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Peridotite xenolith
rthopyroxene invariablymetasomatisedperidotite xenoliths from three lithospheric
mantle sectionsbeneath theEastAfricanRift inTanzania (Lashaine,Olmani, Labait) showsystematicdifferences in
their average Li concentrations (2.4 ppm, 2.0 ppm and 1.5 ppm, respectively) and intermineral isotopic
fractionations, with olivine being heaviest (δ7Li=+2.3 to +13.9‰, average +5.0‰), followed by orthopyroxene
(−4.1 to +6.5‰, average +0.8‰) and clinopyroxene (−6.7 to +4.1‰, average −1.6‰). These features are ascribed to
the effects of kinetic Li isotope fractionation combined with different Li diffusivities in mantle minerals.
Two main mechanisms likely generate diffusion-driven kinetic Li isotope fractionation in mantle xenoliths (1) Li
diffusion fromgrain boundarymelt intominerals during recentmetasomatismor entrainment in thehostmagma
and (2) subsolidus intermineral Li-redistribution. The latter can produce both isotopically light (Li-addition) and
heavy (Li-loss) minerals and may occur in response to changes in pressure and/or temperature.
Modelling shows that non-mantle-like δ7Li in clinopyroxene (b+2‰), combined with apparent equilibrium
olivine-clinopyroxene elemental partitioning in most peridotite xenoliths from all three Tanzanian localities
probably reflects incipient Li addition during interactionwith the host magma. Low δ7Li (b−3‰), combinedwith
highLi concentrations (N3ppm) insomeclinopyroxenemay require very recent (minutes) Li ingress fromaLi-rich
melt (100s of ppm) having mantle-like δ7Li. This might happen during late fragmentation of some mantle
xenoliths caused by a volatile- (and Li-) rich component exsolved from the host basalt. In contrast, high Li
concentrations (N2 ppm) and δ7Li (N4‰) in olivine from many Labait and Olmani samples are attributed to an
older, pre-entrainment enrichment event during which isotopic equilibrium was attained and whose signature
was not corrupted during xenolith entrainment. Low Li concentrations and mantle-like isotopic composition of
olivine from most Lashaine xenoliths indicate limited metasomatic Li addition.
Thus, Li concentrations and isotope compositions of mantle peridotites worldwide may reflect two processes,
with olivinemainly preserving a signature of depletion in refractory samples (low Li contents and δ7Li) or of older
(precursory)melt addition inmetasomatised samples (high Li contents and δ7Li), while nonmantle-like, low δ7Li
in almost all clinopyroxene can be due to Li ingress during transport in the hostmagma and/or slowcooling, if the
samples were erupted in lavas. In Tanzania, the peridotites experienced rift-related heating prior to entrainment
and were quenched upon eruption, so Li ingress is the most likely process responsible for the isotopically light
clinopyroxene here.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Lithium isotope geochemistry is increasingly being used to study
deep-earth processes, in particular fluid–rock interactions and geo-
chemical recycling, yet its behaviour during high-temperature processes
and passage of fluids through the mantle, where Li is mildly
incompatible, remains poorly understood. It is, however, clear that
there is considerable variability of δ7Li (Li isotopic composition relative
to L-SVEC standard: [(7Li/6Li)sample/(7Li/6Li)L-SVEC−1]×1000) in the
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lithospheric mantle (40‰), which contrasts with the relatively uniform
δ7Li of MORBs, which sample the convecting mantle (+2 to +6‰, Chan
et al., 1992; Moriguti and Nakamura, 1998a; Tomascak et al., 2008).

Equilibrium fractionation of lithium isotopes occurs in igneous
systems at the low temperatures of pegmatite formation (Teng et al.,
2006a), but not significantly at the high temperatures and high melt
fraction of basalt differentiation (N1050 °C; Tomascak et al., 1999).
Therefore, it had originally been argued that Li isotopes could be used as
a tracer of low-temperature modified slab-derived components and
their dehydrated equivalents (Elliott et al., 2004; Nishio et al., 2004;
Brooker et al., 2004), as different portions of the subducted oceanic crust
have variable δ7Li due to interaction with seawater and metamorphic
dehydration (Chan et al., 1992, 1994, 2002, 2006; Seyfried et al., 1998;
Zack et al., 2003). However, recent experimental results and studies of
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Table 1
Key parameters for Lashaine and Olmani peridotites

Sample Rock type Mineral Mode Grain size Mg# TCa-in-opx

Lashaine
89-661 gt lherz refr ol 86.9 3 93.3 1090

opx 6.1 3 93.7
89-664 gt harz⁎ f/m cpx 0.8 0.1 89.2 1230

opx 9.7 4 91.9
89-669 wehr⁎ f/m ol 86.0 2 88.2 1040

cpx 8.6 0.3 89.5
opx 0.9 0.3 88.9

89-671 dunite⁎ f/m ol 95.2 0.5 87.0 na
89-672 dunite f/m ol 96.2 5 92.5 1110

cpx 3.8 1.5 93.0
opx trace 0.02 93.6

89-674 gt lherz⁎ f/m ol 79.7 4 91.2 1250
cpx 5.8 0.5 89.9
opx 11.4 2 92.7

89-675 gt harz refr ol 72.2 2 92.4 1240
opx 24.0 1.5 93.3

89-680 gt harz refr ol 72.7 1.5 93.0 1150
cpx 2.8 0.5 93.0
opx 20.4 0.5 93.5

89-719 gt harz refr ol 82.9 7 92.7 1150
cpx 1.2 0.3 93.8
opx 11.5 3 93.7

Olmani
89-772 dunite f/m ol 96.5 1.5 87.6 950

cpx 3.4 0.2 88.0
89-773 harz refr ol 82.0 3 93.6 1080

opx 17.5 1 94.2
89-774 dunite⁎ f/m ol 99.1 7 93.5 na
89-776 dunite f/m ol 97.2 2 94.4 1120

cpx 3.3 1 94.0
89-777 wehrlite f/m ol 91.9 2.5 94.2 1120

cpx 6.9 0.5 93.0
89-778 dunite f/m ol 98.2 5 91.3 na

⁎Contains phlogopite. Data from Rudnick et al. (1994). Rock types (gt garnet, lherz
lherzolite, harz harzburgite) distinguished according to whether sample is refractory (refr)
or fertile/metasomatised (f/m). Ol olivine, opx orthopyroxene, cpx clinopyroxene. Modes in
vol.%, grain size in mm, TCa-in-opx (Brey et al., 1990) in °C; Mg# is 100 Mg/(Mg+Fe).
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contact aureoles, peridotites and phenocrysts in lavas indicate that Li
isotopes can be strongly fractionated during high-temperature igneous
processes due to diffusive kinetic fractionation (Richter et al., 2003;
Lundstrom et al., 2005; Teng et al., 2006b; Beck et al., 2006; Jeffcoate
et al., 2007; Rudnick and Ionov, 2007;Parkinsonet al., 2007;Wagner and
Deloule 2007; Tang et al., 2007; Marks et al., 2007; Aulbach et al., 2008;
Ionov and Seitz, 2008). Thus, it is important to determinewhether non-
MORB-like δ7Li in mantle samples reflect kinetic effects or recycled
crustal components.

Previous studies on peridotite xenoliths have reported a range of
olivine-clinopyroxene Li isotope fractionation (Δ7Liol-cpx) with both
positive andnegative signs (up to 3.5‰: Seitz et al., 2004; −2.4 to +1.2‰:
Magna et al., 2006; −3.6 to +13.5‰: Jeffcoate et al., 2007; 3 to 23‰:
Rudnick and Ionov 2007; 0.3 to 15.8‰:Wagner andDeloule 2007; 8.6 to
12.7‰: Tang et al., 2007; 24.2‰: Ionov and Seitz 2008). Although there
are no experimental constraints on equilibrium Li isotope fractionation
of mantle minerals at appropriate temperatures, very large inter-
mineral fractionations are generally attributed to kinetic effects
associated with Li ingress attending transport in the host magma or
metasomatism immediately preceding entrainment. Other causes of
kinetic Li isotope fractionation, in particular subsolidus inter-mineral Li
re-distribution in response to changes in pressure or temperature, have
received less attention (Tang et al., 2007; Ionov and Seitz, 2008).

