar to those of
“unequilibrated” peridotites that are interpreted to have
experienced recent metasomatism by mafic silicate melts
[30,34,46]. A few refractory peridotites and wehrlites
show the inverse, with °/P*D>2 (Fig. 4), a pattern
previously attributed to carbonatite metasomatism [34,46].
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4.3. Li isotopic compositions

The 6’Li values of both olivines and cpx in the Tok
peridotites are highly variable, with cpx consistently
having lower 6’Li than coexisting olivines by 3 to 23%o.
Li isotopic compositions of opx from two lherzolites has
very light 6’Li, indistinguishable from that of the
coexisting cpx (Table 2). The 6’Li in olivines range
from a low of —2 to a high of + 12, straddling the values
of upper mantle (+4 + 2), based on the isotopic
compositions of oceanic basalts ([38], and references
therein; [39]). In contrast, the 6’Li of cpx are all very
light, ranging from —1 to —15, and are similar to those
observed by Nishio et al. [29] for cpx from peridotite
xenoliths from other localities from far-east Russia and
SW Japan (—3 to —17). The §’Li of olivines correlates
with modal olivine (hence the degree of melt extraction),
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concentrations in refractory peridotites (data from [11,34]) and
encompasses a batch melting model, assuming a correlation between
modal olivine and Mg# as depicted by [3] and Mg# and Li ppm as
depicted by [35].

with more fertile samples having distinctly heavier
olivine (Fig. 6a). In contrast, 8'Li of cpx shows only a
poor correlation with modal olivine (Fig. 6b).

The two samples from Sikhote-Alin show contrasting
behavior. Whereas olivines in both samples have 8’Li
near average upper mantle (+4.8 and +4.0 in the Barhatny
and Koppy samples, respectively, Table 2), their cpx differ
greatly. The Barhatny cpx has light 6’Li (—6.3), within
the range of Tok cpx, and the Koppy cpx has a heavier
0’Li (+3.0), which is the only cpx measured in this study
that falls within the range of typical upper mantle.

The offset between &' Li in olivine and cpx, described
as A7Li01_CpX (=67Li01*57Licpx), correlates with both
bulk composition and the degree of elemental disequi-
librium. Samples with the greatest modal olivine con-
tent, i.e., the most refractory samples, have the lowest
A7Liol,Cpx (Fig. 7). Similar correlations are observed for
other parameters sensitive to the degree of melt ex-
traction, such as bulk rock Al,O5 contents, or Cr# of
spinel and Mg# of olivine. Collectively, the data plotted
in Fig. 7 show that as the cpx becomes progressively
more Li-enriched (as reflected by low °VP*D), the
degree of isotopic disequilibrium (as measured by
higher A7Liol_cpx) increases. The single sample from
the Koppy Lava Field (KP) shows elemental equilibri-
um and has A7Li01_cpX within error of zero, whereas the
single measured wehrlite from Tok has a relatively low
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A7Li01_cpx, but has a high °’°"*D. Thus, in this sample, in
contrast to nearly all others from Tok, the olivine is
enriched in Li relative to the cpx.

5. Discussion

The results presented above demonstrate correlations
between Li concentrations, isotopic compositions and
modal and chemical compositions for the Tok perido-
tites that can be used to infer the processes and factors
that control the Li isotopic composition of mantle
xenoliths. In the following discussion we use experi-
mental and empirical Li partitioning data to evaluate
equilibrium Li partitioning between coexisting mantle
phases [4,11,34]. Unfortunately, equilibrium Li isotopic
fractionation at mantle temperatures is not well con-
strained, as no experimental data are yet available and
empirical studies suggest a rather wide range of possible

values for A7Li01_Cpx (from —5 to 4, [21,24,33]). Given
the absence of Li isotopic fractionation during basalt
differentiation [40] and the acknowledgment that
arrested high-temperature diffusion may cause signifi-
cant isotopic fractionation [23,31,37] (which may be
especially important in mantle xenoliths that cool
rapidly upon ascent, [21,24]), we assume that equilib-
rium A7Li01_cpx at mantle temperatures is zero.

