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[1] Analyses of Li and Li isotopes in serpentinized peridotites have been performed using Thermo-Ionisation

Mass Spectrometry (TIMS) and Secondary Ion Mass Spectrometry (SIMS) techniques on samples collected

from the southwest Indian Ridge (SWIR). In the bulk samples, Li concentrations range from 0.6 to 8.2 ppm,

while whole rock d6Li values range from �2.9 to �14%. In situ analyses display a greater range in both Li

concentration (0.1–19.5 ppm) and Li isotopic composition (�27 to +19%), with the serpentinized portions

having higher Li concentrations than the associated relict phases. These variations may reflect changes in Li

partitioning and isotopic fractionation between serpentine and fluid with temperature and water/rock ratio.

They may also be explained by changes in the composition of the serpentinizing fluid over the course of

serpentinization. As the serpentine forms by interaction with a circulating fluid, it preferentially removes 6Li,

causing the Li in the fluid to become isotopically heavier. The isotopic composition of the initial hydrothermal

fluid is dominated by basalt-derived Li, which easily overwhelms the very low Li content originally present in

seawater. As this fluid circulates through ultramafic rocks, it induces the formation of serpentine that

incorporates this mantle-derived Li. Hence, Li in serpentine is mainly derived from oceanic crust rather than

from seawater and serpentinization involves Li recycling within this crust. Consequently, Li isotopes are good

tracers of the hydrothermal contribution in serpentinizing fluid. These results imply that serpentinized

peridotites are probably only a minor sink of oceanic Li.

Components: 8735 words, 7 figures, 12 tables.
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1. Introduction

[2] The Li isotopic composition of seawater is

homogeneous and well established (d6Li =

�32.3% [Chan and Edmond, 1988]). The contri-

butions to seawater Li from rivers and hydrother-

mal fluids are reasonably well known, but Li

removal from seawater during the alteration pro-

cesses is not completely understood [Seyfried et al.,

1984; Stoffyn-Egli and Mackenzie, 1984; Chan et

al., 1993, 1994; Huh et al., 1998; Zhang et al.,

1998]. As serpentinization of peridotites is respon-

sible for an important part of the geochemical

transfer between the oceanic lithosphere and sea-

water, it may affect the Li budget of seawater. This

study is the first attempt to understand the Li

isotope geochemistry of serpentinized peridotites

and to assess the influence of serpentinization on

the seawater Li budget. Serpentinization is caused

by the interaction between ultramafic rocks and

fluid at temperatures below 500�C and high water-

rock ratios [Bonatti et al., 1984; Macdonald and

Fyfe, 1985; Coulton et al., 1995; McCollom and

Shock, 1998]. Trace elements and stable and radio-

genic isotope data argue in favor of seawater

derived fluid as the main agent of serpentinization

[Wenner and Taylor, 1971; Bonatti et al., 1984;

Kimball et al., 1985; Kimball and Gerlach, 1986;

Agrinier et al., 1988; Früh-Green et al., 1996;

Agrinier and Cannat, 1997]. Nevertheless, fluid

chemistry varies with temperature and water-rock

ratio [Kimball and Gerlach, 1986; Agrinier et al.,

1988; Früh-Green et al., 1996]. Consequently,

changes in the effect of this fluid on the chemistry

of serpentinized rocks may occur during serpenti-

nization. Previous studies have shown that Cl

[Steuber et al., 1968; Rucklidge, 1972; Agrinier et

al., 1988] and B [Bonatti et al., 1984] are incorpo-

rated in serpentine. As Li is highly mobile in fluid-

related processes such as seafloor alteration [Sey-

fried et al., 1984; Stoffyn-Egli and Mackenzie,

1984; Chan and Edmond, 1988; Chan et al.,

1992], its concentration in serpentinized peridotites

is also expected to change relative to its concen-

tration in unaltered equivalents of these rocks.

[3] Li possesses two stable isotopes, 6Li and 7Li,

that can experience extensive fractionation during

processes associated with fluid-rock interaction

[Chan and Edmond, 1988; Chan et al., 1992,

1993, 1994; You et al., 1995]. Previous studies

have shown that the Li isotopic signature of sea-

water (�32.3% [Chan and Edmond, 1988]) is

different from that of basalts (�4.7% [Chan and

Edmond, 1988]) and vent fluids (�6 to �11%
[Chan et al., 1993]). This suggests that the Li

isotopic composition of serpentine may provide

clues as to the origin of the serpentinizing fluid.

This study focuses on a suite of serpentinized

peridotites dredged during the EDUL cruise with

R/V Marion Dufresne along the southwest Indian

Mid-ocean Ridge [Mével et al., 1997]. Our objec-

tives are (1) to determine the origin of Li incorpo-

rated in serpentine, in order to evaluate the effect of

serpentinization on the seawater Li budget and (2)

to investigate Li as an isotopic tracer of serpenti-

nizing fluid composition.