We measured the Li isotopic composition of peridotitic olivine,
orthopyroxene and clinopyroxene separates from well-studied xeno-
liths from two Tanzanian localities, Lashaine and Olmani, that have
been affected by different styles of metasomatism, in addition to
recent rift-related heating (Rudnick et al., 1993, 1994). We combine
these data with those of minerals in peridotite xenoliths from the
nearby Labait volcano (Aulbach et al., 2008) in order to determine the
degree of isotopic fractionation between peridotite minerals and its
origins and timing. Particular emphasis is placed on processes that
may generate diffusive kinetic fractionation of Li isotopes in the
lithospheric mantle and during entrainment of xenoliths in the host
magma. For this purpose, we simultaneously model whole-grain Li
concentrations and δ7Li using a nested sphere approach. Because
many of the variables governing Li isotope behaviour are poorly
constrained, our modelling provides only qualitative insights, await-
ing a more comprehensive experimental dataset. Finally, we make
some general observations on Li systematics combining data on all
peridotite xenoliths reported in the literature so far.

2. Samples

The samples are well-documented mantle xenoliths retrieved from
two Quaternary rift-related volcanoes in Tanzania: the Lashaine tuff
cone, and the Olmani cinder cone (Dawson et al., 1970; Dawson, 1984;
Cohen et al., 1984; Rudnick et al., 1993,1994), which erupted in a part of
theMozambique fold belt that is interpreted as reworked craton (Möller
et al., 1998). In contrast to kimberlite-hosted cratonic xenoliths,
peridotites in the Tanzanian localities are not serpentinized and are
generally quite fresh, although garnets are partially to fully replaced by
kelyphite. Lashaine peridotites range from refractory garnet harzbur-
gites and more fertile garnet lherzolites to metasomatised dunites and
wehrlites. Clinopyroxenes showchemical zoning, interpreted as a young
feature, and olivine inclusions within garnets have higher forsterite (Fo)
contents than olivine in the matrix, attesting to an Fe enrichment event
(Rudnick et al., 1994). The pressure-temperature array calculated from
the compositions of minerals in garnet peridotites plots slightly above
the 44 to 45mW/m2 model conductive geotherm (Rudnick et al., 1994).

Olmani peridotites have olivines with Fo up to 94, yet, with the
exception of a refractory garnet harzburgite (89–773), they are also
mostly clinopyroxene-bearing but orthopyroxene-free (dunites and
wehrlites). All are LREE-enriched. The wehrlites may contain apatite,
and have unusually high Ca/Al (up to 10.8 compared to 1.1 for
chondrite) and Ti/Eu, consistent with interaction with a calcio-
carbonatitemelt (Rudnick et al., 1993). The single harzburgite contains
no Ca-rich phases, but does contain monazite, suggesting interaction
with a Ca-free magnesio-carbonatite. The temperature range of
Olmani peridotites is difficult to assess in the general absence of
coexisting orthopyroxene-clinopyroxene, but when these two miner-
als do occur, calculated temperatures are similar to those from
Lashaine peridotites, which could indicate a similar derivation depth if
equilibrated to the same geotherm; alternatively, the Olmani
peridotites may have last equilibrated to a higher geotherm related
to East African Rift volcanism (Rudnick et al., 1993). Key characteristics
of peridotites from Lashaine and Olmani are given in Table 1.

A third xenolith suite from Tanzania (Labait, on the margin of the
Tanzanian craton) comprising silicate melt-metasomatised Fe-rich
peridotites, garnet harzburgites and garnet lherzolites, and refractory
garnet-free peridotites and spinel peridotites, has been previously
described (Lee and Rudnick,1999; Chesley et al.,1999), including their Li
isotope systematics (Aulbach et al., 2008). These xenoliths are included
here for completeness.

3. Analytical methods

Mineral dissolution and three-column Li purification for optically
cleanmineral separates is modified from the procedure of Moriguti and
Nakamura (1998b), as described in Rudnick et al. (2004). Purified Li
solutionswere introduced into theAr plasmausing anauto-sampler and
a CETAC Technologies MCN-6000 desolvating microconcentric nebuli-
zer, and measured on the Nu Plasma MC-ICPMS in the Geochemistry
Laboratory at the University of Maryland, using the standard bracketing
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method (Tomascak et al., 1999). Lithium concentrations were estimated
in the courseof Li isotopemeasurements bycomparisonof sample signal
intensities with those obtained from a 50 ppb solution of the NIST L-
SVEC standard and adjusting for sample weight. The estimated 2 sigma
uncertainty of this method is ∼10% (Teng et al., 2004). The details of
sample introduction andmass spectrometry are given in Tomascak et al.
(1999), Rudnick et al. (2004) and Teng et al. (2004).

Analyses of international rock standards and pure Li standard
solutions performed during the course of these analyses yielded
concentrations and δ7Li values consistent with previously published
data. In comparison with Li concentrations reported in Govindaraju
(1995) and Eggins et al. (1997), we obtained 13.9 ppm for BCR-1 (cf.
14 ppm), 4.8 ppm for BHVO-1 (cf. 4.9 ppm) and 23.9 ppm for UB-N (cf.
27 ppm). The δ7Li values for pure Li in-house standard UMD-1 and
IRMM-016 (average δ7Li of 54.6±0.8‰ (n=27) and 0.2±1‰ (n=17) 2σ,
respectively) and international rock standards agree within uncer-
tainty with previously published values (BHVO-1: 4.5±1‰, n=8, cf.
4.3 to 5.8‰; BCR-1: 3.0±0.5‰, n=4, cf. 2.0 to 2.7‰; UB-N: −1.8±0.9‰,
n=4, cf. −2.6 to −2.7‰; all uncertainties reported at the 2 sigma level)
as summarized by Aulbach et al. (2008). The external precision (2σ on
repeat runs) is generally ≤1‰ based on long-term analyses of the
UMD-1 and IRMM-016 pure Li standards (Teng et al., 2004).

4. Results

4.1. Lithium concentrations

Lithium concentrations and apparent distribution coefficients, as
well as bulk rocks reconstructed from minerals using mineral modes
reported in Rudnick et al. (1994) and Lee and Rudnick (1999), are given
Table 2
Li concentrations, partitioning, Li isotope compositions and intermineral fractionations of p

Sample name Rock type Li (ppm) Li (ppm) Li (ppm) KD KD KD

ol cpx opx ol/cpx ol/opx cpx/

Lashaine
89-661 gt lherz 0.7 2.1 0.3
89-664 gt harz 1.4 1.4 1.0
89-669 wehrlite 2.7 3.6 1.0 0.8 2.7 3.6
89-671 dunite 1.7
89-672 dunite 1.1 1.6 0.9 0.7 1.2 1.8
89-674 gt lherz 1.5 2.2 0.7
89-675 gt harz 0.6 1.0 0.6
89-680 gt harz 1.5 0.9 1.0 1.7 1.5 0.9
89-719 gt harz 1.1 1.2 0.8 0.9 1.4 1.5

Olmani
89-772 dunite 4.1 1.5 2.7
89-773 harz 0.7 0.6 1.2
89-774 dunite 3.0
89-776 dunite 3.7 1.6 2.3
89-777 wehrlite 3.5 1.9 1.8
89-778 dunite 2.6

