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Li isotopic compositions of magmatic rocks have gained considerable attention recently as probes of mantle-
scale processes. However, the concentrations and isotopic composition of Li in mantle minerals from mid-
ocean ridges remain relatively unconstrained. This is largely because of the general presence of seawater
alteration in abyssal peridotites. Lithium elemental and isotopic compositions for mineral separates of
coexisting olivine, clinopyroxene, orthopyroxene and bulk rocks of serpentine-free Gakkel Ridge peridotites
were investigated. Bulk rocks have Li contents of 1.6 to 2.7 ppm and δ7Li values of 3 to 5‰, which fall within
the range of reported normal pristine “MORB mantle” values. Lithium concentrations vary in the order cpx
(2.1–4.7 ppm)Nopx (0.9–1.7 ppm)≥olivine (0.4–0.9 ppm), the opposite found in “equilibrated” mantle
peridotite xenoliths (Seitz and Woodland, 2000). The Li isotopic compositions indicate a systematic mineral
variation with δ7Liolivine (7.14‰–15.09‰)Nδ7Liopx (1.81‰–3.66‰)Nδ7Licpx (−2.43‰−−0.39‰). The δ7Li
values of cpx are negatively correlated with their Li concentrations with the lightest value for the most
enriched cpx grains. There is a first order negative linear correlation between Δolivine–cpx (δ7Liolivine−δ7Licpx)
and ol/cpxD (Liolivine/Licpx).
Numerical simulations indicate that the observed systematic inter-mineral variations of Li concentrations and
isotopic compositions could be explained by a cooling driven diffusive redistribution between minerals in a
closed system if there is a temperature dependent partitioning of Li between olivine and clinopyroxene. The
studied Gakkel Ridge abyssal peridotites may alternatively have cooled under a variable cooling rate with a
rapid cooling before the Li system was closed, which is less likely given the tectonic setting. Our calculations
confirm that Li systematics in minerals, especially in coexisting mineral phases could potentially be used as a
mantle geospeedometer, even for slowly cooled mantle rocks.
B.V.
Published by Elsevier B.V.
1. Introduction

The utility of Li isotopes stems from the very large mass
fractionation that can occur in natural processes, where up to 80‰
variation of 7Li/6Li has now been documented in terrestrial samples
(Rudnick and Nakamura, 2004). In addition to the intrinsically large
fractionations observed for 7Li/6Li, other properties, such as the single
valence state and the affinity of Li for fluids, make it a potentially
unique tracer forfluid–rock interaction in the Earth (Elliott et al., 2004;
Tomascak, 2004). Lithium is moderately incompatible during mantle
melting (Brenan et al., 1998a; Ryan and Langmuir, 1987) and is
strongly fluid-mobile (e.g. Brenan et al., 1998b; Seyfried et al., 1984,
1998; Zack et al., 2003). During water–rock interaction Li may be
leached out from the solid phases into aqueous solutions or be
incorporated from aqueous solutions to the newly formed secondary
minerals, depending on the temperature (Berger et al., 1987, 1988;
James et al., 2003). The large fractionation of 7Li and 6Li between solid
and aqueous phases during near-surface alteration process as well as
metamorphic dehydration in subduction zones make the Li-isotope
system a potentially powerful tracer of crust–mantle recycling (e.g.
Elliott et al., 2004, 2006; Leeman et al., 2004; Teng et al., 2004;
Tomascak, 2004; Zack et al., 2003). In contrast to the proposed large
and homogeneous reservoirs in themantle with δ7Li approximately+
4‰ (Ryan and Kyle, 2004; Tomascak et al., 2002), materials entering
subduction zones (sediments and basaltic oceanic crust) have highly
variable Li concentration and δ7Li compositions ranging from +1.5‰
to+5.6‰ in freshMORBs (Tomascak et al., 2008),−1.7‰ to+14‰ in
altered basalts (Chan et al., 2002), and −0.4‰ to +9‰ in subducted
sediments (Bouman et al., 2004; Chan et al., 2006). During subduction,
the slab tends to be depleted in 7Li (−11‰ to +5‰) due to the
dehydration release of H2O (Zack et al., 2003). Thus, the isotopic
composition of the upper mantle with contributions of recycled
components by subduction remains speculative, depending on the
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dominant type of recycled materials (i.e. dehydrated slab versus
sediment/subduction related fluids).

6Li is predicted to diffuse about 2–3% faster than 7Li based on their
16% mass difference (Lundstrom et al., 2005; Richter et al., 2003),
which could act as an important process to generate Li isotopic
variability at high temperatures. Diffusive Li-isotope fractionations
have been broadly recognized in nature from meter scale to microns
(Jeffcoate et al., 2007; Lundstrom et al., 2005; Marschall et al., 2007a,
b; Parkinson et al., 2007; Teng et al., 2006). The elemental and isotopic
disequilibrium of Li in minerals from peridotite xenoliths have been
attributed to diffusion-controlled interaction with Li bearing fluids
(Jeffcoate et al., 2007; Magna et al., 2008; Rudnick and Ionov, 2007;
Tang et al., 2007). Ionov and Seitz (2008) demonstrated that the
anomalously low δ7Li clinopyroxenes together with both Li elemental
and isotopic disequilibria could be produced in xenoliths hosted in
slowly cooled lava. Based on investigations of inter-mineral fraction-
ation as well as numerical modeling, it has been argued that large Li
isotopic fractionations could occur by cooling processes alone
(Gallagher and Elliott, 2009; Ionov and Seitz, 2008; Jeffcoate et al.,
2007; Parkinson et al., 2007).