2. Sample Location and Description

[4] The SWIR is an ultra-slow spreading ridge that

opens at a half rate of 7–8 mm/yr [DeMets et al.,

1990]. This system extends from the Bouvet triple

junction northeastward to the central Indian Ocean

triple junction. During the EDUL cruise, samples

were dredged between 69� and 49�E, and serpenti-
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nized peridotites were sampled along the walls of

the rift valley and on the east side of the Gallieni

fracture, where the greatest bathymetric depths are

attained and the crust is thinnest [Mével et al.,

1997]. Samples described in this study were

obtained from four different dredges located

between 52� and 63�E (Figure 1, Table 1).

[5] These peridotites were originally harzburgites

and lherzolites and are partially to completely

serpentinized (more than 65 wt% serpentine,

Table 2). Relicts of primary phases still present

include olivine, orthopyroxene, clinopyroxene,

and spinel. The dominant alteration product is

serpentine. Minerals stable at higher temperature

(amphibole, chlorite) are present in very small

amounts in a few samples. The serpentinization

process involved the formation of serpentine veins

and the hydration of pyroxenes and olivines. Ser-

pentinization of pyroxenes occurred either in frac-

tures or at grain boundaries for the less altered

crystals or consisted of the replacement of mono-

crystals resulting in a bastite texture [Wicks and

Whittaker, 1977] for the more altered samples.

Serpentinization of olivine has produced mesh tex-

tures [Prichard, 1979] formed by magnetite and

serpentine intergrowths with cores of olivine or of

serpentine, depending on the degree of serpentini-

zation. In nearly all samples the porphyroblastic

texture is preserved, suggesting that serpentiniza-

tion occurred under static conditions. The only

exception is sample DR56 2, which displays a

cataclastic texture.

3. Analytical Methods

[6] Whole rock powders of all samples have

been analyzed for O and Sr isotopes. Sr
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Figure 1. Map of the southwest Indian Ridge showing the locations of dredges from which the samples were
obtained.

Table 1. Dredge Locations and Depthsa

Beginning End

Latitude Longitude Depth Latitude Longitude Depth

DR23 28�8.00S 63�9.70E 4450 28�7.00S 63�8.20E 3950
DR56 34�1.50S 55�49.70E 4200 34�2.10S 55�49.80E 3750
DR62 34�28.00S 54�54.00E 3900 34�27.80S 54�53.10E 3500
DR69 36�8.20S 52�59.6�E 3850 36�7.50S 53�0.10E 3800

a
The locations and depths of the beginnings and the ends of the dredges are indicated.
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isotopes were determined using a Finnigan

MAT262 mass spectrometer after Sr extraction

by standard cation exchange techniques. Instru-

mental mass fractionation was corrected assum-

ing 86Sr/88Sr = 0.1194. Total blanks were

�300 pg and thus insignificant relative to the

quantities of Sr analyzed (10–60 ng). Oxygen

isotopic values of bulk serpentinized peridotites

were analyzed using well-established analytical

methods at Institut de Physique du Globe de

Paris (IPGP) (Paris) and are expressed as d18O
relative to SMOW.

[7] Whole rock Li concentrations were deter-

mined by atomic absorption spectrometry follow-

ing sample digestion in a mixture of HF and

HClO4. Whole rock Li isotopic compositions

were determined by solid source mass spectrom-

etry at Bristol University following the procedure

of James and Palmer [2000]. Li was separated

from the dissolved sample matrix by cation

exchange chromatography. It was then converted

to Li phosphate, and isotopic compositions were

obtained by measurement of the 6Li+ and 7Li+

beams using a VG336 mass spectrometer. Blanks

were �1.05 ng, which is negligible for a sample

size of more than 100 ng Li. The isotopic values

are expressed as d6Li

d6Li ¼ 6Li=7Li
� �

sample= 6Li=7Li
� �

standard
h i

� 1
n o

1000

and referenced to the NIST L-SVEC Li2CO3

standard. The precision (2s-m) of these analyses

was better than 1%.

[8] In situ analyses were made using the CRPG

Cameca ims3f ion microprobe following a proce-

dure similar to that used for hydrogen [Deloule et

al., 1991] and boron isotope [Chaussidon et al.,

1997] analyses. Samples were prepared as gold-

coated petrographic thin sections. The negative

oxygen primary beam, accelerated through 10

kV with 10–20 nA current intensity, was focused

to a diameter of 25 mm at the sample surface.

Positive secondary ions were accelerated through

4.5 kV.

[9] For concentration determinations, 7Li and
30Si were measured at a mass resolution of

500 with an energy filtration of 80 ± 10 eV.

Secondary ions were counted with an electron

multiplier in pulse counting mode. Counting

times were 4 s for 7Li and 30Si over 30 cycles.