Labait
KAT-17 gt harz 3.4 2.2 0.8 1.5 4.3 2.8
LB-4 gt harz 2.3 1.2 1.2 1.9 1.9 1.0
LB-6 gt-free perid 1.9 1.9 1.0
LB-17 gt-free perid 2.7
LB-21 gt-free perid 2.2 3.8 1.5 0.6 1.5 2.5
LB-29 sp perid 1.9 1.2 1.6
LB-31 sp perid 1.8 0.9 1.5 2.0 2.0 0.6
LB-45 gt lherz 2.4 2.0 2.5 1.2 1.0 0.8
LB-46 Fe-rich perid 4.4 3.0 3.8 1.5 1.2 0.8
LB-51 Fe-rich perid 4.8 4.4 1.1
LB-59 Fe-rich perid 3.2

Ol olivine, opx orthopyroxene, cpx clinopyroxene, gt garnet, lherz lherzolite, harz harzburg
numbers in parentheses are numbers of replicates and/or duplicates; 89-661 opx, 89-772 cp
mineral isotope fractionation (Δ7Limineral A–mineral B) is also given. Concentrations and Li isotop
modes given in Table 1 and in Lee and Rudnick (1999) where all major Li hosts were analys
in Table 2. Combined with results from Labait (Aulbach et al., 2008), Li
concentrations in olivine vary from 0.6 to 4.8 ppm (average 2.4 ppm).
With the exception of the single wehrlite (sample 89-669, which has
2.7 ppm Li in olivine), olivines from Lashaine peridotites have low Li
concentrations (≤1.7 ppm, averaging 1.2±0.4 ppm), similar to those
expected for depleted or primitive upper mantle (Jagoutz et al., 1979;
Ryan and Langmuir, 1987; McDonough and Sun, 1995; Seitz and
Woodland, 2000). In contrast, Li contents in olivines from the Olmani
dunites and wehrlites are generally much higher (≤4.1 ppm, averaging
3.3±0.6 ppm). However, olivine in the single monazite-bearing
harzburgite from Olmani (89-773) has markedly lower Li concentra-
tion (0.7 ppm). For comparison, at Labait, olivines from silicate melt-
metasomatised Fe-rich peridotites have the highest Li concentrations
observed for Tanzanian peridotites (average 4.1±0.8), followed by
those from garnet harzburgites, garnet lherzolite and refractory
garnet-free peridotites. Spinel peridotites from Labait have olivines
with the lowest Li concentrations (≤1.9 ppm) for that locality.

Lithium concentrations in clinopyroxenes vary from 0.5 to 4.4 ppm
(average 2.0 ppm) and those in orthopyroxene from 0.6 to 3.8 ppm
(average 1.5 ppm). Clinopyroxenes from Lashaine have relatively low
concentrations (≤2.2 ppm, averaging 1.5±0.6 ppm), with the exception
of clinopyroxene in the wehrlite (89-669), which, like the olivine from
this sample, has a high Li concentration (3.6 ppm). Interestingly, the
coexisting orthopyroxene has low Li concentration, similar to orthopyr-
oxene from garnet harzburgites (∼1 ppm), while orthopyroxenes in
garnet lherzolites have the highest Li concentrations (2.1 and 2.2 ppm).
Clinopyroxenes in the dunites and wehrlites from Olmani have low Li
concentrations (≤1.9 ppm) compared to coexisting olivine. The
monazite-bearing harzburgite in the Olmani sample suite (89-773) is
the only orthopyroxene-bearing sample from that location and its
eridotitic mineral separates from Tanzania

δ7Li δ7Li δ7Li Δ7Li Δ7Li Δ7Li Calc whole
rock

opx ol cpx opx ol–cpx ol–opx opx–cpx Li (ppm) δ7Li

2.6 (2) na na
−2.5 (1) 1.7 (3) 4.2 na na

na −3.2 (4) 6.5 (1) 9.7 2.6 na
13.9 (3) na na
4.2 (2) 0.4 (4) −2.5 (2) 3.8 6.7 −2.9 1.1 4.1
5.0 (2) 2.3 (2) 2.7 na na

−3.2 (2) na na
2.3 (3) −1.5 (2) 1.6 (2) 3.9 0.7 3.1 1.3 2.0
2.8 (3) −3.9 (1) 0.0 (1) 6.7 2.9 3.9 1.0 2.3

4.1 (3) −2.0 (2) 6.1 4.0 3.9
3.0 (4) 0.0 (1) 3.0 0.7 2.5
3.3 (4) na na
6.2 (5) −0.4 (1) 6.6 3.6 6.0
5.7 (3) −1.4 (2) 7.2 3.3 5.1
9.3 (1) na na

4.7 −0.3 3.2 5.0 1.5 3.5 2.7 4.1
4.7 −2.6 1.2 7.3 3.6 3.8 1.9 3.4
3.7 −4.1 7.9 na na
4.0 na na
2.5 −4.9 1.1 7.4 1.4 6.0 2.3 2.2
3.4 3.5 −0.1 1.7 3.4
3.3 1.5 1.8 1.6 na
4.7 0.1 0.7 4.6 4.0 0.6 2.0 2.9
5.2 −6.7 −1.8 11.9 7.0 4.9 4.2 3.7
6.6 4.1 2.4 4.7 6.3
6.6 na na

ite, perid peridotite; apparent distribution coefficients (KD) are also shown. δ7Li in ‰,
x and 89-774 olivine reproduced within 1.2‰ uncertainty, all others within 1‰. Inter-
e data for Labait peridotites from Aulbach et al. (2008). Whole rocks are calculated from
ed, and assuming that Li concentrations in garnets, where applicable, are negligible.



Fig. 1. Li concentrations (ppm) in olivine vs. (a) clinopyroxene and (b) orthopyroxene (open symbols: refractory, filled symbols: fertile/metasomatised peridotites). Shown for
comparison are results for peridotite xenoliths reported in the literature (Seitz et al., 2004: San Carlos, Arizona, Eifel volcanic field, Vitim, Siberia and Kapfenstein, Austria; Magna
et al., 2006: San Carlos, Vitim, Atsagin-Dush, Tariat; Jeffcoate et al., 2007: Vitim, Tariat and Dariganga, Central Asian Orogenic Belt; Rudnick and Ionov, 2007: Tok, Barhatny and Kappy,
SE Siberian Craton; Wagner and Deloule, 2007: Massif Central; Tang et al., 2007: Hannuoba, North China Craton; Ionov and Seitz, 2008: Kamchatka, Vitim). Grey fields show Li
concentrations and dotted lines show partition coefficients in equilibrated, unmetasomatised peridotites (Brenan et al., 1998; Eggins et al., 1998; Seitz and Woodland, 2000; Adam
and Green, 2006); higher Li contents are ascribed to metasomatic Li addition.
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orthopyroxene has the lowest Li concentration of all minerals measured
in this study (0.6 ppm). For comparison, clinopyroxenes and orthopyr-
oxenes in Fe-richperidotites fromLabait havehigh Li concentrations (3.0
to 4.4 ppm and 3.8 ppm, respectively), whereas those in clinopyroxene
and orthopyroxene in the other Labait peridotites are lower, overlapping
the concentrations seen for these minerals from the other localities.
Orthopyroxene in a garnet harzburgite (KAT-17) has the lowest Li
concentration (0.8 ppm) of any mineral from this locality.

In general, Li concentrations in olivine exceed those in clinopyr-
oxene and orthopyroxene. The majority of apparent distribution
coefficients for Li between olivine and clinopyroxene (ol/cpxKDLi) and
olivine and orthopyroxene fall between 1 and 2, which is similar to
suggested equilibrium partitioning values of 1.1 to 3 for ol/cpxKDLi

(Brenan et al., 1998; Eggins et al., 1998; Seitz and Woodland, 2000;
Adam and Green, 2006) and between 0.9 to 1.9 for ol/opxDLi (Fig. 1).
Thus, while Li is enriched in most of the minerals relative to primitive
uppermantle (grey boxes in Fig.1), most also appear to be equilibrated
with respect to Li concentration.