The rapid diffusion rates make the Li system suitable for high-
resolution geospeedometry in near-surface geological environments
where more rapid cooling takes place (Beck et al., 2006; Coogan et al.,
2005; Jeffcoate et al., 2007; Parkinson et al., 2007). In contrast to the
generally fast cooling of mantle xenoliths, abyssal peridotites exposed
at Mid-Ocean Ridges represent upper oceanic mantle that is slowly
cooled during upwelling and tectonic exhumation to the surface
under mid-ocean ridges. Thus, diffusive fractionation of Li in such
abyssal peridotites would be expected to have homogenized due to its
long cooling duration. Direct measurements of Li and its isotopes in
abyssal peridotites recovered at mid-ocean ridges are scarce and have
mostly been performed on serpentinized and hydrothermally altered
samples (Brooker et al., 2004; Decitre et al., 2002). To date,
serpentinization and weathering of oceanic mantle rocks has limited
the information that can be derived regarding the pristine upper
mantle Li systematics. Due to the fluid mobility/affinity of the Li and
the significantly different isotopic composition between seawater
(+31‰; Chan and Edmond, 1988; Jeffcoate et al., 2004) and normal
uppermantle (+4±2‰; Chan et al., 1992, 2002; Jeffcoate et al., 2007;
Tomascak and Langmuir, 1999), the Li elemental and isotopic
compositions in previously reported oceanic peridotites are nearly
always contaminated with seawater.

Unaltered peridotites were recovered from one location in the
Arctic Ocean along Gakkel Ridge, which is an ultraslow-spreading
ridge with relatively weak magmatic activity and inferred melting
(Dick et al., 2003; Michael et al., 2003; Snow et al., 2007). Both fertile
and refractory depleted mantle domains co-exist at Gakkel ridge as
revealed by osmium isotope study (Liu et al., 2008). Thus these
peridotites provide, at present, a unique opportunity to observe the
primary Li systematics inherited from the upper oceanic mantle in a
mid-ocean ridge setting. Here, we present the Li content and δ7Li
compositions of bulk rocks and their component minerals (olivine,
clinopyroxene, and orthopyroxene) of these unaltered peridotites.

2. Geological setting and sample description

Gakkel Ridge extends over 1800 km across the Arctic Ocean from
the northeastern corner of Greenland to the Laptev Shelf, representing
the slowest-spreading end-member in the global mid-ocean ridge
system (Michael et al., 2003). Peridotite samples were recovered
primarily between 3°E and 30°E in the sparsely magmatic zone (SMZ)
(Snow et al., 2007), where spreading was amagmatic, with mantle
peridotites emplaced directly on the sea floor at the spreading axis
(Michael et al., 2003).

Peridotite dredge haul PS66-238 was recovered at the western
edge of SMZ during Expedition ARK XX-2 (Snow et al., 2007). The
derdge included all major peridotite types (lherzolite, harzburgites,
enstatite–dunite) except for orthopyroxene-free dunites (Liu et al.,
2008; Von de Handt, 2008). The textures of peridotites studied range
from coarse-granular to mildly porphyroclastic. Olivine grain size
ranges up to 1 cm, whereas orthopyroxenes are disseminated grains
to cm-scale porphyroclasts. Clinopyroxenes are mostly fine and
disseminated grains in the matrix along grain boundaries of olivine
and/or orthopyroxene. Serpentine fibers are not detectable in thin
section. Olivine grains investigated by FTIR show no evidence of
micro-inclusions of serpentine (Peslier et al., 2007). The only visible
alteration present is a dun-colored rind around the margins of the
sample that is typical of seafloor weathering. The rind was removed
before powdering.

3. Analytical techniques

Minerals were first separated through a Frantz magnetic barrier
separator from crushed rocks and then handpicked under a binocular
microscope. Only those grains without any sign of alteration, cracks,
and discoloration were picked for analysis. Mineral grains were
washed in ultrasonic bath with Milli-Q water to remove any possible
surface contamination. The mineral grains were not further leached
with acid, as it has been reported that this treatment had little
influence on measured results (Jeffcoate et al., 2007). All reagents
used (HF, HNO3, HCl) were double distilled and ultrapure 18.2
megaohm water was used. Pressure bombs from Parr Instruments
were used to achieve complete digestion (Gao et al., 2009). A reflux
procedure with HCl and HNO3 was repeated 3–4 times to break down
the insoluble fluoride for high-Mg and high-Ca samples. An aliquot of
each sample solution was analyzed for Li concentration using a Varian
810 quadruple ICP-MS at University of Houston with a precision of
5.2% RSD monitored by repeated analysis of USGS standard DTS-2
and JP-1 (Gao and Casey, in press). The Li concentration in rock
samples was also measured by voltage comparisons with that
obtained for L-SVEC standard of known concentration and then
adjusted for sample weight. The uncertainty in Li concentration
determined by this method is better than ±10% (Teng et al., 2007).

Separation of Li for isotopic composition analysiswas achieved by an
organic solvent free two-step liquid chromatography procedure in a
clean lab at theUniversity ofHouston following theprocedure described
by Gao and Casey (in press). To avoid the problems induced from the
usage of organic solvent, suchas thedegradationof resin and the residue
Ca in methanol, 0.2 N HCl was used in both first and second columns to
elute Li (Gao and Casey, in press). All separations were monitored with
ICP-MS analysis to guarantee both high Li yield (N99.8%) and low Na/Li
ratio (b0.5). The high Li yield is also indicated by the good agreement of
Li concentrationsmeasured by ICP-MS andMC-ICP-MS (Table 1). Cation
exchange columns weremade of quartz glass with an internal diameter
of 10 mm. They were filled with 15 mL wet Bio-Rad AG 50W X-8 resin
in H2O (200–400mesh) for first step columns and 5 mLwet Bio-Rad AG
50WX-12 resin in H2O (200–400mesh) for second step columns. Large
columns were used to ensure that the column was not saturated for
sodium and other cations. This is important for low Li and/or high-Mg
rocks and minerals. High-Mg samples tend to have more equivalent
cations than those with high Fe content at a given weight. It has been
suggested that good ion selectivity can only be effectively maintained
for ion quantities that do not exceed 10% of the capacity of resin in
term of milliequivalents (meq) (James and Palmer, 2000; Rieman and
Walton, 1970). Given the capacity of 15 mL AG50-X8 resin of 25.5 meq
and the equivalentweight for common silicate rockof about 55 mg/meq
(exclude Si), ourfirst step column could effectively treat sample sizes up
to 130 mg.