The nature of the analyzed mineral was deter-

mined after each analysis by measuring the

intensities of the H, Al, and Ca peaks. In order

to obtain Li concentrations, the apparent Li/Si

ratios were calculated from 7Li and 30Si inten-

sities using their atomic masses and isotopic

abundances. These apparent Li/Si ratios were

then corrected for the relative useful yield (a1)
of Li and Si determined on standards during the

same analytical session.

a 1 ¼ Li = Sið Þ ion microprobe= Li=Sið Þbulk:

[10] The bulk Li/Si ratios obtained by atomic

absorption (Li) and electron probe (Si) were

taken to represent the true Li/Si ratios of the

standards. The standards used were natural

minerals containing 1.5–1200 ppm Li. They

cover the compositional and structural range

encountered in minerals of the samples. Each

standard analysis was repeated several times.

This allowed us to verify standard homogeneity

and to obtain average values. The precision

(2s) obtained on standards is better than 10%

for concentrations higher than 5 ppm, and 30%

for concentrations lower than 1 ppm. Olivine,

pyroxenes, biotite, amphibole, and basalt plot

on a single line, demonstrating the absence of

large matrix effects on Li ion yield (Figure 2,

Table 3). The serpentine standard UB-N plots

significantly off this line, but this almost cer-

tainly reflects the great heterogeneity of Li in

serpentine, described below, rather than a matrix

effect. This explanation is especially likely since

the bulk concentration was obtained from a

powder homogenized from several kg of rock,

while the point analyses represent only several

nanograms of material sputtered from grains

taken from a different portion of the rock. Li

content in this unpowdered portion may be

unrepresentative of the UB-N serpentine pow-

der, and therefore it was not considered as a

standard.

[11] The precision on the determination of the

coefficient a1 ranges between 10 and 15%,
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including the matrix effect between the different

mineral species. The variation of the coefficient

a1 between sessions, owing to variations in the

instrumental set-up and ion multiplier aging, is

less than 15%. Thus all of the coefficients a1
were within error and so do not bias the

corrected Li contents beyond the calculated

uncertainties. This is shown by replicate analy-

ses of the same sample, such as the Nazca

basalt in Figure 2. The agreement between the

weighted averages of the in situ measurements

and the corresponding whole rock measurements

of the different samples indicates that our

calibration did not introduce any large bias in

the results.

[12] For isotopic analyses the mass resolution

was set at 1100, allowing the separation of
6LiH from 7Li. Therefore no energy offset was

applied, and the energy slit was kept wide open.

The 20 mm spot was centered in a 150 mm
aperture. The 6Li and 7Li were measured for 6s

and 3s, respectively, over 120 peak jumping

cycles, with magnetic field repositioning every

10 cycles. The isotopic instrumental fractionation

was monitored by measuring several standards.

Such fractionation may result from instrumental

parameters or from matrix effects, that is, varia-

tions in sample composition and structure

[Deloule et al., 1992]. The ion probe 6Li/7Li

measurements of standards, expressed in d nota-

tion relative to the LSVEC 6Li/7Li ratio (0.0832)

[Flesch et al., 1973], are plotted in Figure 3

against their d6Li values measured by TIMS.

Standards with d6Li ranging from �10 to +4%
plot on a single line with a slope of 1, demon-

strating the absence of any matrix effect on the

Li instrumental isotopic fractionation in our
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Figure 2. Ion yield calibration curves of standards for four different analytical sessions: Li/Si measured by ion
microprobe versus Li/Si measured on bulk powders by conventional methods. Standards are biotite from the Massif
Central (France), clinopyroxene BZ29 and olivine BZ29 separates from Zabargad lherzolite (provided by R.
Brooker), clinopyroxene MC and olivine MC from the Massif Central (France), and amphibole from Kipawa and
serpentine UB-N from the Vosges. This last standard was highly irreproducible for reasons discussed in the text and
therefore was not included in the calculation of the regression lines. The slopes of the lines are 1.218 ± 0.006
(September 1998), 1.228 ± 0.028 (March 1998), 1.276 ± 0.005 (August 1998), and 1.138 ± 0.089 (January 2000) and
the intercepts are 0.0001, 0.0001, �5.10�5, and �2.10�6, respectively. The slopes of the lines represent the a1 values.
Analyses of basaltic glass from Nazca are also shown. The Li content of this basalt was calculated for three different
sessions: 9.9 ppm (March 1998), 10.1 ppm (August 1998), 9.5 ppm (January 2000).
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instrumental set up. This allows us to apply the

same correction regardless of the mineral ana-

lyzed. The instrumental mass fractionation is

expressed in d6Li units:

Di ¼ d6Li
� �

ion microprobe� d6Li
� �

mass spectrometer:

In applying the Di value determined on BHV0

(basaltic glass, international standard) to the

other standards, all the ion probe values are

within error of the TIMS values (Table 4). The

value of Di may change between different

sessions, owing to variations in the ion probe

set up and to electron multiplier aging [Deloule

et al., 1992]. Therefore BHV0 was used as an

internal reference and measured systematically

before and after each sample to monitor the Di

value. The reproducibility (2s-m) of the BHV0

analyses during an analytical session was better

than 2%. To further test the method we

measured d6Li in pyroxene in a fresh continental

Table 3. Li/Si Atomic Ratios Calculated From 7Li/30Si Measured by Ion Microprobe for Mineral Standards
Compared to Li/Si Ratios Measured by Conventional Techniques for Four Different Analytical Sessionsa