4.2. Lithium Isotopic Compositions

Mineral and reconstructed bulk rock lithium isotopic compositions
(δ7Li), aswell as intermineral isotope fractionations (Δ7LimineralA–mineralB)
Fig. 2. δ7Li (in ‰) in olivine plotted against (a) δ7Li in clinopyroxene and (b) δ7Li in orthop
isotopic offset are also shown. Two sigma error bars on measurement is plotted in the upp
are reported in Table 2 (for the full dataset, including duplicates and
replicates, see Appendix 1) andplotted in Fig. 2. Two trends are apparent
from the data: 1) intermineral fractionations are consistent in sign from
locality to locality, with olivine systematically heavier than coexisting
clinopyroxene or orthopyroxene, though the magnitude of the fractio-
nation is variable and 2) olivines in Li-rich, more strongly metasoma-
tised xenoliths are isotopically heavier than their counterparts in less
metasomatised and Li-poor, refractory xenoliths. Each of these features
is described in the following paragraphs.

In peridotites from Lashaine and Olmani, the δ7Li of olivine is
heavier (range: +2.3 to +13.9, average +5.5‰) than that of coexisting
clinopyroxene (range: −3.9 to +0.4, average −1.8‰) in all samples and,
with one exception, δ7Li of olivine is also heavier than that of
coexisting orthopyroxene (range: −2.5 to +6.5, average +1.0). In
addition, the δ7Li of orthopyroxene, with one exception (89-672), is
heavier than that of coexisting clinopyroxene (Table 2). The Labait
samples show similar systematics (Aulbach et al., 2008). Including the
data from Labait, the average intermineral isotope fractionation is as
follows: Δ7Liol–cpx=+5.7‰ (range 3.8 to 7.2), Δ7Liol–opx=+3.2‰ (range
0.7 to 6.7) and Δ7Liopx–cpx=+3.6‰ (range −2.9 to 9.7).

There is a general correlation between the degree of metasoma-
tism/fertility of the peridotites and the δ7Li and Li ppmof their olivines.
The δ7Li of olivines in the two garnet harzburgites from Lashaine (89-
yroxene (open symbols: refractory, filled symbols: metasomatised). Lines of constant
er left of panel a.
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680, 89-719) are lower (+2.3 and +2.8) than in more fertile or
metasomatised samples (Fe-rich dunite, 89-671: +13.9; clinopyroxene
dunite, 89-672: +4.2, phlogopite-garnet lherzolite, 89-674: +5.0),
although for this locality, Li content in olivine is not significantly
different between the refractory and metasomatised/fertile samples.
Olivines in dunites and a wehrlite from Olmani, which are interpreted
to have formed by interaction between refractory harzburgite and
calcio-carbonatite (Rudnick et al., 1993) tend to have higher δ7Li (+3.3
to +9.3) and higher Li concentrations, compared to that of harzburgite
89-773, which has the lowest δ7Li (+3.0) and Li content (0.7 ppm) of all
measured samples from this locality. These trends are similar to those
seen previously in Labait xenoliths, where olivines in metasomatised
Fe-rich peridotites have the highest δ7Li (+5.2 to +6.6) and Li content,
whereas those in refractory spinel peridotites and garnet-free
peridotites have lower δ7Li (+2.6 to +4.6) and Li content.

5. Modelling

The isotopic variability observed here between coexisting minerals
in peridotite xenoliths likely reflects disequilibrium processes, as
documented in numerous recent studies (Jeffcoate et al., 2007;
Rudnick and Ionov, 2007; Tang et al., 2007; Ionov and Seitz, 2008;
Aulbach et al., 2008). In order to understand what conditions are
necessary to produce the observed compositions in the Tanzanian
xenoliths, we model Li diffusion, as described below.

5.1. Approach

Lithium isotopic fractionation between two minerals can be
calculated for the simple case of one-dimensional diffusion, assuming
an infinite reservoir of Li at the surface of each mineral and that the
minerals act as semi-infinite reservoirs, using Fick's second law
(Crank, 1975): Cx−C1

Co−C1
= erfc ⌊ x

2
ffiffiffiffi

Dt
p ⌋, where Cx is the Li concentration at

distance×(here: radius of a nested sphere) in the modelled phase, C1
is the original element concentration (here: initial mineral core), C0 is
the Li concentration at the surface (here mineral rim), erfc is the error
function, D is the diffusion coefficient and t is time. The differential
mobility of 7Li and 6Li, which causes isotopic fractionation, is linked to
the empirically determined exponent, β, where the ratio of the
diffusion coefficients of two isotopes are related as follows: D7Li/D6Li=
(m6Li/m7Li)β, where m is mass (Richter et al., 2003). We allow C0 and C1
to vary (as discussed below) in order to fit the observations;
justification for the choice of other parameters adopted here (e.g., β,
D, δ7Li of the source of Li, x) is provided in section 5.3.

The surface concentration is taken to be the concentration of the
mineral rim, which is dictated by the equilibrium partition coefficient
(KD) between the rim and a fluid or neighbouring mineral grain with
which it is in contact. For KD≠1 the concentration of the rim will
therefore be different from that of a fluid or touching mineral. It is the
concentration ratio between mineral rim and core that, together with
β, governs the degree of isotopic fractionation produced.

In the present study, δ7Li ismeasured ondissolvedmineral separates,
and thus δ7Li is averaged over the whole grain and will not reflect the
maximum intermineral Li isotope fractionation attained at the grain
scale where intra-grain δ7Li variations are likely, as demonstrated by
in situ studies (Beck et al., 2006; Jeffcoate et al., 2007; Parkinson et al.,
2007; Wagner and Deloule 2007; Tang et al., 2007). Therefore, it is
necessary to integrate δ7Li for thewhole grain.We use a nested-spheres
approach (100 spheres per mineral grain) to determine the bulk Li
content and δ7Li for hypothetical spherical grains (x=r). This approach
assumes that Li is added simultaneously to minerals from grain
boundaries (instead of volume diffusion) and does not account for the
possibility that there may be gradients across a sample (xenolith in the
host basalt, or mantle wall rock next to a melt conduit) where the rocks
closest to the edge or contact will be affected by Li addition earlier and
longer than samples further removed from the edge or contact.
5.2. Limitations

Fully quantitative modelling is hampered by our lack of knowledge
of: (1) the value of β in peridotite minerals; (2) the diffusivity of Li in
olivine; (3) the dependence of diffusivity on (i) crystallographic
orientation (e.g., Kohlstedt and Mackwell, 1999), (ii) oxygen and water
fugacity (which enhance crystallographic defects and thus diffusivity;
e.g., Chakraborty, 1997; Hier-Majumder et al., 2005), (iii) substitution
type (e.g., exchange with FeMg vs vacancies; S. Klemme, pers. comm.),
(iv) diffusion mechanism (volume, grain boundary, defect, multi-path
diffusion or combinations thereof; Farver et al., 1994; Watson and
Baxter, 2007), (v) metasomatic style (Seitz and Woodland, 2000;
Woodland et al., 2004; Rudnick and Ionov, 2007); (4) pre-diffusion
(initial) compositions; (5) effects of peridotite distance from an
external Li source (for magma conduits or veins) or xenolith
fragmentation in the host magma and resultant superposition of Li
diffusion profiles and of deviations of grain shapes from the ideal
sphere.

Considering the uncertainties regarding the influence of the many
factors governing Li diffusivity and associated isotope fractionation,
the simple modelling approach outlined above is deemed sufficient to
obtain a qualitative, at best a semi-quantitative sense of the degree
and timing of Li isotope fractionation in peridotite xenoliths. We
approach the problem in twoways: (1) a qualitative exploration of the
effects of various parameters (see section 5.4) and (2) determining a
specific set of parameters intended to reproduce the Li-δ7Li measured
in peridotite xenoliths (Appendices 2 and 3).