The final concentrations of Li solution for MC-ICP-MS analysis are
about 50 ppb to ensure the best precision and accuracy. The total
procedure blanks determined for both the column procedure alone
and the combined sample digestion and column procedure were
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Table 1
Lithium concentrations and isotopic compositions of peridotites and its major
component minerals from Gakkel Ridge.

Sample Lithology Phase Mode
(%)

Li
(ppm)a

Li
(ppm)b

δ7Li
‰

Cal. Li
(ppm)

Cal.
δ7Li

PS66-238-2 PL-LH Cpx 8 2.32 2.09 −0.39
Opx 22 0.94 1.10 3.66
Ol 70 0.96 1.16 8.74
Bulk 1.55 1.46 3.57 1.06 6.16

PS-66-238-7 SP-LH Cpx 8 3.88 3.85 −1.79
Opx 17 1.64 1.69 4.79
Ol 75 1.01 0.92 15.09
Bulk 1.72 1.70 3.77 1.34 9.06

PS66-238-9 PL-LH Cpx 10 3.65 3.79 −1.76
Opx 20 1.70 1.75 1.81
Ol 70 1.16 1.26 14.26
Bulk 1.70 1.80 3.03 1.52 7.63

PS66-238-11 SP-LH Cpx 11 3.11 3.14 −1.3
Opx 7 1.81 1.83 2.34
Ol 82 0.85 n.d. n.d.
Bulk 2.85 2.70 4.34 1.17

PS66-238-18 PL-LH Cpx 15 3.67 3.75 −1.56
Opx 20 1.70 1.67 2.96
Ol 65 1.18 1.22 6.89
Bulk 1.54 1.44 3.14 1.66 3.27

PS66-238-22 SP-HZ Cpx 3 1.99 1.94 −0.86
Opx 12 0.94 1.04 3.94
Ol 85 1.15 1.14 7.17
Bulk 1.47 1.42 3.98 1.15 6.43

PS66-238-35 SP-LH Cpx 11 2.36 2.19 −1.13
Opx 14 1.33 1.23 1.89
Ol 75 0.93 1.15 8.38

PS66-238-39 SP-LH Cpx 12 2.40 1.95 −0.82
Opx 18 1.13 1.23 2.26
Ol 70 1.06 1.21 7.14
Bulk 1.55 1.48 3.19 1.23 4.47

PS66-238-49 PL-LH Cpx 11 4.70 5.08 −2.43
Opx 9 1.20 1.16 2.38
Ol 80 0.64 0.66 12.81
Bulk 2.65 2.55 4.53 1.14 4.90

All samples were collected during ARK XX-2 expedition on 2004 (Snow et al., 2007).
Mode compositions were visually estimated with onboard thin sections during the
expedition assuming opx+cpx+ol=100%. SP-LH=spinel Lherzolite; SP-HZ=spinel
harzburg i te s ; PL -LH = plag ioc l a se lherzo l i t e . cpx = c l inopyroxene ;
opx=orthopyroxene; ol=olivine. Cal. Li (ppm), and Cal. δ7Li are calculated bulk
compositions based on mineral data and mode composition.

a Lithium measured by ICP-MS at University of Houston.
b Lithium measured by voltage comparison with 50 ppb L-SVEC with Nu Plasma at

University of Maryland.

Fig. 1. Li elemental and isotopic compositions in clinopyroxene (cpx) and olivine (ol)
separated from the fresh Gakkel Ridge abyssal peridotites. Also shown are mantle
xenoliths from literature data (A), where KdLiol–cpx is defined as the ratio of CLi (ppm) in
olivine/CLi (ppm) in cpx. The δ7Li values of cpx are negatively correlated with their
lithium concentrations (B).
Data sources are: Seitz and Woodland, 2000, for equilibrated xenolithic peridotites;
Jeffcoate et al., 2007; Magna et al., 2006, 2008; Ottolini et al., 2004; Rudnick and Ionov,
2007; Seitz et al., 2004; Tang et al., 2007 for xenolithic peridotites; Ottolini et al., 2004,
for orogenic peridotite.

233Y. Gao et al. / Earth and Planetary Science Letters 301 (2011) 231–240
0.06–0.16 ng Li. Compared with the ~150–200 ng Li used for our
analysis, the blank correction is not significant at the uncertainty
levels achieved.

Lithium isotopic compositions were analyzed at University of
Maryland on a Nu Plasma MC-ICP-MS. We report results as δ7Li=
{[(7Li/6Li)sample/(7Li/6Li)standard]−1}⁎1000, relative to the L-SVEC Li-
isotope standard. Details of themass spectrometry are found in (Teng et
al., 2004). The in-run precision on 7Li/6Li measurements is ≤0.2‰ for
two blocks of 20 ratios each, with no systematic change in isotope ratio
during each measurement session. The external precision, based on 2σ
of repeated runs of international referencematerial for ultramafic rocks
(DTS-2 and JP-1), is ≤1.0‰ (Gao and Casey, 2011, in press).

4. Results

Lithium abundances and isotopic compositions for mineral
separate and bulk rock of Gakkel Ridge abyssal peridotite are reported
in Table 1 and plotted in Figure 1.

Lithium concentrations vary on the order of clinopyroxene (2.1–
4.7 ppm)Northopyroxene (0.9–1.7 ppm)≥olivine (0.4–0.9 ppm)
(Table 1), which is the opposite order of those found in equilibrated
mantle peridotites (Ottolini et al., 2004; Seitz and Woodland, 2000).
Compared with equilibrated peridotite xenoliths (Ottolini et al., 2004;
Seitz andWoodland, 2000), Li is significantly enriched and depleted in
coexisting clinopyroxene and olivine, respectively. This is illustrated
in Figure 2A by the overall lower apparent Kdol–cpx

Li of 0.14 to 0.58
compared to that of ~1.7 for equilibrated peridotite (Ottolini et al.,
2004; Seitz and Woodland, 2000).