Li/Si True Li/Si Measured

Sept. 1998 March 1998 Aug. 1998 Jan. 2000

Serpentine UB-N 5.93 � 10�4 1.38 � 10�4 1.30 � 10�4

2.08 � 10�4 2.39 � 10�4

7.11 � 10�5 1.13 � 10�4

7.65 � 10�5 6.28 � 10�5

3.14 � 10�4

Average 1.61 � 10�4 1.36 � 10�4

Pyroxene MC 5.92 � 10�4 8.13 � 10�4

8.75 � 10�4

8.03 � 10�4

Average 8.30 � 10�4

Olivine MC 3.46 � 10�5 4.57 � 10�5

4.91 � 10�5

Average 4.74 � 10�5

Amphibole Kipawa 2.60 � 10�3 3.67 � 10�3 3.17 � 10�3 3.18 � 10�3

3.19 � 10�3 3.32 � 10�3

2.65 � 10�3 3.14 � 10�3

2.58 � 10�3

2.84 � 10�3

Average 3.17 � 10�3 3.60 � 10�3 3.01 � 10�3

Biotite 3.02 � 10�2 3.72 � 10�2 3.88 � 10�2

3.79 � 10�2 3.82 � 10�2

3.65 � 10�2 3.91 � 10�2

3.77 � 10�2

3.88 � 10�2

Average 3.72 � 10�2 3.72 � 10�2 3.85 � 10�2

LSVEC50 7.47 � 10�4 9.04 � 10�4

9.00 � 10�4

8.64 � 10�4

Average 8.89 � 10�4

Nazca basalt 1.42 � 10�4 1.81 � 10�4 1.87 � 10�4 1.72 � 10�4

1.64 � 10�4 1.91 � 10�4 1.59 � 10�4

1.69 � 10�4 1.91 � 10�4

Average 1.71 � 10�4 1.89 � 10�4 1.65 � 10�4

Cpx BZ29 2.55 � 10�5 3.58 � 10�5

Average 3.58 � 10�5

Olivine BZ29 6.94 � 10�5 5.66 � 10�5

6.71 � 10�5

Average 6.19 � 10�5

a
Each value represents a single analysis.
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peridotite xenolith. The reproducibility of the

results (Figure 4, d6Li = 2.7 ± 1.7% over 10

measurements) demonstrates the reliability of the

in situ isotopic measurements.

4. Results

4.1. Sr and O Isotopes

[13] The 87Sr/86Sr ratios range from 0.70838 to

0.70934 (Table 2), suggesting high water/rock

ratios and interaction with fluids dominated by

seawater. The d18O values of our samples range

between 1.63 and 5.77% (Table 2). The d18O
values of the serpentine itself were determined by

correcting for the proportions of unaltered rock

remaining, assuming a d18O of 5.5% for fresh

peridotite. These corrected values were used to

determine serpentinization temperatures [Bonatti

et al., 1984]. Assuming that the serpentinizing

fluid may be either seawater (d18O = 0%) or a

y = 1.03 x + 33.7
R2 = 0.98
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Figure 3. The d6Li measured by TIMS (Bristol University) versus d6Li measured by ion microprobe for the
standards previously described in Figure 2. In each session standards fall on a line with a slope within uncertainty of
1, demonstrating the lack of a matrix effect. The variation of ion probe instrumental fractionation (d6Li by SIMS - d6Li
by TIMS) between sessions is due to variation in the instrumental set-up, mainly electron multiplier aging.

Table 4. Results of Standard Analyses For Two Different Analytical Sessions: d6Li values Measured By SIMS
Compared to Compositions Measured By Thermal Ionization Mass Spectrometry (TIMS)a

Samples

First Session Second Session TIMS
Values
(±1%)N d6Li (%) SIMS Values

±(2 s/
p
n)

N d6Li (%) SIMS Values
±(2 s/

p
n)

Measured Corrected Measured Corrected

BHV0 2 �46.3 �5.8 ± 1.0 3 �40.3 �5.8 ± 0.4 �5.8
Opx BZ226 4 �38.1 2.3 ± 2.0 4 �30.2 4.3 ± 1.3 4.2
Olivine BZ29 4 �46.2 �5.7 ± 1.4 7 �39.1 �4.6 ± 2.0 �4.6
Cpx BZ226 6 �34.9 5.5 ± 1.4 3 �30.8 3.7 ± 1.3 4.1
Cpx BZCG 2 �51.2 �10.7 ± 1.7 4 �43.0 �8.5 ± 0.6 �10.5
Amphibole Kip. 3 �49.3 �8.8 ± 1.5 �8.2

a
Each value represents the average of several determinations (number of analyses N given in the table). Standards are as follows: Olivine BZ29

separates from Zabargad lherzolite; Opx BZ226 and Cpx BZ226 separates from Zabargad pyroxenite; Cpx BZCG separates from Zabargad
pyroxenite (provided by R. Brooker); Amphibole separates from Kipawa; and BHV0 basaltic glass separates from Hawaı̈ (Li composition reported
in James and Palmer [2000]). All results are normalized to the NIST L-SVEC Li2CO3.
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seawater-derived fluid (d18O = 2%), the oxygen

isotope temperature relationship between water

and serpentine reported by Wenner and Taylor

[1971] yields serpentinization temperatures

between 100� and 430�C (Table 2).