5.3. Choice of modelling parameters

To model Li addition during igneous processes, we focus on olivine
and clinopyroxene since olivine is themajor mineralogical constituent
of the samples and because diffusivity of Li is available for
clinopyroxene but not orthopyroxene. Specific values are assumed
for the different parameters controlling δ7Li fractionation, as
described below, except where a given parameter was explicitly
varied to assess its effect on Li isotope behaviour.

Li Diffusivity (D): Assuming that the measured diffusivities of Li in
diopside determined by Coogan et al. (2005) as a function of
temperature are appropriate for the Cr-diopsides in mantle xenoliths,
the diffusivity of Li in clinopyroxene at temperatures of last equilibra-
tion (Rudnick et al., 1993, 1994; Lee and Rudnick, 1999) was calculated
from their algorithm. To model Li ingress during entrainment we
assume a temperature of 1300 °C (D=7.9⁎10−11 m2s−1), which is above
the solidus temperature of alkali basalt at 5 GPa (Tsuruta and
Takahashi, 1998).

Beta has been estimated to be 0.215 in silicate melts (Richter et al.,
2003), 0.12 in amphibolites (Teng et al., 2006b) and 0.15 to 0.27 in
phenocrysts surrounded by groundmass (Beck et al., 2006; Parkinson
et al., 2007). We adopt an intermediate value of 0.2 for our modelling.

Grain size: The mineral radius x is set to 3 mm for olivine and 1 mm
for clinopyroxene, which is similar to some samples in this study
(Vauchez et al., 2005; Table 1) and other peridotite xenolith suites
(authors' personal observation). Actual values are usedwheremodelling
is aimed at reproducing measured values (Table 1, Appendix 3).

Values for ol/cpxKDLi range from 1.1 to 3 (Brenan et al., 1998; Eggins
et al., 1998; Adam and Green, 2006); we adopt a value of 2 (ignoring
possible pressure and temperature effects on partitioning).

δ7Li of the source of Li: Because there is no evidence for mantle-
derived melts or fluids having δ7Li significantly b0‰ (see Tomascak,
2004, and references therein), for most clinopyroxenes, simple
equilibration with a low-δ7Li melt can be excluded and isotope
fractionation during Li influx is required to obtain very low δ7Li (i.e.
C0NC1). Nevertheless, the lower the δ7Li of the fluid, the less the
concentration contrast (C0/C1) required to obtain low δ7Li and the
longer the time it takes to reach the minimum δ7Li value (see section



Fig. 3.Modeled trajectories of lithium concentrations (ppm) against δ7Li for whole mineral grains experiencing Li ingress in a) refractory peridotite and b) metasomatised peridotite.
Each curve represents the pathway of a mineral with elapsed time. In all examples diffusivity=7.9⁎10−11 m2s−1, which corresponds to a temperature of 1300 °C for clinopyroxene,
β=0.2 and x=1 mm. (a) C0 is varied to produce trajectories encompassing most of the values reported in the literature and shown in Fig. 4. The approximate times needed to produce
δ7Li troughs and higher values are indicated. (b) Illustration of the response of trajectory 1 to increasing rim composition (C0) at constant C0/C1 (trajectory 2) and at constant C0–C1
(trajectory 3), and to higher initial δ7Li (trajectory 1A) and higher rim δ7Li (trajectory 1B), all other parameters being equal. A change in diffusivity (D) or grain size (x) produces
identical curves but different times for each composition. Grey fields show range of “normal”mantle concentrations (references as in Fig. 1) and δ7Li (Chan et al., 1992; Moriguti and
Nakamura, 1998a; Tomascak et al., 2008) for clinopyroxene (light grey) and olivine (dark grey), which partially overlap.
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5.4). For example, if C0 has a value of 0 instead of 6‰ and all other
parameters as shown in Fig. 3, example 4, then a δ7Li of −5.1‰ takes
5 min instead of 1 min to reach. However, if we assume that the low
δ7Li in xenolithic clinopyroxene reflects late fluid ingress from the host
magma, as suggested previously (e.g., Rudnick and Ionov, 2007), then
in the case of Labait the host melilitite is known to have a mildly
elevated δ7Li of ca +5‰ (Aulbach et al., 2008), which is whywe chose a
similar value to model Li ingress.

More details on the choice of modelling parameters and some
examples from the dataset can be found in Electronic Appendices 2
and 3.

5.4. General features of whole grain Li-δ7Li evolution

Figure 3a shows how Li concentration and δ7Li of minerals change
with time and as a function of the concentration ratio between rim (C0)
and core (C1). With increasing C0/C1, and all other parameters held
constant, both the minimum δ7Li and time at which the trough
Fig. 4. Lithium concentrations (ppm) versus δ7Li (‰) for (a) olivine and (b) clinopyroxene
peridotite xenoliths plotted against five of the modeled trends of Li-δ7Li evolution and “norm
Fig. 1; normal mantle range as in Figs. 1 and 3.
composition is reached decrease (Fig. 3a, examples 1–4). In addition,
the slope of the curve is steeper prior to reaching the trough (down-
going limb) compared to that subsequent to the trough (up-going limb).
Hence, for increasing rim-core concentration ratios, the lowest isotope
compositions are reached quickly relative to the time it takes for isotopic
equilibration to be completed, and Li-δ7Li evolution curves become
increasingly asymmetric. These four curves encompass most of the
clinopyroxenedata fromour studyandmanyof theolivine compositions
(Fig. 4). Similar to changing C0/C1, a choice of lower and higher β entails
smaller and larger maximal δ7Li fractionations, respectively, the degree
ofwhichdepends on theC0/C1 used in themodelling. For identical δ7Li of
core and rim (e.g., 5‰) and C0/C1=2 (or 4), the maximum δ7Li decrease
for a β of 0.1 is ca 0.7 (or 1.9)‰, for a β of 0.2 it is 1.7 (or 4.0)‰ and for a β
of 0.3 it is 2.7 (or 6.1)‰.

In order to produce the high δ7Li and small amounts of Li gain seen in
some olivines (89-669 from Lashaine and 89-776 from Olmani), C0/C1
must be small and the δ7Li of the rim (hence source of Li) must be very
high (e.g., 25‰)(Fig. 3a, example 5, Fig. 4); higher C0 and somewhat
(large open symbols: refractory, large filled symbols: metasomatised) from Tanzanian
al”mantle fields shown in Fig. 3a. Data for peridotite xenoliths from other studies as in



Fig. 5. As in Fig. 3, but illustrating Li-δ7Li during moderate Li gain in clinopyroxene and
small Li loss in olivine, such as might be expected during intermineral Li redistribution.
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lower δ7Li are required to produce high δ7Li with greater Li gain
(example 6, Figs. 3a and 4). The effect of changing δ7Li of the initial and
rim value is also illustrated in Fig. 3b (examples 1, 1A and 1B): higher
initial δ7Li at constant rim δ7Li (example 1A) will produce a stronger
relative δ7Li fractionation at higherminimum δ7Li, while higher rim δ7Li
at constant initial δ7Li (example 1B) will produce a weaker relative δ7Li
fractionation at higher minimum δ7Li.

To model Li ingress during entrainment into previously metaso-
matised and hence Li-rich samples, C1must increase. Because the ratio
of rim to core Li concentration C0/C1 determines the degree of isotope
fractionation (at constant β), changing the C1 from 0.8 ppm (typical of
refractory, unmetasomatised clinopyroxene) to 1.8 ppm (a more
typical value for metasomatised clinopyroxene) requires the new C0
to be 9 ppm in order to maintain the same degree of δ7Li decrease
(Fig. 3b, examples 1 and 2: down to −1.8‰). The slope of the evolution
curve (rate of δ7Li change per ppm Li increase) is lower for the second
example, which has the higher Co.