5.1. Lithium infiltration and disequilibria

The generally high concentrations of Li in olivines,
opx and cpx in the Tok and Barhatny xenoliths compared
to “normal” mantle (Fig. 4), coupled with the heteroge-
neous Li concentrations of olivines and cpx and increased
Li concentrations observed on the rims of some cpx (Fig.
3) point to recent Li addition to these samples. Lithium
diffusion in cpx [10] is orders of magnitude more rapid
than for other incompatible trace elements at mantle
temperatures [36,42], and, given knowledge of the diffu-
sion coefficient for Li in cpx at the appropriate tempera-
tures, the zoning can be used to determine when the Li
was added. Using a diffusion coefficient for Li in cpx
between 10~ and 10™'* [10] (corresponding to equili-
bration temperatures in the xenoliths of 900 to 1000 °C,
[17]), it would take between 10 and 80 ka for the Li zoning
to disappear in a 1 mm wide cpx. If the xenoliths
experienced transient heating associated with the infiltra-
tion of the Li-rich fluid or melt, which may not be
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Fig. 7. Partition coefficient for Li between olivine and cpx (°VP*D,
calculated from MC-ICP-MS data) versus the degree of isotopic
equilibrium (A7Liol_cpx). Gray horizontal bar shows equilibrium
conditions (from [4,11,33,34]) with equilibrium A7Liol,cpx assumed
here to be zero (+1%o) at mantle temperatures (see text). Crosses are
“equilibrated” peridotites from [33]. The trend in the Tok data illustrates
that isotopic and elemental disequilibrium are correlated. The single
sample from the Koppy Lava Field appears to be fully equilibrated.
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reflected in their equilibration temperatures due to more
sluggish diffusion of the elements used in thermometry,
then the equilibration time is even shorter. Thus, the Li
addition must have been a very recent event, occurring
within tens of thousands of years before eruption and
cooling of the host basalt.

Not only was Li added to the Tok and Barhatny
peridotites, but the addition of Li was typically
accompanied by the development of strong Li elemental
and isotopic disequilibria. In addition to the Li
heterogeneity within minerals highlighted above, evi-
dence for disequilibria includes °°P*D that are lower
than the equilibrium values of 1.1 to 2.0 [4,11,34]
(Fig. 7) and A7Li01_cpX (4 to 23%o) that range well
beyond those expected for equilibration at mantle
temperatures (assumed here to be zero, as discussed
above). The correlations between °/P*D, A7Li01_CpX and
bulk composition (Fig. 7), show that as cpx preferen-
tially takes in Li, the degree of isotopic disequilibrium
increases, with lherzolites showing greater overall
disequilibria than the refractory peridotites. Thus, even
though the high Li concentrations of olivines and cpx in
many of the harzburgites suggest they experienced
greater overall Li addition (Figs. 4 and 5), it appears that
the refractory rocks approached equilibrium more
closely than the fertile lherzolites. These features may
reflect longer equilibration time for the harzburgites,
which would allow for greater overall Li diffusion from
a grain boundary fluid or melt and a closer approach to
equilibration, with or without a greater influx of Li-rich
melt or fluid into the harzburgites relative to the
lherzolites. Indeed, the single harzburgite for which
we have measured Li profiles in olivine and cpx (sample
1-2), has unzoned minerals with high Li concentration
(Fig. 3), consistent with longer equilibration time.

Preferential enrichment of incompatible trace elements
in refractory peridotites is a phenomenon seen in xenolith
suites the world over [13], and is generally attributed to
“mantle metasomatism” (i.e., addition of incompatible
elements to refractory peridotite residues due to infiltra-
tion or exchange with a highly enriched melt or fluid [26],
and references therein). The reasons that harzburgites
show greater overall enrichment than lherzolites is not
clear, but may reflect the enhanced melt permeability of
olivine-rich matrices relative to pyroxene-rich matrices
[41,43,44]. The Tok peridotites follow this world-wide
trend; the most LREE-enriched cpx are found in the
harzburgites, whereas the fertile lherzolites have flat to
LREE-depleted patterns [15] (Fig. 2). However, Li does
not track the other incompatible trace elements. For
example, the amount of Li enrichment in the refractory
peridotites is highly variable, and some retain the low Li