4.2. Li Contents

[14] The serpentinized peridotites contain between

0.6 and 8.2 ppm Li (Table 2). Their Li concen-

tration increases with serpentinization degree and is

on average higher than that of fresh peridotites

(1–3 ppm [Ryan and Langmuir, 1987, Seitz and

Woodland, 2000]). The cataclastic sample DR56 2

is enriched in Li (8.2 ppm) relative to the other

samples despite the fact that its serpentinization

degree and 87Sr/86Sr ratio are not the highest.

[15] All point analyses are reported in Tables

5–12, and those from four thin sections are

0.080

0.081

0.082

2000 6000 10000
Li+ (Counts)

Lianshan peridotite cpx : 
6Li/7Li = 0.08145 ±14 (2 σ m)

6 L
i /

 7
Li

Cpx BZCG
6Li/7Li = 0.08036 ±10 (2 σ m) -15
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-5

0

5
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δ

6Li

Figu re 4. Repeated ion probe measurements of Li isotopic composition of a continental peridotite cpx and of the
standard cpx BZCG [ Jame s et al., 1995].

Table 5. Li Contents and Isotopic Compositions ‘‘In Situ’’ Measurements on Serpentine and Relict Phases From
Peridotite DR56 3

Relicts opx Relicts cpx Relicts ol Serp opx Serp cpx Serp ol Serp Veins

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

DR56 3 �3.4 0.9 �17.1 0.1 �26.9 1.0 �19.1 1.3 �2.0 2.5 �12.8 19.5 �1.9 7.3
�2.7 1.3 �15.5 4.3 �15.7 4.5 �1.4 14.2
�0.2 0.5 �17.1 5.7 �2.9 7.7 �5.2 1.2
�17.0 0.5 �4.2 6.7 0.5 2.9 �13.7 0.7
�14.0 0.2 8.1 16.0 �20.7 1.3 �14.3 1.1
�21.6 0.5 2.4 17.5 3.3 4.8 2.0 3.0

�4.0 10.1 �14.6 6.5 5.2 2.2
�6.8 11.7
8.4 1.7
7.3 1.2
5.8 1.1

Average �9.8 0.7 �17.1 0.1 �26.9 0.7 �3.1 7.0 �2.0 2.6 �9.0 6.7 �4.2 4.2
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shown in Figure 5. Relict minerals have very

low Li contents with an average of 0.8 ± 0.3

ppm for olivines, 0.7 ± 0.2 ppm for orthopyr-

oxenes, and 1.1 ± 0.6 ppm for clinopyroxenes.

In the two samples with more than one relict

clinopyroxene datum, clinopyroxene Li concen-

trations are about twice those of orthopyroxene.

Li contents reported by Ryan and Langmuir

[1987] for fresh olivine and pyroxene separates

are higher (1.4–4 ppm). It is possible that this

difference reflects higher degrees of melt

extraction in our samples or metasomatic

enrichment of the samples analyzed by the

other authors. However, it may also imply that

Li loss from relict phases occurs during alter-

ation. This is further suggested by the hetero-

geneity of the Li concentration of relict phases

within individual samples, which exceeds the

reproducibility of standards of similar concen-

tration. It would not be surprising, considering

the extent of serpentinization, for relict minerals

to be affected by alteration even if they appear

optically fresh.

[16] Serpentine contains considerably more Li

than relict minerals, with an average content of

4 ppm. The total range of values is large: from 0.1

to 19.5 ppm. These analyses show that the Li

distribution is heterogeneous in serpentinized peri-

dotites and that Li is generally enriched in ser-

pentine compared to relict minerals. The least

serpentinized sample (DR23 3–5) is Li-depleted

and contains Li-poor serpentine. This suggests that

bulk Li content is dependent not only on the

degree of serpentinization but also on the degree

of Li incorporation in serpentine.
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Table 6. Li Contents and Isotopic Compositions ‘‘In Situ’’ Measurements on Serpentine and Relict Phases From
Peridotite DR23 2-1

Relicts opx Relicts cpx Relicts ol Serp opx Serp cpx Serp ol Serp Veins

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

DR23 2-1 �8.6 0.7 �18.3 1.0 �1.1 1.9 �5.6 1.1 �18.7 2.4
�16.4 0.5 �17.2 0.9 �0.6 1.3 �5.4 1.5 �2.3 2.1
�10.9 0.6 �0.2 0.9
�9.5 0.9 �10.3 1.0
�15.2 0.6