Due to the similar Li-δ7Li initial trajectories for a range of C0/C1
(downgoing limb in Fig. 3, examples 1 to 4) the range of possible rim
concentrations that can reproduce measured values within the
analytical uncertainties (10% for concentrations, 1‰ for δ7Li) is larger
Fig. 6. Time (t, in minutes) versus Δ7Liol–cpx illustrating the effect of (a) different grain sizes
whereas curve 2 represents a 5:1 ratio, (b) different Li diffusivities on intermineral Li isotopi
order of magnitude lower than clinopyroxene for curve 1, whereas for curve 2 it is two ord
between olivine and clinopyroxene and two orders of magnitude lower Li diffusivity in oliv
for samples that experienced a smaller Li gain than for samples that
experienced a larger Li gain.

Finally, Fig. 5 illustrates the effect of redistribution of Li from one
mineral (e.g., olivine), which becomes temporarily isotopically
heavier, into another mineral (e.g., clinopyroxene), which becomes
temporarily lighter, corresponding to a decrease in apparent ol/cpxKD

(in this example ol/cpxKD changes from 1.9 (1.5/0.8 ppm) to 0.7 (1.3/
1.8 ppm)). Such a change in KD might reflect the effects of changing
temperature (e.g., Ionov and Seitz, 2008, suggested KD decreases
dramatically with falling temperature). The ratio C0/C1 of the mineral
gaining Li (1.8/0.8 ppm) is far greater than that of the mineral losing Li
(1.3/1.5 ppm), which produces a stronger δ7Li fractionation.

Changing diffusivity and relative grain sizeswill affect the amount of
intermineral Li isotope fractionationproducedduring Li ingress. Because
olivine in peridotites is usually larger than clinopyroxene (depending on
the degree of deformation; Vauchez et al., 2005; see also Table 1 and
photomicrographs in the electronic supplement) and Li diffusivity is
presumed to be slower in olivine than clinopyroxene (see section 6.2),
the change in Li concentration and δ7Li in olivine lags behind that in
clinopyroxene. These effects are illustrated in Fig. 6. Increasing olivine
grain size from 3 to 5 mm, all other parameters being held constant,
leads to an increase in Δ7Liol–cpx with a maximum at time t1 (Li ingress
into clinopyroxene, but olivine is barely affected),Δ7Liol–cpx=0 at time t2
and a minimum Δ7Liol–cpx at time t3 (Li ingress into olivine, Li isotope
relaxation in clinopyroxene) (Fig. 6a, curve 1). Increasing the grain size
contrast leads to increasing tx (Fig. 6a, curve 2). The effect of lowering Li
diffusivity in olivine fromone to two orders ofmagnitude relative to that
in clinopyroxene, assuming identical grain sizes, is similar to that of
increasing grain size contrast, but it takes longer for tx to be attained
(Fig. 6b, curves 1 and 2). Combining the effects of grain size and
diffusivity differences by assuming a 5 mm grain size for olivine, 1 mm
for clinopyroxene, a Li diffusivity in clinopyroxene of 7.9⁎10−11 m2s−1

and two orders of magnitude lower diffusivity in olivine, all other
parameters being held constant, as described above, will lead to a
maximumΔ7Liol–cpx of ca +4‰ afterminutes,Δ7Liol–cpx of ca 0‰ after an
hour and a minimum Δ7Liol–cpx of ca −6‰ after days (Fig. 6b).

Finally, with KD, x, β, C1 and δ7Li of the Li reservoir fixed, there is
only one rim concentration (C0) that will reproduce a particular Li
concentration and δ7Li at any time t. However, modelling solutions are
non-unique in that assumptionsmust be made regarding grain-size, Li
diffusivity, β, initial composition, etc., and these parameters may be
varied in different ways to attain similar modelling results.
where curve 1 represents a 3:1 ratio of grain size between olivine and clinopyroxene,
c fractionation between olivine and clinopyroxene, where Li diffusivity in olivine is one
ers of magnitude lower. Curve 3 represents a combination of a 5:1 ratio of grain size
ine than in clinopyroxene.
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6. Discussion

6.1. Elemental equilibrium

An unusual aspect of xenoliths from Tanzania is that, despite the fact
that many samples in the present study were subject to carbonatite
(Rudnick et al., 1993, 1994) and silicate melt metasomatism (Lee and
Rudnick,1999),most showLi elemental equilibrium, or nearly so (Fig.1).
In contrast, selective Li addition to either olivine or clinopyroxene,
depending on whether the melt was silicate or carbonatitic in
composition, has been identified as important in creating elemental
disequilibrium (Seitz and Woodland, 2000; Woodland et al., 2004) and
some other peridotite xenolith suites studied so far (far-east Russia,
Rudnick and Ionov, 2007; North China Craton,Tang et al., 2007) show
strong olivine-clinopyroxene elemental disequilibrium (Fig. 1a). This
suggests that whatever the origin of the observed Li isotope fractiona-
tions in Tanzanian samples, it cannot have involved significant recent,
selective Li addition.

6.2. Relative diffusivities of Li in peridotite minerals

Constraints on the diffusivity of Li in mantle minerals under varying
conditions are as yet scarce; to date, only the diffusivity of Li in diopside
has been experimentally investigated (Coogan et al., 2005). Since it has
been argued that Li may substitute for the similarly sized major cations
Mg and Fe in peridotite minerals (Eggins et al., 1998), it might appear
reasonable to assume that the relative interdiffusivity of Fe–Mg in
olivine, orthopyroxene and clinopyroxene can be used as a proxy for the
relative diffusivity of Li in these minerals. It is known that Fe–Mg
interdiffusion in olivine far exceeds that of clinopyroxene (Dimanov and
Sautter, 2000; Klügel, 2001) and that the Fe–Mg interdiffusivity in
clinopyroxene is similar to that of orthopyroxene at 1200 °C, but lower
by 1 to 2 log units at 900 °C (Klügel, 2001, and references therein). These
relative diffusivities also apply to hydrogen (Demouchy et al., 2006),
which, like Li, is a singly charged light element and should be a good
proxy for thebehaviourof Li. However, in several empirical studies itwas
inferred that Li diffuses faster in clinopyroxene than in olivine (Jeffcoate
et al., 2007; Rudnick and Ionov 2007; Parkinson et al., 2007) and that Li
diffusivity in olivine is similar to Fe–Mg interdiffusivity in that mineral
(Kaeser et al., 2007), which is ∼10−16 m2s−1 at 1100 °C (Klügel, 2001)
compared to 4.4⁎10−12 m2s−1 for clinopyroxene at the same tempera-
ture (Coogan et al., 2005).

Some insight into the diffusivity of Li in olivine can be gleaned from
the results of the Labait xenoliths (Aulbach et al., 2008). Here, good
correlations betweenMg#, Li ppm and δ7Li in olivinewere interpreted
to reflect mixing between ancient lithospheric mantle and a metaso-
matic melt that was Fe- and Li-enriched and isotopically heavy
(Aulbach et al., 2008). Thus, the olivines retain their pre-entrainment Li
systematics. In contrast, Li in clinopyroxene from the Labait peridotites
displays no correlations, suggesting that Li in the clinopyroxene was
disturbed during xenolith entrainment by the host basalt. Assuming a
temperature of 1300 °C (for the host basalt) and using the appropriate
diffusivity for Li in clinopyroxene (7.9⁎10−11 m2s−1; from Coogan et al.,
2005), we calculate a range of concentrations and (magma residence)
times thatwill reproduce the observed Li and δ7Li of the clinopyroxene.
We then use these parameters to determine themaximumdiffusivities
in olivine that would result in no change in Li (see Appendix 3). This
modelling approach suggests Li diffusivity in olivine is at least two
orders of magnitude smaller than in clinopyroxene.