concentrations expected of partial melting residues
(Figs. 4 and 5). Thus, Li enrichment does not correlate
well with enrichment of other incompatible trace elements
(Fig. 8). Moreover, the Li enrichments do not appear to be
correlated with the presence of metasomatic accessory
minerals (Table 1). For example, Li abundances in both
olivine and cpx in refractory harzburgite 10-19 are among
the lowest of the suite, yet this sample has several
metasomatic cpx generations and the highest modal
phosphates (apatite and whitlockite) among the xenoliths
in this study [15,16]. So, although Li is clearly enriched in
many of the refractory Tok peridotites, the enrichment
does not appear to be ubiquitous, nor well correlated with
“metasomatism”, as defined by modal mineralogy or the
degree of enrichment in highly incompatible trace
elements.

A corollary of these observations is that Li was added
to these samples in an event that was distinct from the
metasomatic enrichment events [15] responsible for the
incompatible element-enrichment of these samples. This
result is not particularly surprising, since the observed
Li disequilibria requires Li enrichment to be a recent
phenomenon and the diffusivities of other incompatible
trace elements (e.g., REE, Hf, Sr) in cpx are several
orders of magnitude slower than Li. These rocks simply
did not have enough time in the presence of the Li-
bearing fluid or melt to take in other elements that this
phase may have been carrying. Thus, the vague
correlations between ¢’Li, and Nd isotopes, LREE-
enrichment (Fig. 9a,b) and Sr and Hf isotopes in cpx
(not shown) are fortuitous, and simply reflect the
general incompatible element enriched characteristics
and greater Li isotopic equilibrium of the harzburgites

OsH
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Fig. 8. The concentrations of Li in olivines do not correlate well with
the degree of LREE enrichment of the peridotites, as measured by the
chondrite-normalized La/Yb ratio of cpx. In particular, the refractory
peridotites are all LREE-enriched, but have a large range of Li
concentrations. Symbols as in Fig. 5.
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relative to the lherzolites. This interpretation is also
consistent with the lack of correlation between ' Ligpx
and their La/Yb, "*Nd/'**Nd (Fig. 9¢,d) and *’Sr/**Sr
(not shown).

5.2. Diffusion-induced fractionation of Li isotopes

Recent studies have demonstrated that °Li diffuses
about 2—3% faster than 'Li through melts and minerals
[23,31,37]. Modeling of diffusion-induced isotopic
fractionation generally assumes diffusional ingress of Li
into rocks and minerals from an infinite source of Li, such
as Li diffusing into peridotite from a dike of Li-rich basalt
[23], or Li diffusing into amphibolite country rocks of a
Li-rich pegmatite [37]. As Li diffuses into a substance, an
isotopic gradient is established, with the material taking in
Li (e.g., mantle minerals, in the case of Li addition to
peridotite) first becoming significantly enriched in °Li,
developing low &'Li relative to the source of Li, and then
finally equilibrating to the ’Li/°Li ratio dictated by
equilibrium partitioning. At high temperatures, where the
equilibrium fractionation factor o is expected to be close
to 1.00, the 8’Li of the minerals would eventually adopt

that of the source of Li, assuming an infinite reservoir of
Li and sufficient time for equilibration.

The marked isotopic disequilibrium of the Tok and
Barhatny xenoliths is likely to be a product of such
diffusion-driven kinetic isotopic fractionation. In particu-
lar, the isotopically light cpx (6'Li=—0.8 to — 14.6) could
be explained by diffusion of Li into the cpx from an
infinite source of Li, such as a melt or fluid in an adjacent
conduit, whereby the cpx with the lightest Li isotopic
composition (generally, those in the fertile lherzolites)
occur closest to the source of the Li (see modeling of
[23,37]), which show decreases in 6’Li of up to 20%o at
distances ranging from 1 to 30 m from the contact,
depending upon choice of model parameters). However,
such an explanation is inconsistent with the isotopically
variable, but in some cases very heavy (3’Li up to +11.9)
compositions of coexisting olivines, since diffusional Li
infiltration from such a source should always produce
isotopically lighter minerals until equilibration is
achieved, at which time the minerals take on the isotopic
composition of the Li source. Instead, the large differences
in 6’Li between coexisting cpx and olivine suggest the
influence of diffusional processes operating on a much
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smaller scale (i.e., from melts/fluids on grain boundaries),
with differences between the minerals controlled by the
relative diffusivity of Li in cpx versus olivine.