Average �12.1 0.7 �17.8 0.9 �0.9 1.6 �5.4 1.1 �10.5 2.2

Table 7. Li Contents and Isotopic Compositions ‘‘In Situ’’ Measurements on Serpentine and Relict Phases From
Peridotite DR62 4-1

Relicts opx Relicts cpx Relicts ol Serp opx Serp cpx Serp ol

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

DR62 4-1 �9.3 1.0 �23.3 1.9 5.7 4.5 �8.6 1.9 �6.5 0.9
�4.8 0.7 �17.6 1.6 4.6 6.2 �2.2 2.5 8.3 1.1
�17.3 0.6 19.1 6.7 �7.4 4.4 �6.6 0.7
�4.4 1.0 �7.9 5.1 �2.1 4.6 �3.7 3.0

1.0 7.7 7.5 3.5 �25.5 0.7
�10.5 5.9 0.5 1.7

�5.4 5.3
5.4 1.7
17.0 7.4

Average �8.9 0.8 �20.5 1.8 0.8 5.9 �3.9 3.8 �1.1 2.0
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[17] Amphiboles, analyzed only in sample DR23

2–8, have an average Li content of 1.6 ppm.

Chlorite in sample DR23 3–5 is low in Li (0.2

ppm), while that from sample DR56 2 is high in Li

(12.2 ± 7.1 ppm). The serpentine Li content is

similar to that of the associated chlorite (0.2 ppm in

DR23 3–5 and 4–20 ppm in DR56 2). Few

measurements were performed on amphibole, but

they show that the amphibole Li content is close to

that of the serpentine in the sample DR23 2–8 (1–

2 ppm). No clear relationship between the type of

alteration phase and the Li content is found.

4.3. Li Isotopes

[18] The Li isotope composition of whole rocks

ranges between �14 and �2.9% (Table 2). No

correlation is observed between the whole rock

d6Li and Li content. The few data from fresh

peridotites that exist [Brooker et al., 2000] give

d6Li values between �4.4 and �5.5%, which is

consistent with the mantle value inferred from fresh

mid-ocean ridge basalt (MORB) [Chan et al.,

1992]. Hence five of our samples are isotopically

heavier, and three samples are similar to or slightly

lighter than unaltered peridotites.

[19] In situ isotopic analyses show that d6Li values
vary greatly, between �27 and +4% for relict

minerals, and between �25 and +19% for serpen-

tine (Table 5; Figure 6). The variation observed

within relict phases of individual samples (up to

±10%) is much greater than that observed in

repeated measurements of standards and of pyrox-
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Table 8. Li Contents and Isotopic Compositions ‘‘In Situ’’ Measurements on Serpentine and Relict Phases From
Peridotite DR23 3-5

Relicts opx Relicts cpx Relicts ol Serp opx Serp ol Chlorite

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

DR23 3-5 �5.2 0.4 �8.1 0.3 �15.9 0.1 �19.4 0.0 8.9 0.2
�14.2 0.6 �13.3 0.5 �4.6 0.2 �23.7 0.2
0.1 0.5 �10.5 0.7 �13.7 0.1

�2.3 0.2
�3.2 2.9
16.2 1.0

Average �6.4 0.5 �10.6 0.5 �7.9 0.7 �19.4 0.0 �7.4 0.2

Table 9. Li Contents and Isotopic Compositions "In Situ" Measurements on Serpentine and Relict Phases From
Peridotite DR23 2-8

Relicts opx Relicts cpx Relicts ol Serp opx Serp ol Chlorite

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

d6Li,
%

Li,
ppm

DR23 2-8 �4.9 0.6 �10.3 1.1 6.7 7.6 �3.7 1.0 �2.6 1.1
�6.0 0.5 �5.3 0.5 7.5 3.3 2.6 1.1 11.1 2.1
�7.4 0.6 4.1 1.0 2.3 3.4 �3.9 1.1
�0.5 0.6 3.4 1.3 13.3 8.7 �7.2 0.8
�8.3 0.6 �4.4 1.4 4.8 4.5 4.4 0.7

�3.0 4.4 �4.4 0.6
�1.8 1.9
9.9 4.5
�1.5 2.3
�3.6 1.1
0.3 2.0
6.7 5.8

Average �5.4 0.6 �2.5 1.1 2.6 3.7 �2.0 0.9 4.3 1.6
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ene from a fresh continental peridotite (±2%, see

section 3). The average values of relict minerals

(�8.8 ± 10% for relict pyroxenes and �15.7 ± 7%
for relict olivines) are more negative than the

values reported for fresh peridotite phases (�4 to

�7% [Brooker et al., 2000]) and for MORB (�4 to

�6% [Chan and Edmond, 1988; Chan et al.,

1993]). Within individual mineral grains, there is

a general tendency for spots with higher Li contents

to have higher d6Li (Figure 5). The low average

d6Li values and the large range of variation

observed within the relict phases of individual

samples, indicate that their Li isotopic composi-

tions were modified during hydrothermal alteration.