The Li isotopic compositions indicate a systematic mineral variation
(Table 1) with δ7Liolivine (7.14‰–15.09‰)Nδ7Liopx (1.81‰–

3.66‰)Nδ7Licpx (−2.43‰ to −0.39‰). δ7Li values of orthopyroxene
are mostly within its normal equilibrated mantle values of 1.8‰–4.0‰
(Ionov and Seitz, 2008). Olivines in pristine uppermantle have reported
δ7Li value of 3.6‰ to 3.8‰ (Magna et al., 2006). Thus, given the
assumption of no significant inter-mineral isotopic fractionation at
mantle temperature (Rudnick and Ionov, 2007), the studied olivine and
clinopyroxene have significantly heavier and lighter δ7Li values
compared to those in the normal upper mantle, respectively. The δ7Li
values of clinopyroxene are negatively correlated with their Li
concentrations (Fig. 1B). The observed Li isotopic fractionation between
olivine and clinopyroxene (Δ7Liolivine–cpx=δ7Liolivine−δ7Licpx) is in
general negatively correlated with the apparent Li partition coefficient
(Kdol–cpxLi =[Li]ol/[Li]cpx).

In contrast to the variable and fractionated isotopic compositions
in olivine and cpx, the studied Gakkel Ridge peridotites have δ7Li
values ranging from 3.03‰ to 4.53‰ with an average of 3.7±0.6‰,
which is close to the reported δ7Li value of ~+3.5‰ for the pristine
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Fig. 2. Numerical modeling results of total Li concentration and Li isotopic composition (δ7Li) variation in a closed system using a Robin boundary condition and temperature
dependent diffusivity and partition coefficient, as described in the text. Light color filled circle represents clinopyroxene, dark color open circle represents olivine, and grey dashed
line represents initial values of Li and δ7Li. The radius of olivine and the enclosed clinopyroxene is 10 mm and 5 mm, respectively (assuming assuming cpx and olivine are
concentric). The cooling rates are defined to cool the mantle rock from 1200 °C to 700 °C at time duration of 1×10−2 years (A), 1×103 years (B) and 1×107 years (C).
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upper mantle (Jeffcoate et al., 2007; Magna et al., 2006). Li
concentration and isotopic compositions in bulk rock were also
calculated using the modal analysis in Table 1.

Except for sample PS66-238-18, the reconstructed bulk rock
compositions are systematically lower in concentration and heavier
in isotopic composition than the measured values (Table 1). Sample
PS66-238-18 has the closest values for both Li content (1.54 ppm vs.
1.66 ppm) and isotopic composition (3.14‰ vs. 3.27‰) between
calculated and analyzed compositions. The apparent deviation
between analyzed and reconstructed bulk rock values could suggest
the presence of inter-grain phases. However, the calculated Li
concentrations are in fact generally lower than the measured values,
which eliminates the possible presence of unaccounted Li bearing
phases beside the major component minerals. The absence of any
other inter-grain phases was also supported by the detailed thin
section observations. Calculations using different modal compositions
showed that the reconstructed bulk rock values could not be
significantly changed by increasing the modal proportions of cpx up
to 10% (hence a decrease of 10% for olivine). Thus, the difference is
considered to reflect the likelihood that not all olivine grains
experienced inter-mineral redistribution during cooling. Those
olivine grains far away from any clinopyroxene grains should have
retained their original upper mantle values of higher Li content and
lower δ7Li compositions compared to the fractionated grains (see
details in the following sections). This could also be a sampling bias
during the mineral separation, such as the preferential loss of the rims
for clinopyroxenes (as they were in close contact with other
minerals), which tend to have high Li contents and light δ7Li values.
The likelihood of losing the outer portions of mineral separate during
the preparation process was also proposed by Jeffcoate et al. (2007).

5. Discussion

As illustrated in Figures 2 and 3, the observed inter-mineral
fractionations appears to be the result of a redistribution of Li between
minerals as a result of sub-solidus cooling driven by temperature, or
less likely to pressure dependent inter-mineral partitioning. During
cooling, Li becomes less compatible in olivine compared with
clinopyroxene. A diffusive redistribution of Li during cooling then
results in mass-dependent Li isotopic fractionation. Alternatively, Li
exchange via melt–rock reaction may have occurred. Melt refertiliza-
tion is common in abyssal peridotites from slow-spreading ridges
(Seyler et al., 2004). However, the pristine normal upper mantle
values for Li and its isotopic composition of the bulk rocks suggest that
the studied peridotites may not have undergone significant melt
refertilization or the melt–rock interaction did not modify the Li
isotopic system significantly. Inter-mineral diffusive exchange, rather
than modification by an external melt, is also indicated by the
observed simultaneous anti-correlation of Li content in olivine and
the coexisting clinopyroxene (Fig. 1).

5.1. Numerical modeling

In order to test whether diffusion-driven fractionation by cooling
alone is sufficient to produce the observed Li elemental and isotopic
fractionation, we have conducted numerical diffusion modeling.
Given the assumptions we make, the modeling result will provide a
theoretical basis for understanding both our data and for interpreting
Li-isotope variations in mantle and volcanic rocks in general. Such
information is crucial to explore how the Li-isotope system can
potentially constrain the cooling history and the mechanism of
emplacement of the upper oceanic mantle beneath mid-ocean ridges.

This model considers the diffusion of Li from a host mineral
(spherical olivine) into an enclosed mineral (spherical clinopyrox-
ene). This is set to mimic the natural occurrence of clinopyroxene in
most peridotites. The partition coefficients of Li between olivine and
clinopyroxene decrease during cooling, so that the concentration
gradient will drive a diffusive redistribution of Li. The transport of Li in
both olivine and clinopyroxene is controlled by a temperature
dependent radial diffusion.

image of Fig.�2


Fig. 3. Predicted variation of average Li concentration (open circle), average Li isotopic
composition (filled circle) in clinopyroxene (A) and olivine (B) and isotopic
fractionation between olivine and clinopyroxene (C) at given cooling durations as a
result of cooling induced diffusive exchange of Li. The cooling rates are defined to cool
the mantle rock from 1200 °C to 700 °C at given duration. Modeling parameters are
same as those for Figure 2. With the progressive increase of cooling duration, Li
migrated gradually from olivine into clinopyroxene and given long enough time the
average concentration of Li in olivine and clinopyroxene eventually fixed at
concentrations defined by the Kdol–cpx