6.3. Kinetic Li isotope fractionation in the mantle: examples from
Tanzania

Lithium isotope fractionation in mantle xenoliths due to older
enrichment events or to infiltration of melt during residence in the
host magma has been described in most studies on peridotite
xenoliths published to date (Jeffcoate et al., 2007; Rudnick and
Ionov, 2007; Wagner and Deloule, 2007; Tang et al., 2007; Ionov and
Seitz, 2008). The latter may be used to estimate the maximum
xenolith residence time in the magma (Li geospeedometry: e.g.,
Coogan et al. 2005; Lundstrom et al. 2005; Jeffcoate et al. 2007).

6.3.1. Metasomatism in the mantle
The trends between Li concentration, δ7Li and Mg# found for

olivines from the Labait peridotites were interpreted to reflect mantle
metasomatism well before entrainment in the host basalt (Aulbach
et al., 2008). In most cases, δ7Li in the coexisting clinopyroxene do not
correspond to those of olivine, reflecting recent Li ingress in the
clinopyroxene. However, in one sample, LB-51, clinopyroxene has high
Li concentration (4.4 ppm) and also δ7Li (4.1) and shows “normal”
partitioning (ol/cpxKDLi=1.1). These relationships suggest that both
olivine and clinopyroxene in this sample have equilibrated with a
moderately Li-rich, heavy-Li melt, and neither was disturbed by late Li
ingress.

In the case ofOlmani,mostof theolivineshavehighLi concentrations
(2.9 to 4.1 ppm) and are relatively heavy (δ7Li=3.3 to 6.2‰), overlapping
δ7Li values for mantle-derived carbonatites (Halama et al., 2008). Thus,
olivines in these samples may have equilibrated with a calcio-
carbonatite magma prior to their entrainment in the host basalt. A
single olivine from an Olmani peridotite (89-778) with lower Li
abundance (2.6 ppm) but very high δ7Li (+9.3) may require Li addition
from a melt having high δ7Li and moderate Li concentration, perhaps a
small volume melt that had lost 6Li preferentially to clinopyroxene
during very late diffusion (i.e., during entrainment) (Rudnick and Ionov,
2007). Alternatively, olivine in this samplemay have lost 6Li during later
reaction with a fluid/melt having lower Li abundance than the original
carbonatitic melt, thus driving the remaining Li to higher δ7Li.

In contrast to the Labait and Olmani xenoliths, olivines in most
Lashaine peridotites have “normal” mantle-like Li systematics and do
not appear to have been affected by Li-metasomatism prior to
entrainment. Nevertheless, enriched trace element and radiogenic
isotope signatures in Lashaine peridotites show that they have been
previously metasomatised (Cohen et al., 1984). Either this metasoma-
tism occurred so long ago that diffusion has erased evidence of Li
enrichment (Halama et al., 2008), or the melt responsible for the
metasomatism did not have a Li concentration and isotope composi-
tion inducing Li diffusion between minerals and melt.

6.3.2. Metasomatism during transport in the host basalt
The non-mantle-like δ7Li and elevated Li abundance in most

clinopyroxene from all three localities indicates incipient Li ingress
accompanied by strong kinetic Li isotope fractionation, probably
during infiltration of melts from the host magma. A number of
features suggest a short magma residence time for the xenoliths and
only limited Li ingress into clinopyroxene. These include: 1) the
preservation of pre-entrainment systematics in most olivines, 2)
apparent equilibrium partitioning of Li between olivine and clinopyr-
oxene, and 3) positive Δ7Liol–cpx, which is inferred to reflect the effects
of delayed Li isotope fractionation in olivine due to its larger grain size
and lower Li diffusivity relative to clinopyroxene, which occurs during
the initial stages of Li ingress (Fig. 6b). A short magma residence time
is also consistent with the volatile-rich and explosive nature of the
host magma (melilitite; Dawson, 1992).

Magma ascent rates in garnet peridotite-bearing mafic-alkalic
magmas are estimated to be on the order of 0.1- to 10 m s−1 (Spera,
1984); therefore, for xenoliths from this study, which were entrained
from ca 50 to 150 km depths, the magma residence time should be on
the order of days. This exceeds by far the short apparent magma
residence times modelled here (Fig 3, example 4: one minute to attain
the trough composition; compare to measured clinopyroxene shown
in Fig. 4b). These short apparent magma residence times may thus
reflect late fragmentation of xenoliths in the host magma and late
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penetration of melt, which could develop a range of Li concentrations
due to interaction with the xenolith. Because at these temperatures
kinetic Li isotope fractionation can only persist on the order of
minutes, late fragmentation of xenoliths must be followed by
quenching in a tephra in order to preserve the fractionation, as
opposed to slow cooling in erupted lavas (cf. Ionov and Seitz, 2008).
Alternatively, these apparent short residence times may indicate that
the Li diffusivity we assumed is too fast and/or initial Li concentrations
too high (see Appendices 2 and 3).

Calculated magma residence times depend critically on the Li
diffusivity chosen, which in turn hinges on experimental measure-
ments of diffusion in appropriate minerals and knowing the
temperature of the host magma and the temperature gradient across
the xenolith. In the absence of these data, it is not yet possible to
quantitatively estimate magma residence times using Li isotope
fractionation. However, once these constraints become available and
considering that xenolith fragmentation may have occurred, the
longest calculated magma residence time based on Li diffusion for a
large xenolith suite where multiple estimates are available may best
approximate the minimum “true” value.

Fractionatedmelts such as natro-carbonatites can have very high Li
abundances and have mantle-like δ7Li (211 to 294 ppm Li, δ7Li=3-5;
Halama et al., 2007,2008), similar to the values required to model the
Li systematics of some clinopyroxenes (Appendix 3). Interaction of the
peridotite xenoliths with carbonatite melts is consistent with the
inferred very late carbonate introduction into some Tanzanian
peridotites, which attests to the presence of carbonatite liquids (Lee
et al., 2000) and with the presence of the world's only active
carbonatite volcano, Oldoinyo Lengai, in the vicinity of the xenolith
localities investigated here.

6.3.3. Subsolidus lithium diffusion
Lithium partitioning between clinopyroxene and plagioclase has

been found to be strongly temperature-dependent, with Li preferring
clinopyroxene at decreasing temperatures (Coogan et al., 2005). In
addition, a study of Li concentrations of inclusions in diamonds has
revealed a strong pressure dependence of Li distribution between
mantle minerals (Seitz et al., 2003). Therefore, (isothermal) decom-
pression, or (isobaric) heating and cooling, may influence KD and could
drive redistribution of Li between minerals and hence cause kinetic
isotope fractionation.

Ionov and Seitz (2008) recently suggested that slow cooling causes
diffusion of Li from olivine into clinopyroxene, and thus could produce
isotopically heavy olivines and lighter clinopyroxene. They suggested
that the effects are more pronounced in xenoliths contained in lavas,
Fig. 7. Schematic representation in Li-δ7Li space of (a) olivine and (b) clinopyroxene of differ
olivine into clinopyroxene. Capital letters denote regions in the diagram according to descr
which cool much more slowly than those deposited in tuffs. However,
the Tanzanian xenoliths showevidence for heating immediately prior to
their entrainment in the host basalt, which is likely associated with
impingement of a plume on the ancient lithosphere. This evidence
includes garnet breakdown coronae, Ca increase on orthopyroxene rims
(Lee and Rudnick, 1999) and Zr increase on the rims of metasomatic
rutiles (Watson et al., 2006). Because of the relatively high diffusivity of
Zr in rutile, the latter imply recent heating of the peridotites to
temperatures of 1350–1400 °C (Watson, pers. comm.). In addition, all of
the samples investigated here come from tuffs or scoria cones and are
expected to have cooled rapidly following eruption. Thus the evidence
forheating, coupledwith the small Li enrichment inferredon thebasis of
modelling, suggests that the Li isotopic fractionation in the Tanzanian
clinopyroxenes ismost likely to have beenproduced by Li ingress froma
grain-boundary melt, rather than slow cooling.