The averages of the point analyses for each sample,

including both relict and serpentinized phases, are

in most cases similar to the values obtained for the

corresponding bulk rock. An exact equivalence is

not expected because in situ averages truly repre-

sentative of bulk rock compositions require a much

larger number of analyses and because other minor

phases that were not analyzed may be present. The

primary aim of the in situ analyses was to compare

compositions of altered and relict minerals, rather

than to estimate the bulk rock composition.

Amphiboles analyzed in sample DR23 8 have an

average value of +4.3 ± 9.7% and chlorites in

samples DR23 3–5 and DR56 2 of �7.7 ± 10.7%.

However, as these are minor phases and as only a

few analyses were performed, they may be not

representative.

5. Discussion

5.1. Whole Rock Li Systematics

5.1.1. Li enrichment in serpentinized
peridotites

[20] The whole rock analyses show that overall

Li is more concentrated in serpentinized peri-
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Table 10. Li Contents and Isotopic Compositions "In Situ" Measurements on Serpentine and Relict Phases From
Peridotite DR23 3-1

Serp opx Serp ol

d6Li, % Li, ppm d6Li, % Li, ppm

DR23 3-1 �14.5 2.0 �3.9 6.0
�22.9 2.4 �17.5 5.1

�14.1 6.3
�21.4 1.9
�6.8 0.2
�11.3 0.6
�0.3 5.3
�11.8 5.1

Average �18.7 2.2 �10.9 3.8

Table 11. Li Contents and Isotopic Compositions "In Situ" Measurements on Serpentine and Relict Phases From
Peridotite DR69 1-14

Serp opx Serp ol

d6Li, % Li, ppm d6Li,% Li, ppm

DR69 1-14 �6.1 5.1 �18.7 1.0
�1.2 6.1 �17.3 1.3
�15.9 7.6
�12.6 7.7
�15.0 7.6

Average �10.2 6.8 �18.0 1.2
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dotites than in fresh peridotite. The Li content

is lowest in the sample DR23 3–5 (0.6 ppm),

formed at the highest temperature (240�–
360�C), and higher in the other samples (up

to 8.2 ppm), formed at lower temperatures.

Assuming that Li behavior during serpentiniza-

tion is analogous to that during basalt alter-

ation, this observation is consistent with

experimental studies of Seyfried et al. [1984]

and Berger et al. [1988] that show that Li is

incorporated in smectites and chlorites at low

temperatures (<150�C), in increasing amounts

with increasing water/rock ratio, and conversely

is extracted from the basalt into solution, at

high temperatures (>250�C). Relatively high Li

contents in serpentinized peridotites may also

result from high Li contents in the fluid. The

Li contents of vent fluids at high temperature

(6–9 ppm [Edmond et al., 1979; Von Damm et

al., 1983]) are much higher than that of sea-

water (0.19 ppm [Morozov, 1968]). Thus the

implication of such fluids in the serpentinization

process can contribute to the higher Li content

of serpentine.

5.1.2. Li isotopic composition of
serpentinized peridotites: Effects of fluid
evolution

[21] Whole rock d6Li values range from �2.9%
(close to MORB or fresh peridotites) to �14%.

Because serpentine is the dominant mineral in

these samples, the whole rock Li compositions

should reflect those of the corresponding serpen-

tine. The isotopic composition of Li carried by

the serpentinizing fluid can be estimated from

the d6Li values of serpentine and the temperature

dependent serpentine-fluid isotopic fractionation

factor. Isotopic fractionation factors amineral-water

between altered basalts and water, empirically

derived by Chan et al. [1992], vary from 1.004

at 300�C to 1.012 at 100�C. We assume as a

first approximation that isotopic fractionation

during uptake of Li by serpentine is similar to

that during uptake of Li by altered basalts. The

calculated d6Li values of the serpentinizing fluid

range between �11 and �24% (Table 2). These

compositions are intermediate between those of

vent fluid (�6 to �11% [Chan et al., 1993])

and seawater (�32.3% [Chan and Edmond,

1988]).

[22] The model we propose to explain these

values is illustrated in Figure 7. The high Cl

contents of the oceanic serpentinized peridotites

suggest that the fluid was originally seawater

[Anselmi et al., 2000]. Seawater is highly

depleted in Li and especially in 6Li (Li =

0.18 ppm and d6Li = �32.3% [Chan and

Edmond, 1988]). As seawater penetrates into

the oceanic crust and heats up, its Li signature

quickly becomes dominated by Li derived from

the basalt with which it interacts. This signa-
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Table 12. Li Contents and Isotopic Compositions "In Situ" Measurements on Serpentine and Relict Phases From
Peridotite DR56 2