Li at 700 °C. As 6Li travels faster than 7Li, in shorter
diffusion duration, the net incoming flux of Li into clinopyroxene is dominated by 6Li,
leading to a decrease of δ7Li value in clinopyroxene and a counter balanced increase of
δ7Li value in olivine. With the increase of diffusion duration, at one point, the net flux of
Li became dominated by 7Li and thus the clinopyroxene returned to be heavier and
olivine to be lighter from their low and high peak, respectively.
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The general equation for diffusion in a sphere is (Crank, 1975):

∂C
∂t = DðTÞ ∂2C

∂r2
+

2
r
∂C
∂r

 !
ð1Þ

where C refers to the concentration at position r after time t, r is
distance to the sphere center (r=0), and D(T) is the temperature
dependent diffusion coefficients. The boundary and initial conditions
are taken as following, where a is the radius of clinopyroxene and A is
the radius of olivine (assuming cpx and olivine are concentric):

∂C
∂r = 0; r = 0; r = A; t N 0 ð2Þ

DOlivineðTÞ ∂C∂r = DcpxðTÞ ∂C∂r ; r = a; t N 0 ð3Þ

Colivine = KdLiol−cpxðTÞCcpx; r = a; t≥0 ð4Þ

Ccpx = 1:1;Colivine = 2:0; t = 0;0≤r≤A ð5Þ

The bulk concentration of 7Li or 6Li in cpx and olivine at any given
time is given by the integrals:

CnLi
cpx = ∫a

04πr
2CnLi

cpxdr ð6Þ

CnLi
olivine = ∫A

a4πr
2CnLi

olivinedr ð7Þ

where CnLi is the concentration of the respective Li isotope at given
point within the mineral grain. The bulk Li concentration and bulk
isotope composition is defined by the sum of 7Li and 6Li and the ratio
of 7Li/6Li, respectively.

Boundary conditions described by Eqs. (2)–(4) are based on the
assumptions: (1) Li content and its isotopic composition are initially
equilibrated at mantle temperature and uniformly distributed in
olivine and the enclosed clinopyroxene; (2) conservation of flux
across the boundary between olivine and clinopyroxene are main-
tained during diffusion and (3) chemical equilibrium of Li between
olivine and clinopyroxene is maintained at all times at the contact
boundary (r=a), and (4) there is no diffusion at the sphere center
(r=0) and the surface of the sphere (r=A) at any time.

The initial concentrations of Li in olivine and clinopyroxene are set
to be 1.1 ppm and 2.0 ppm, respectively. This is derived from the
available mineral data of equilibrated peridotites from mantle
xenoliths (Ionov and Seitz, 2008; Ottolini et al., 2004; Seitz and
Woodland, 2000). The initial δ7Li values for olivine and clinopyroxene
are set to be δ7Liol=δ7Licpx=3.5‰, based on the analysis of pristine
olivine (unaltered) in upper mantle (Jeffcoate et al., 2007; Magna et
al., 2006, 2008; Seitz et al., 2004) and the assumption of zero Li
isotopic fractionation at mantle temperature (Rudnick and Ionov,
2007).

Equilibrium Li isotopic fractionation at mantle temperatures is not
well constrained, as no experimental data are yet available.
Fractionation coefficients are currently estimated from empirical
studies (Jeffcoate et al., 2007; Rudnick and Ionov, 2007 and references
therein). In contrast to the wide range of possible values for Δ7Liol–cpx
from −5 to 4 (Jeffcoate et al., 2007; Seitz et al., 2004), Rudnick and
Ionov (2007) proposed that the equilibrium Δ7Liol–cpx at mantle
temperature is zero. This debate is largely derived from the fact that
the Li isotopic compositions of the constituent minerals in the mantle
(especially clinopyroxene) could be fractionated by diffusive trans-
portation of 7Li and 6Li in the process of metasomatism by fluid or
melt (Jeffcoate et al., 2007; Lundstrom et al., 2005; Magna et al., 2008;
Rudnick and Ionov, 2007; Teng et al., 2006). For this modeling, we
initially set the Δ7Liol–cpx to be constant of zero (i.e. no fractionation)
during cooling, the possible effect of a temperature dependent Δ7Liol–
cpx was evaluated later by simulation.

The temperature dependent diffusivity of 6Li in clinopyroxene was
experimentally determined by Coogan et al. (2005) as:
D6Li ðTÞ = D0e−

E
RT , where D0=0.029 m2 s−1 and E=258 kJ mol−1. A

slower diffusion rate has also been speculated by theoretical modeling
of the zoning profiles in natural clinopyroxenes (Jeffcoate et al., 2007;
Parkinson et al., 2007), though no temperature dependent diffusivity

image of Fig.�3
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of Li could be derived from such studies. The diffusivity of Li in mantle
olivine is still poorly constrained and seems to be a very complex
process depending not only on chemical environment but also on
diffusion mechanisms in addition to temperature and pressure
(Dohmen et al., 2010). The experimental study (Dohmen et al.,
2010) showed that the Li diffusion rate in most natural olivines could
be approximately described by log (DLi)=−5.92(±1.0)−
1.2847×104/T(K). This experimentally determined Li diffusion rate
in olivine is significantly slower than that in clinopyroxene, though it
is about 10 times faster than that previously estimated by the
theoretical modeling (Parkinson et al., 2007). The low diffusion rate of
Li in olivine has been speculated as a result of coupled exchange of Li
with P, which is one of the slowest diffusing elements in olivine
(Mallmann et al., 2009). For this modeling purpose, the experimen-
tally derived diffusion data given by Coogan et al. (2005) for
clinopyroxene and Dohmen et al. (2010) for olivine were used for
calculations in the first place. The possible effect of variable diffusion
rates on the modeling results will be discussed later. The diffusivity of
7Li is given by D7

D6
= m6

m7

� �0:215
(Parkinson et al., 2007; Richter et al.,

2003), indicating a faster (~3.35%) diffusion of 6Li than 7Li. The
variation of Li partition coefficient between olivine and clinopyroxene
with temperature is speculated from the experimentally determined
partitioning data of Li between clinopyroxene and plagioclase. Coogan
et al. (2005) reported a linear relationship between 1000/T and ln(kd)
for the Li partitioning between plagioclase and cpx, where Li becomes
more compatible into clinopyroxene at lower temperatures. For
simplicity of the modeling, a similar linear correlation was assumed
for olivine and clinopyroxene pair as

lnðKdLiol−cpxÞ = −10900= T + 8:0 ð8Þ

The slope and intercept of the linear equation were set to give a
best fit of the reported Kdol–cpx

Li values at mantle temperature (Eggins
et al., 1998; Ottolini et al., 2004; Seitz and Woodland, 2000). The
assumed linear correlation leads to Kdol–cpx

Li to be 1.82 at 1200 °C and
0.04 at 700 °C.