Unfortunately, the diffusion rate of Li in olivine has
yet to be measured experimentally, so it is unknown
whether Li diffusion in olivine is faster or slower than in
cpx at a given temperature. Inferences from natural
samples yield conflicting evidence. Jeffcoate et al. [21]
observed Li isotopic and elemental zoning in cpx and
olivine phenocrysts in a Hawaiian basalt, and suggested
that the more pronounced zonation observed in the cpx
relative to the olivine reflects faster diffusion of Li into
cpx. In contrast, Aulbach et al. [1] found good
correlations between &'Li,; and Mg# for a suite of
mantle xenoliths from Tanzania and no correlation
between 67LiCpx and Mg#, which they attributed to
mixing between a metasomatic melt and the original
mantle lithosphere with complete equilibration of the
olivine (due to faster diffusion) and lack of equilibration
in the cpx. Faster diffusion of Li in olivine relative to
cpx could also be inferred by analogy with Mg—Fe and
H, all of which diffuse more rapidly in olivine than cpx
(see discussion in [1]).

Given the likelihood that diffusion of Li from a grain
boundary melt or fluid has produced the observed
fractionations in the Tok xenoliths, there may be several
ways to explain the observations, including:

1. Li diffusion in olivine is slower than in cpx, and the
olivine compositions have not been affected by the
recent addition of Li.

2. Li diffusion into olivine is faster than in cpx so that
olivines have completely equilibrated with the source
of the Li, and the trends seen between 8’ Li,, and bulk
rock composition reflect mixing between the original
(relatively unmodified) mantle lithosphere and the
source of the Li (late stage fluid/melt).

3. The heavy Li in olivine reflects diffusional Li loss
from olivine to cpx following metasomatic enrich-
ment, due to inter-mineral re-equilibration driven by
changing temperature and/or pressure.

4. Li diffusion in olivine is slower than in cpx and the
grain boundary melt or fluid had a very small volume,
so that its isotopic composition changed dramatically
as Li was lost to diffusional ingress. The melts thus
become isotopically heavy as they preferentially lose
®Li and this heavier Li is taken up by the olivines.

Of these possibilities, we believe the last is most
likely.

If olivine compositions have been unaffected by Li
addition due to slow Li diffusivity in olivine (#1, above),

both the elemental and isotopic compositions of the
olivines should reflect that of the ambient upper mantle
in this region. The highly variable Li concentrations
(1-5 ppm) and isotopic compositions of olivines, the
high concentrations of Li in many olivines, coupled
with the rather extreme isotopic compositions (6’Li up
to +12) are very different from “normal”, equilibrated
mantle peridotite [5,21,24,33], and are thus unlikely to
represent ambient upper mantle.

On the other hand, if Li diffusivity in olivines is very
fast relative to cpx, and the olivines fully equilibrated
with the source of the Li to producing mixing trends (#2,
above), it is difficult to explain a number of observa-
tions, including a) the variable Li concentrations in
olivines from a single sample (Table 1) (i.e., they should
all have the same concentration since diffusion is so fast),
b) the higher Li concentrations in cpx relative to olivine,
and c) the very heavy isotopic compositions of olivines
in the fertile lherzolites. For example, if this scenario was
correct, olivines in the harzburgites that have seen the
greatest Li enrichment and more closely approach
equilibrium (based on both °VP*D and A7Li01_cpx)
should most closely represent the isotopic composition
of the infiltrating melt (in this case, 8'Li of around —2),
and the trend observed between d'Li,; and bulk rock
composition (Fig. 7) would represent mixing between
the original mantle composition (as represented by the
fertile lherzolites) and the metasomatic melt (as
represented by the harzburgites). The difficulty with
this explanation is that the original mantle would have an
unusually heavy 6’Li of +12. For these reasons, we do
not favor this hypothesis.