6.4. General observations and implications for Li isotope fractionation in
minerals from peridotite xenoliths worldwide

An evaluation of Li isotope and abundance data for peridotite
xenoliths from this study and those previously published (Fig. 4)
reveals two general features: (1) δ7Li in mantle olivines is mostly
within the range proposed for themantle and almost never lighter and
(2) δ7Li in clinopyroxene is mostly lighter and never heavier than the
mantle range. Modelling shows that the whole grain Li-δ7Li relation-
ships of olivine and clinopyroxene in most peridotite xenoliths
worldwide can be described by five stages or boundary conditions
for igneous Li isotope fractionation (Fig. 7): A) incipient Li addition
leading to strong kinetic Li isotope fractionation but only slight Li gain,
B) intermediate-term Li addition leading to relaxation of Li isotope
fractionation and some Li gain, C) long-term Li addition resulting in
(near) equilibrationwith amantle-likemelt (δ7Li between +2 and +6—

grey field) having moderate Li concentrations, (D) intermediate to
long-term Li addition with a residual 7Li-rich melt (δ7LiN15) with
moderate Li concentrations and (E) intermediate-termLi addition from
a Li-rich (N∼100 ppm) melt with mantle-like δ7Li.

Heavy Li (δ7LiN6) in mantle minerals has been suggested to result
from Li ingress or precipitation from residual, isotopically heavy melts
that have lost 6Li during earlier diffusion (Rudnick and Ionov, 2007;
Wagner and Deloule, 2007), while δ7Li at the high end of mantle
values (+5 to +6) combined with high Li abundances (N2 ppm), such
as seen at Labait, may reflect reaction with Li-rich, plume-derived,
isotopically heavy mantle melts (Aulbach et al., 2008). If Li diffusivity
in clinopyroxene is faster than in olivine, the general features in the
worldwide dataset and modelling suggest that (1) heavy δ7Li (N4‰ to
ent stages of igneous processes (Li addition) and of subsolidus redistribution of Li from
iptions given in the right panel.
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+6‰) in olivines is due to equilibriumwith (isotopically heavy) melts
during older metasomatic processes, whereas (2) lighter δ7Li (b2) in
clinopyroxene observed for most samples in the database is due to
isotope fractionation during recent Li ingress, probably related to
transport in the host magma, but which also may be produced during
slow cooling of the xenolith in a lava (Ionov and Seitz, 2008).
Clinopyroxene is more susceptible to this process than olivine because
of its faster diffusivity and its generally smaller grain size. Thus, Li
isotope systematics in peridotite xenoliths likely reflect at least a two-
stage process, with olivine showing some capacity to preserve pre-
eruptive signatures (which can include original depletion in refractory
samples or metasomatic enrichment). Xenolith residence in and
interactionwith the host melt may not last long enough to allow full Li
isotope equilibration in clinopyroxene or corruption of earlier Li
systematics in olivine.

The ability of olivine to retain pre-entrainment information with
regard to Li concentration and δ7Li is also illustrated in Figs. 1 and 2 for
samples from Tanzania that have previously been described as
metasomatised/fertile or refractory based on mineralogy and composi-
tion (Rudnick et al.,1993,1994; Lee andRudnick,1999).Olivines in all but
onemetasomatised sample fromTanzania have higher Li concentrations
and δ7Li than olivines from refractory samples,whereas this relationship
breaks down for clinopyroxene and orthopyroxene.

Variations resulting from the intermineral redistribution of Li, e.g.,
during heating in the host magma or slow cooling in lava-hosted
xenoliths are likely (Fig. 6, example F). The interplay between Li
diffusion due to ingress from grain boundaries on the one hand, and to
intermineral Li redistribution on the other, and attendant isotope
fractionation will lead to superimposed effects on Li isotope
composition and, perhaps not surprisingly, to a decoupling of Li
abundances and isotope compositions in most xenolith suites.

The observations and models discussed above suggest that Li
systematics may hold promise for obtaining information from single
xenoliths on the nature (mantlemetasomaticmelts, hostmelt) and time-
scales (pre-eruptive, syn-eruptive) of Li diffusion in themantle, provided
that tighter experimental constraints become available and that samples
are quenched upon eruption. Currently, the many unconstrained
parameters governing kinetic Li isotope fractionation preclude a
quantitative application of Li isotopes to geospeedometry in magma-
bornemantle xenoliths, althoughmodellingmay be used to qualitatively
assess the boundaryconditionsnecessary toobtain the sign anddegree of
inter-mineral Li isotope fractionation observed in a given xenolith suite.

7. Summary and conclusions

We measured δ7Li of clinopyroxene, orthopyroxene and olivine in
variablymetasomatisedperidotitexenoliths fromtwo lithosphericmantle
sections beneath the East African Rift in Tanzania (Lashaine, Olmani) and
combined these results with those from the nearby Labait volcano
(Aulbach et al., 2008). Peridotite minerals show systematic offsets in their
Li concentrations (olivine average: 2.4 ppm, orthopyroxene: 2.0 ppm,
clinopyroxene 1.5 ppm) and δ7Li: olivine contains the heaviest Li (+2.3 to
+13.9‰, average +5.0‰), followed by orthopyroxene (−4.1 to +6.5‰,
average +0.8‰) and clinopyroxene (−6.7 to +4.1‰, average −1.6‰).

Intermineral Li isotope fractionation in mantle peridotites is
ascribed to differential diffusivities of Li in and different grain sizes
of mantle minerals, combined with diffusion-driven kinetic Li isotope
fractionation. Two main processes, igneous and subsolidus, are
proposed to be important in mantle xenoliths and have been
qualitatively modelled, awaiting tighter experimental constraints on
the parameters governing Li isotope fractionation:

Igneous processes. (a) Precursormetasomatism. High Li concentrations
in both olivine and clinopyroxene in silicate and carbonatite melt-
metasomatised minerals from Labait and Olmani and preservation of
apparent equilibrium Li partition coefficients attest to older Li addition.
In contrast, most peridotites from Lashaine escaped metasomatism,
having primitive mantle-like or depleted Li concentrations. (b) Entrain-
ment of the xenoliths in the host magma. Clinopyroxenes inmost samples
in all three Tanzanian peridotite suites have non mantle-like δ7Li (b+2),
but Li concentrations suggest elemental equilibrium with olivine,
consistent with very recent, incipient Li addition, which probably
occurred during transport in the host magma. Some clinopyroxenewith
high Li concentrations (N3 ppm) combined with low δ7Li (b−3) appear
to have interacted very recently with Li-rich (∼100 ppm) fluids, perhaps
due to xenolith fragmentation upon exsolution of volatile- and Li-rich
melts from the host magma.

(2) Subsolidus processes. Changes in pressure and/or temperaturemay
lead to intermineral Li redistribution between coexisting minerals and
attendant kinetic isotope fractionation. Although cooling has recently
been suggested to cause Li diffusion from olivine into clinopyroxene
(Ionov and Seitz, 2008), these effects are probably not important in
Tanzanian xenoliths, which show evidence for plume-induced heating in
the deep lithosphere immediately prior to entrainment and were
quenched upon eruption of the host magmas. Hence, for our samples,
Li isotope fractionation during Li ingress from a grain boundary melt is
more likely to have produced the observed δ7Li fractionation.

Lithium-δ7Li systematics in peridotite xenoliths worldwide most
likely reflect two-stage processes, with olivine capable of preserving a
signature of older depletion (in refractory samples) or of (precursory)
melt metasomatism with generally “normal” mantle δ7Li (+2 to +6),
while non mantle-like, low δ7Li in almost all clinopyroxene may
reflect Li addition during transport in the host magma. Hidden in
these relationships may be small but significant Li isotope fractiona-
tions due to subsolidus Li redistribution in response to heating,
cooling and/or decompression.
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