Given these constraints, the set of equations presented are solved
numerically using a finite element method programmed with
Matlab®. Compared to existing models of Li diffusion in a single
grain (Gallagher and Elliott, 2009; Parkinson et al., 2007), this model
represents a closed system, which includes an internal Robin
boundary condition together with temperature dependent diffusivity
of Li in both olivine and cpx and temperature dependent partition
coefficients between olivine and cpx.

5.1.1. Model results
Modeling results of clinopyroxene enclosed by olivine under

different cooling rate are shown in Figure 3. The cooling rates
correspond to the duration over which the mantle was cooled down
from 1200 °C to 700 °C. The effective diffusive exchange of Li between
clinopyroxene and olivine will eventually cease when it has been
cooled down to the closure temperature of one of the two minerals.
The closure temperature depends on the diffusion parameters, the
cooling rate and the grain size. The mean closure temperature was
calculated by the equation given by Dodson (1973) as:

Tc =
E = R

ln − ART2
c ðD0 = a2Þ
EdT = dt

h i ð9Þ

where E is the activation energy for diffusion of Li in clinopyroxene; A
is 55; R is the gas constant; D0 is the pre-exponential factor in
Arrhenius relation; a is the grain radius and dT/dt is the cooling rate,
and Tc is the closure temperature in Kelvin.

The estimated cooling rates in studied mantle rocks are about
30 °C/Ma to 130 °C/Ma (Von de Handt, 2008). The diffusion of Li in
olivine has been reported to be about 3 orders of magnitude slower
than that in clinopyroxene (Coogan et al., 2005; Dohmen et al., 2010).
Thus the effective closure temperature Li in the studied two-mineral
system will be actually given by that in olivine which is higher than
that in clinopyroxene. The calculations show that the closure
temperatures in a spherical olivine grain of 10 mm radius vary from
690 °C to 730 °C, depending on the cooling rate. For simplicity, thus,
the cessation temperature of the modeling is set to be 700 °C. Similar
to other reported models (Beck et al., 2006; Gallagher and Elliott,
2009; Parkinson et al., 2007), our results illustrate that a diffusion
process in a closed system alone is sufficient to produce significant Li
elemental and isotopic change within minerals. Due to the decrease of
compatibility of Li in olivine during cooling, Li progressively migrates
out of olivine into clinopyroxene. As 6Li diffuses faster than 7Li, the
enrichment and depletion of Li in clinopyroxene and olivine produce
fractional δ7Li profiles.

Both the shape of zoning profile and fractionation factor between
olivine and clinopyroxene are sensitive to cooling rate (Fig. 2). Li
progressively moves out from olivine and enters into clinopyroxene,
which is due to the decrease of Kdol–cpxLi during cooling. Zoning profiles
of δ7Li in clinopyroxene with heavier values at core and lighter values
towards rim (reversed bowl shape) are preserved for fast cooling
events, reflecting the faster diffusion of 6Li than 7Li (Fig. 2A). The
reversed bowl shaped zoning profile of δ7Li in clinopyroxene was
accompanied by a normal bowl shaped zoning in olivine with heavier
δ7Li at rim. The predicted reversed bowl shaped zoning profiles for
δ7Li have been reported in clinopyroxene phenocrysts in Hawaiian
basalts (Jeffcoate et al., 2007) and in Solomon Islands arc lavas
(Parkinson et al., 2007), which formed under rapid/instantaneous
cooling. For slower cooling rates, normal bowl shaped profiles in
clinopyroxenewith gradually increased δ7Li values toward the rim are
predicted by the modelling (Fig. 2B). The changing of zoning patterns
of δ7Li in clinopyroxene reflects the increased incoming flux of 7Li
from olivine to maintain the mass balance of total Li in a closed
system. Owing to the fact that 6Li travels faster than 7Li, with shorter
diffusion duration, the net incoming flux of Li into clinopyroxene is
dominated by 6Li, leading to a decrease of δ7Li value in clinopyroxene
and a counter balanced increase of δ7Li value in olivine (Figs. 2 and 3A,
B). However, when the cooling rate decreases further, at one point,
the net flux of Li from olivine into clinopyroxene will be dominated by
7Li and thus leads to clinopyroxene and olivine to become heavier and
lighter in δ7Li values, respectively (Figs. 2C and 3A, B). The exact
position of this turning around point depends on the relative
grain size, relative diffusivity, and the temperature dependence of
Kdol–cpx

Li and Δ7Li_Ol–Cpx. Under the given parameters in the modelling,
the change of the dominant species of Li isotope occurred at cooling
rate of ~1 °C/year (Fig. 3). The change in the dominant isotope species
(i.e. 6Li or 7Li) of cooling induced diffusive net Li flux between olivine
and clinopyroxene is a consequence of maintenance of the isotopic
equilibration. There is always a tendency for the Li system to return to
its equilibrium status given enough time, which is also the driving
force for diffusion. As shown in Figure 3C, the predicted inter-mineral
fractionation, Δ7Li_Ol–Cpx, first increased along with the increase of
cooling duration and then decreased toward its equilibrium status
(Δ7Li_Ol–Cpx=0 at all time) after reaching its highest value. The effect
of a temperature dependent Δ7Li_Ol–Cpx on the modelling is discussed
latter. The simulation results illustrate that the bulk compositions of Li
and δ7Li in clinopyroxene and olivine are dominantly determined by
its cooling history (Fig. 3).