It’s also difficult to produce the heavy olivines via
inter-mineral diffusion (#3, above). One can produce
heavy Li by diffusional loss of Li (since °Li will leave
the mineral first), but the samples that have the heavy
olivines also have very low °’*D values, indicating
that the cpx have far too much Li to be in equilibrium
with olivine, and if anything, Li should diffuse from the
cpx into the olivine under these conditions (assuming
that °’°P*D is constant, as suggested by [34]). Thus,
there is no reason for Li to diffuse from olivine into cpx.

The most likely explanation for our observations is
that the source of Li was a relatively small volume, grain-
boundary fluid or melt that was enriched in Li relative to
the peridotite (#4, above). As °Li diffuses preferentially
into the peridotite minerals, the remaining fluid/melt
becomes isotopically heavier and is taken up by the
olivines. If Li diffusion in cpx is faster than in olivine,
then the Li entering olivines would consequently be
heavier, since light Li is sequestered (temporarily) into
the cpx. In contrast, if Li diffusion into olivine is faster
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than into cpx, it becomes difficult to explain why °/*P*D
are all very low and why olivine is isotopically heavier.
One could argue that the isotopically heavy olivines
recrystallized after °Li was taken into cpx, thereby
incorporating heavy, grain-boundary Li into the olivines
and leaving the unrecrystallized cpx with isotopically
light Li. However, this scenario does not explain the Li
enrichment in cpx relative to olivines. Moreover, there is
no evidence for late olivine recrystallization in these
samples. Thus, we prefer the first hypothesis (faster Li
diffusion into cpx).

5.3. Composition and origin of the Li source

Although the source of Li-bearing fluid or melt that
infiltrated these rocks cannot be definitively established
at this stage, given the evidence that Li enrichment
occurred shortly before or during the entrainment of the
xenoliths, it is likely to have been a fluid or melt
associated with the same phase of alkali basaltic
magmatism that gave rise to the host basalts. Petro-
graphic data provide ample evidence for infiltration of a
fluid into the Tok mantle shortly before or during the
transport of the xenoliths to the surface. For example, the
majority of Tok peridotites contain irregularly shaped
empty interstitial cavities lined with fine-grained,
second-generation olivine, spinel and cpx [17]. Some
refractory Tok peridotites also contain quenched inter-
stitial materials enriched in highly incompatible ele-
ments [15]. Itis likely that the late-stage infiltration of the
Li-rich fluid inferred in this paper can be directly linked
to the processes recorded in these phenomena. More-
over, abundant cumulate xenoliths with quenched
magmatic products are also found at Tok, and some of
the LW and LH series peridotites are cut by quenched
magmatic veins [14]. Thus, there is evidence for
widespread magmatic activity in the Tok mantle shortly
before the xenoliths were carried to the surface;
degassing and fractional crystallization of those magmas
could produce evolved, Li-rich late-stage fluids.

The Li isotopic disequilibrium manifest in the Tok
peridotites makes it difficult to infer the isotopic
composition of the Li-rich source (as discussed
above), but some limits can be had. For this purpose,
we focus on the sample that experienced greatest Li
addition (so that the Li content of the sample will be
swamped by the added Li) and the closest approach to
equilibrium, thus minimizing uncertainties related to
modal abundances, mineral zoning and grain boundary
Li. This sample, refractory harzburgite 1-2, has the
highest Li concentration in olivine (4.2 ppm) and the
smallest A7Lio]_cpx (3.6) of the entire suite. Calculation

of the whole rock ¢’Li from mass balance yields +0.1 to
+0.5 (depending on whether the opx is assumed to have
the same &'Li as the cpx, as measured in two other
samples, Table 2, or has ¢'Li matching that of the
olivine). This composition, while on the light end of
0’Li seen in typical oceanic basalts [38,39], is
indistinguishable from the composition of the host
lava (+1.2, Table 2) and is consistent with the Li being
added very recently, either shortly before, or possibly
even during, xenolith entrainment into the host.

In summary, even though 67LiClDX range down to values
as low as —15 and 67Li01 up to +12, these reflect kinetic
isotopic fractionation of Li added to the peridotites shortly
before or during their entrainment, and there is no reason
to call upon an isotopically light component (6'Li<—17),
derived from paleo-Pacific subduction (cf., [29]), to
explain these unusual isotopic compositions. Indeed, the
single peridotite from the Koppy locality, which is closest
to the convergent margin boundary (Fig. 1) and
consequently might be expected to show the greatest
influence of any subduction-derived Li, has a “normal” Li
isotopic composition of +3.5 (Table 2).

6. Conclusions

Peridotite xenoliths from the Tok and Barhatny
localities in far-east Russia are characterized by strong
Li elemental and isotopic disequilibria caused by
addition of Li to the rocks via diffusion from a small-
volume grain boundary fluid or melt. Because Li
diffuses rapidly at mantle temperatures, the disequilib-
rium is a transient feature and its preservation in these
samples indicates that Li addition occurred shortly
before or even during the entrainment of the xenoliths in
the host basalts. 57Licpx is consistently lower than that
of coexisting olivine and A7Lio]_cpx correlates with
modal and chemical composition of the peridotites. The
most refractory samples experienced the greatest overall
Li addition and most closely approximate elemental and
isotopic equilibrium due to longer equilibration times
and probably also greater infiltration of the Li-bearing
melt or fluid. The variable but often extreme isotopic
compositions produced by this process (67LiCpx down to
—15 and 6"Liy up to +12) do not reflect the presence of
an isotopically exotic recycled component, as has been
previously inferred for xenoliths from this region. The
best estimate for the 6’Li of the source of the Li in the
Tok xenoliths is 6’ Li=~+0.3, which is indistinguish-
able from that of the host basalt. A single sample from
the Koppy locality, which is situated closest to the
paleo-Pacific subduction zone, shows both elemental
and isotopic equilibration of Li and has a “normal” 6’Li
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of +3.5. This study highlights the very large isotopic
effects that can be produced via kinetic fractionation in
peridotite xenoliths at high temperatures and associated
with host magma—xenolith interactions.
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Details of Analytical Methods

Li abundances in olivine, cpx and orthopyroxene (opx) from over 40 xenoliths were
determined by LA-ICP-MS in polished grain mounts and 150 gm-thick polished sections
(mineral profiles) using a Finnigan Element-2 magnetic sector ICP-MS at MPI fur
Chemie in Mainz and at Institut fur Mineralogie (J.W. Goethe-Universitat,
Frankfurt/Main), both of which are coupled with automated UP-213 Nd-YAG lasers. The
analyses were performed in low-resolution mode using either “*Ca (for cpx) or *’Si
(olivine and opx) as internal standards and SRM NIST 612 for external calibration.
Reference samples BCR-2g, BHVO-2g, GOR-132 and BM90/21-g were analyzed as
unknowns for quality control (Table 1, footnote). Some olivines and opx were analyzed
at Frankfurt using both *’Si and Mg as internal standards (Mg yields a high signal-to-
background ratio, ~5000:1), using BCR-2g for external calibration and BHVO-2g for
quality control; results on duplicate samples were similar to those obtained with NIST
612. All Li concentrations from LA-ICPMS are averages of those measured for °Li and
’Li isotopes; they are normally within 10% of each other at <5 ppm (see Table S1). The
background for °Li and "Li was typically 140-200 and 1000-1400 counts per second
(cps), respectively, with signal at 2-2.5 ppm level (e.g., BM90/21 or olivine 8-5; Table
S1, Fig. 3) of 1200-1400 cpx for °Li and 9000-16000 cps for 'Li. Typical minimum
detection limits (99% confidence) are 0.1-0.15 ppm and 0.05 ppm for °Li and "Li,
respectively, with 1 sigma error of 0.05-0.20 ppm at 2-5 ppm Li. Reproducibility of Li
concentrations for international standards was normally within +10% (2 o) at 2-10 ppm
Li (Table 1, footnote). Accuracy is also within +10%, based on comparisons between the

standard analyses and nominal values from the literature.