Most strikingly, these simple models show that the negative δ7Li
values for clinopyroxene due to the diffusive exchange of Li with
olivine can only be preserved at a certain range of cooling rates (Figs. 2
and 3A, B). The Li isotopic fractionation between olivine and
clinopyroxene is predicted to be strongly dependent on cooling rate
and can change its fractionation direction with a decreased cooling
rate (Fig. 3C).
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Though Li zoning profiles in both mineral phases are predicted by
the modelling results, the core to rim variations of Li content and δ7Li
values in clinopyroxene are quite small compared to that in olivines
(Fig. 2). The small core to rim variation of Li systematic in
clinopyroxenes could be explained by its much faster diffusion rate
(~4 orders of magnitude) of Li compared to that in olivines. So in
practice, zoning patterns of Li in clinopyroxenes will be hardly
detected given the currently analytical precisions. Efforts to study Li
zonings in mantle minerals should be mainly focused on olivines.

5.1.2. Influence of input parameters
Physically, besides cooling rate, the predicted diffusion profiles

will also depend on other input parameters, such as the relative grain
sizes of olivine and clinopyroxene, the temperature dependence of
diffusivity of Li in olivine and clinopyroxene, and the temperature
dependence of Li partitioning between olivine and clinopyroxene.

5.1.2.1. Relative grain size. To evaluate the effect of relative grain size
between olivine and its enclosed clinopyroxene, we ran a series of
simulations using the same initial and boundary conditions given in
the previous modelling, but set the radii of the crystals to be 1 mm for
clinopyroxene and 10 mm for olivine. The simulation results
illustrated that the general dependence between diffusion profile
and cooling rate/cooling duration remains the same as those with
small radius ratio shown in Figure 2. However, the large radius ratio of
olivine to clinopyroxene (10 to 1) could generate a larger variation of
Li content and Li-isotope composition in clinopyroxene and a smaller
variation in olivine (Fig. 4). This is expected considering the mass
balance effect between olivine and clinopyroxene. The smaller grain
size of clinopyroxene compared to its host mineral, olivine, makes its
composition more sensitive to a diffusion exchange of Li during
cooling. Hence, smaller grains of clinopyroxene may appear to have
Fig. 4. Predicted Li isotopic variations in olivine and its enclosed clinopyroxene at
different grain size ratios, where a and A is the radius for clinopyroxene and olivine,
respectively. Except for grain size, other parameters are same as those given in Figure 2.
more depleted δ7Li composition but an enriched Li content in mantle
rocks that have experienced a cooling process in a closed system.

5.1.2.2. Relative diffusivity. In modelling mentioned, the adapted Li
diffusivities given by Coogan et al. (2005) and Dohmen et al. (2010)
result to the diffusion rate of Li in olivine to be about 3–4 orders of
magnitude slower than that in clinopyroxene at the temperature
range from 700 °C to 1200 °C. It has been found that Li could also
diffuse at a much faster rate via interstitial mechanism in olivine,
though it is unlikely to be the dominant mechanism in most natural
systems (Dohmen et al., 2010). We ran simulations to examine the
effect of diffusivity on diffusive exchange by assuming a same
diffusivity of Li in olivine as that in clinopyroxene.

As expected, a faster diffusion rate in olivine leads to a more rapid
response of the Li system to the cooling driven diffusive exchange. The
Li concentration in clinopyroxene in contact with an olivinewith a fast
Li diffusion rate increases more rapidly compared to that with slow
diffusion rate in olivine, and thus lead to a higher Li concentration in
clinopyroxene at given cooling duration (Fig. 5A). At given cooling
rate, faster Li diffusion in olivine causes more depleted and more
enriched δ7Li values in clinopyroxene before and after reaching the
turning around point for dominant isotope type of Li flux (Fig. 5B). The
modelling results showed that a slower Li diffusion in olivine could
result the depleted δ7Li values in clinopyroxene to be preserved for a
much longer time, though the minimum δ7Li in clinopyroxene is
predicted to be a bit higher than that with a faster Li diffusion in
olivines (Fig. 5B). The final compositions of Li and its isotope in
clinopyroxene at given temperature (i.e. 700 °C in this case) are
defined by the cooling duration/cooling rate and will eventually reach
equilibrium state for a long cooling duration (Fig. 5).

5.1.2.3. Temperature dependence of Kdol–cpx
Li . To examine the role of

Kdol–cpx
Li in the modeling, we rescaled the temperature dependence of

Kdol–cpx
Li given in Eq. (8) to be:

lnðKdLiol−cpxÞ = −2061 = T + 2:0 ð10Þ

Eq. (10) gives a small decrease of the partition coefficients from
1.82 to 0.89 during cooling from 1200 °C to 700 °C. The simulation
results are shown in Figure 6. As expected, the lower degree of
temperature dependence of Kdol–cpxLi yielded a smaller fractionation of
δ7Li in clinopyroxene during cooling (Fig. 6A). The degree of inter-
mineral isotopic fractionation is also decreased (Fig. 6B). This is a
logical result, as the temperature dependent variation of Kdol–cpxLi is the
ultimate driving force of the diffusive redistribution of Li between
olivine and clinopyroxene.

5.1.2.4. Temperature dependence of Δ7Li_Ol–Cpx. There are, so far, no
existing data on the temperature dependence of equilibrium
fractionation between olivine and clinopyroxene, though a temper-
ature dependent fractionation between clinopyroxene and fluids has
been reported (Wunder et al., 2006). The temperature dependence of
Δ7Li_Ol–Cpx was simulated by giving different Kdol–cpxLi to 7Li and 6Li at
different temperature. We assumed that Kdol–cpx 6Li decreases more
rapidly than Kdol–cpx

7Li along cooling, thus Δ7Li_Ol–Cpx increases with
the decrease of temperature. For similarity, we arbitrarily assume the
temperature dependence of Kdol–cpx 6Li follows Eq. (8) and Kdol–cpx

7Li
follows the Eq. (11), respectively, which leads to the Δ7Li_Ol–Cpx
increases from ~0 to ~22 when the system cooled down from 1200 °C
to 700 °C.

lnðKdLiol−cpxÞ = −10826= T + 7:95 ð11Þ

Compared to the constant Δ7Li_Ol–Cpx=0 during cooling, the
assumption of an increased Δ7Li_Ol–Cpx with the decrease of
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Fig. 5. Predicted Li elemental and isotopic variations in olivine and its enclosed
clinopyroxene for different diffusion rate of Li in olivine, where open circle and filled
circle represent slow and fast diffusion rate, respectively (see text for details). Except
for Li diffusion rate in olivine, other parameters are same as those given in Figure 2.