Crushed rocks were sieved to mineral grain size fractions of 300-600 ym that were
magnetically separated to obtain olivine- opx- and cpx-rich fractions; minerals were hand
picked from the latter to >99% purity. Care was taken to avoid altered grains, or
inclusions of or intergrowths with other minerals. Separates were then either washed in
an ultrasonic bath of Milli-Q® water (18.2 MQ cm, three times, for 15 minutes per
wash), or were acid leached (first in 10% HF for several minutes, then in warm 10-20%
HCI for 30 minutes). Two samples were processed using both purification methods (i.e.,
leaching and Milli-Q washing) in order to determine whether leaching changes Li
concentration or isotopic composition of the separates. The cleaned separates were then
crushed by hand in ethanol in an agate mortar and pestle in order to aid digestion, and the
powder was dried under a heat lamp.

Sample dissolution and Li purification were achieved following the methods
outlined in Rudnick et al. (2004). In order to monitor Li yield, before and after cuts (2 ml
each) were analyzed for their Li content using an Element 2, single collector ICP-MS
(see below). The total Li procedural blank during the course of this study was ~ 170 pg Li
and has a 8’Li value of -32%o, which represents combined procedural and instrumental
blank. This blank is negligible compared to the amount of Li processed for the samples
(generally > 50 ng), and given a precision of +1%o, 2 0. Thus, no blank corrections were
made.

All but two analyses (cpx in 10-17 and 10-19) were performed at the University of
Maryland Geochemistry Laboratory where Li isotope measurements were carried out on
a Nu Plasma MC-ICP-MS, using the standard bracketing method described in Teng et al.

(2004). Prior to analysis, the Na/Li voltage ratio for each solution was measured, as



ratios greater then about 5 cause unstable instrumental fractionations, inhibiting accurate
Li isotope determinations (TOMASCAK et al., 1999). In most samples, the Na/Li ratios
were suitable for analysis after column chemistry. However, in some cases, high Na/Li
ratios were observed, and a second purification through the third column was necessary.
Two pure Li standards were routinely analyzed during each analytical session: the in-
house standard UMD-1, which is a purified Li solution from Alfar Aesar® and IRMM-
016 (Qi et al., 1997). All Li isotope results are given in the 8'Li notation with 8'Li =
1000 * ['Li/°Li,,./"Li/°Li 1] relative to the L-SVEC standard (Flesch et al., 1973)

sample standard ™~

and are calculated by comparison of the unknown sample to the mean of the two
bracketing standard analyses, as described in Tomascak et al. (1999b). For two blocks of
20 ratios each, the in-run precision of ’Li/°Li measurements is generally +0.2%o or better,
with no systematic change in the 'Li/°Li ratio. The external precision, based on repeat
runs of Li standard solutions, is =1%o (2 ©) or better. During the course of this study
UMD-1 and IRMM-016 yielded 8'Li values of +54.2 + 1.1 (2 sigma, n=28) and -0.4 +
1.1 (2 sigma n=19), respectively. The lithium isotopic compositions for a variety of
international rock standards ranging in composition from basalt to peridotite (BCR-1,
BHVO-1, BIR-1, JB-2, UB-N) and analyzed during the course of this study, are reported
elsewhere (AULBACH et al., 2007; RUDNICK et al., 2004; TENG et al., 2006). These
standards yield 8'Li within the range previously reported in the literature.

Because large Li isotope fractionation occurs during ion-exchange chromatography,
monitoring the Li yield from column chemistry by measuring before and after cuts is an
important tool in evaluating the quality of the Li isotope data (cf. CHAN et al., 2002).

Marks et al. (2006) demonstrated that loss of up to 5% total Li during cation exchange



purification produced negligible change in Li isotopic composition. Accordingly,
analyses were rejected if more than 5% of the total Li was lost during column chemistry,
which occurred in <6% of sample aliquots.

For several samples, two aliquots of dissolved mineral stock solution were
processed through the ion-exchange columns as an additional test of the reproducibility
of the method (samples designated with an “r” suffix in Table 2). In all cases, these
replicates reproduced within the +1%o external uncertainty. In addition to replicates, we
also performed repeat dissolutions for two separate mineral aliquots from two samples
that had been pre-cleaned by acid leaching and washing in Milli-Q. These repeat
dissolutions are marked by a hatch mark after the mineral symbol in Table 2. There is no
significant difference in Li isotopic compositions between the two pre-cleaning
treatments, nor in the Li concentrations. Where replicates are available, the mean Li
isotopic composition of the replicates is used as the “true” value.

Li concentrations were determined by comparing the voltage obtained for the
sample with that of the two bracketing L-SVEC standards of known concentration, and
then adjusting for the sample weight. Uncertainty in the concentrations determined by
this method is normally £10% (Teng et al., 2004). Concentrations for olivines analyzed
here replicate to within 15%. Much poorer reproducibility for cpx concentrations
(between 13 and 109%) likely reflects heterogeneity of the cpx as seen in LA-ICP-MS
analyses and discussed below.

Cpx from two harzburgites (samples 10-17 and 10-19) were measured at the
Goethe Universitat, Frankfurt/Main. Pure cpx separates (~20 mg) were washed for 60

min in Milli-Q® water and dissolved in an 1:1 HF-HNO; mixture. Dried samples were



taken up in 0.18 ml 5 M HNO; and 0.72 ml methanol was added. Li was separated on a
single 1.4-ml exchange column. Li isotope compositions were measured on a Neptune
(ThermoElectron) MC-ICP-MS instrument following procedures similar to those used at
the University of Maryland. Details of the analytical methods are given in (SEITZ et al.,

2004).
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Figure S1. Comparison between Li concentrations determined on mineral solutions
measured by multi-collector ICP-MS (MC-ICP-MS) and those determined in situ by laser
ablation ICP-MS (LA-ICP-MS). A: cpx, B: olivine. Error bars represent +£15% for
MC-ICP-MS and £10% for LA-ICP-MS. Where multiple spots were analyzed by LA-
ICP-MS, the range of values observed for individual spots are shown as a dotted line. In
several cases the range is much larger than the analytical uncertainty, indicating
heterogeneity of Li concentration. Olivine from sample 8-5 shows large variability in Li

ppm between different grains.



Table S1. Lithium concentration profiles for minerals from selected Tok peridotite xenoliths

Sample Position Lippm* ‘Lippm 'Lippm
Lherzolites
8-6 cpx-1 rim 5.31 5.34 5.27
int. 1 4.26 4.44 4.09
core 3.89 3.86 3.92
8-6 cpx-2 rim 9.63 10.08 9.18
core 2.86 2.94 2.79
8-6 cpx-3 rim 6.11 6.27 5.95
int. 1 3.91 4.06 3.76
core 4.48 4.67 4.29
8-6 olivine-1 rim 2.24 2.30 2.17
int. 1 3.12 3.28 2.95
int. 2 3.05 2.99 3.11
core 3.06 3.14 2.98
8-6 olivine-2 rim 3.75 3.88 3.63
int. 1 3.56 3.73 3.38
int. 2 3.31 3.47 3.16
core 3.39 3.56 3.23
8-5 cpx rim 5.70 5.76 5.64
int. 1 4.22 4.33 4.12
int. 2 3.45 3.47 3.43
core 2.05 2.11 2.00
8-5 olivine  rim 2.52 2.22 2.20
int. 1 2.59 2.21 2.40
int. 2 2.50 2.38 2.47
int. 3 2.42 2.47 2.54
int. 4 2.31 2.64 2.53
core 2.21 2.49 2.56
Harzburgite
1-2 cpx-1 rim 4.91 4.98 4.83
core 5.06 5.15 4.97
1-2 cpx-2 rim 4.25 4.34 4.16
core 3.32 3.55 3.10
1-2 olivine  rim 4.13 4.20 4.06
int. 1 4.23 4.34 4.13
core 4.17 4.23 4.11

* Average of ppm values obtained using 'Li and 6Li. Spot size: 120 ym
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