Fig. 6. Predicted average Li isotopic composition (A) and inter-mineral isotopic
fractionation (B) in olivine and its enclosed clinopyroxene for different temperature
dependence of Kdol–cpxLi , where filled circle and open circles represent Kd (T) defined by
Eqs. (8) and (10), respectively (see text for details). Except for Kdol–cpx

Li , other
parameters are same as those given in Figure 2.
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temperature could yield a much larger isotopic fractionation at given
cooling rate/cooling duration (Fig. 7A). The temperature dependent
Δ7Li_Ol–Cpx also yields a much lighter δ7Li in clinopyroxene (Fig. 7B).
Compared with the constant Δ7Li_Ol–Cpx during cooling, the negative
δ7Li values in clinopyroxene could survive a much longer cooling
duration of up to million years under the assumed conditions
(Fig. 7B).

5.2. Cooling driven diffusive Li elemental and isotopic fractionation

The systematic inter-mineral fractionations together with the
pristine normal upper mantle values of the bulk rocks suggested the
fresh abyssal peridotites exposed at Gakkel Ridges may have
experienced a redistribution of Li between minerals in a closed
system as a result of sub-solidus cooling driven by temperature. The
numerical simulations illustrated that the process of cooling alone is
sufficient to generate significant Li elemental and isotopic fraction-
ation. Such a conclusion has been suggested by the general
consistency between numerical modeling and the observations of Li
systems in phenocrysts enclosed by rapid cooled lavas (Gallagher and
Elliott, 2009). It has also been speculated based on a statistical
comparison study of mantle xenoliths recovered from different
tectonic and magmatic environments (Ionov and Seitz, 2008).

However, due to the rapid diffusion rate of Li at high temperatures,
the fractionated isotopic signatures could be smoothed out in very
short time duration. This has limited the usage of Li as a
geospeedometer to those processes that occurred over only a few
hours to few hundreds of days (Coogan et al., 2005; Gallagher and
Elliott, 2009; Ionov and Seitz, 2008; Parkinson et al., 2007). Our new
modeling results (Fig. 7) showed that inter-mineral isotopic disequi-
librium in the Li system could potentially survive for millions of years,
assuming the exchange of Li has only occurred between two-mineral
phases in a closed system. The key factor to preserve the disequilib-
rium is the presence of a temperature dependent inter-mineral
partition coefficients and continuous cooling till the closure temper-
ature (i.e. no significant long pause at any temperature higher than
the closure temperature). As illustrated by the modeling, a temper-
ature dependent Li isotopic fractionation between olivine and
clinopyroxene (Δ7Li_Ol–Cpx=f(T)) could result to the preservation
of negative Li isotopic compositions (δ7Lib0) in clinopyroxene for
millions of years (Fig.7).

Based on the full spreading rate of 13.2 mm/year (Jokat et al.,
2003) and the assumption that only passive upwelling is present at
the sample location (e.g. Shen and Forsyth, 1995), an uplift rate of
about 6.6 km/Ma has been expected for the studied peridotites (Von
de Handt, 2008) . The depth to 1200 °C isotherm beneath the ridge-
axis was estimated to be about 25–30 km extrapolating from the
modeling results given by Phipps Morgan and Chen (1993). Given
these constraints, the cooling durations of the studiedmantle samples
were estimated to be 3–5 million years. Despite of this long cooling
duration, negative δ7Li compositions in clinopyroxenes along with
large isotopic fractionations with olivines were preserved in the
studied peridotites (Table 1). According to the modelling results
(Fig. 7), this observation would suggest that the Δ7Li_Ol–Cpx to be
temperature dependent. However, the studiedmantle rocksmay have
been cooled with variable cooling rates, such as a late stage rapid
cooling following an initial slow cooling. Though a variable cooling
rate is less likely given the tectonic setting, the definite answer to this
question will depend on experimental determination of the temper-
ature dependence of Kdol–cpxLi and Δ7Li_Ol–Cpx.
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Fig. 7. Predicted inter-mineral isotopic fractionation (A) and average Li isotopic
composition (B) in olivine and its enclosed clinopyroxene for different temperature
dependence ofΔ7Li_Ol–Cpx, where open circle and filled circles representΔ7Li_Ol–Cpx=f(T)
and Δ7Li_Ol–Cpx=0, respectively. The modeled mantle rock was assumed to be cooled
continuously from 1200 °C to 700 °C at given time duration. Except for Δ7Li_Ol–Cpx, other
parameters are same as those given in Figure 2.
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6. Conclusions

(1) The observed systematic inter-mineral variations of Li concen-
trations and isotopic compositions could be explained by a
cooling driven diffusive redistribution between minerals in a
closed system.

(2) The preservation of extremely light δ7Li clinopyroxenes
(significantly lighter than its normal mantle value of ~3.5‰)
and the large Δ7Li_Ol–Cpx suggest that the Li elemental and
isotopic equilibrium fractionation between olivine and clino-
pyroxene is temperature dependent. The studied Gakkel Ridge
abyssal peridotites may alternatively have cooled under a
variable cooling rate with a rapid cooling before the Li system
was closed, which is less likely given the tectonic setting.

(3) Li systematics in minerals, especially in coexisting mineral
phases can be potentially used as a geospeedometer even for
slowly cooled rocks. However, this application will be largely
depend on the accurate knowledge on the temperature
dependence of Kdol–cpxLi and Δ7Li_Ol–Cpx.

(4) Cautions should be taken to interpret the disequilibrium in Li
isotopic data in mantle minerals as indicators for material
recycling and/or metasomatism in mantle.
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