Serp opx Serp ol Chlorite

d6Li,% Li, ppm d6Li, % Li, ppm d6Li,% Li, ppm

DR56 2 2.9 14.5 3.6 3.3 �13.1 4.6
4.0 7.2 �5.5 4.9 �6.5 10.5
3.9 6.7 �11.4 3.8 �7.5 12.0
�5.9 �6.6 3.9 �4.4 21.7
�1.0
�2.9
2.6 15.1
7.5 10.5
�3.3 4.0
�0.8 4.0

Average 0.7 8.9 �5.0 4.0 �7.9 12.2

Geochemistry
Geophysics
Geosystems G3G3

DECITRE ET AL.: BEHAVIOR OF LI AND ITS ISOTOPES 10.1029/2001GC000178



ture is indeed observed in fluids sampled from

black smokers (d6Li between �6 and �10%,

Li concentration �10 ppm [Chan et al., 1993,

1994]). As this fluid continues to circulate

deeper into the ocean crust, it provokes the

formation of serpentine. This serpentine incor-

porates Li, preferentially 6Li. Serpentine formed

early in this process will have relatively high

d6Li. In fact, this early-formed serpentine may

have d6Li values even higher than those of

fresh basaltic crust. The temperature of forma-

tion of secondary minerals is lower than the

temperature of extraction of Li. Therefore the

fluid-mineral isotopic fractionation factor during

serpentine formation may be up to 10% higher

than that during Li extraction from basalt. So

serpentine formed from a fluid that interacted

with basalt at high temperature may have

higher d6Li values than the basalt. Furthermore

during the extraction process the d6Li values of

the altered basalt will increase progressively

[Chan et al, 1998]. Thus the fluids that

interact with these altered basalts will also

have increasingly higher d6Li values, allowing

the formation of serpentine with still higher

d6Li.
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[23] In contrast, the serpentine formed later on

the hydrothermal fluid circulation path will have

lower d6Li values reflecting derivation from

more evolved fluids (Figure 7). As 6Li is

preferentially removed during serpentinization,

the d6Li of the hydrothermal fluid evolves

toward lower values during its passage through

the oceanic crust, following a process roughly

analogous to Rayleigh fractionation. The final

fluids expelled from serpentinized peridotites

should thus be depleted in Li and have more

negative isotopic compositions than hydrother-

mal vent fluids. The highly 6Li-depleted fluid

compositions and the highly 6Li-enriched fluid

compositions are obtained at the extremes of

two different distillation processes, reflecting

respectively 6Li incorporation during serpentini-

zation at decreasing temperature and progressive

leaching of 7Li from basalts at high temper-

ature. Thus these extreme values should be less

commonly observed than the intermediate val-

ues, close to the initial basalt composition. The

weighted mean d6Li value of our samples is

�7.6%, close to the range of oceanic basalt.

[24] This scenario suggests that Li incorporated

in serpentine is ultimately derived from leaching

of basalt and peridotite at high temperature.

Thus serpentinization implies Li transfer from

hydrothermal fluid to peridotite as the fluid

cools and involves primarily a redistribution of

Li within the oceanic crust. For this reason,

serpentinized peridotites are probably only a

minor sink of oceanic Li. Furthermore, the
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expelled late stage fluids will have little effect

on the d6Li of seawater, both because they

should have low Li concentrations and because

their isotopic compositions will probably have

evolved to values similar to that of seawater.

5.1.3. Combined Li-Sr-O Isotopic
Systematics

[25] Examination of the data in Table 2 suggests

that there is no simple relationship between Li,

Sr, and O isotopic systematics. In large part this

may reflect the fact that these samples were

separated by large distances (hundreds of kilo-

meters) and represent several tectonic units. The

absence of any correlation between Li and Sr

contents and isotopic compositions in our data

may also suggest that Li and Sr have very

different behaviors during serpentinization. We

cannot compare the behavior of these elements

on a small scale because in situ analyses of Sr

isotopic compositions are not available. Never-

theless we can consider that the whole rock

compositions represent averages of serpentine

formed under variable temperature conditions

and water/rock ratios and which has exchanged

with fluids having variable compositions.

[26] In our Li modeling, we suggest that the

main source of Li in serpentine is hydrothermal

fluid that has acquired the Li signature of the

basaltic crust. Indeed such fluids display high Li

contents, with high d6Li [Chan et al., 1993]

consistent with a derivation from leaching of

basaltic crust. These fluids also have Sr isotopic

compositions marked by the oceanic crust, with
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low 87Sr/86Sr (0.703–0.704) but with Sr contents

(3.5–7 ppm) [James et al., 1995] lower than or

equal to that of seawater. As these fluids circu-

late through the peridotite provoking serpentini-

zation they will evolve and deposit Li with

variable isotopic compositions, as described in

section 5.1.2. However, while the high temper-

ature hydrothermal fluids may deposit Sr, they

will have little effect on the Sr isotopic compo-

sitions of the peridotites, since these originally

have comparable 87Sr/86Sr ratios. Nevertheless,

the serpentines now have very radiogenic Sr

compositions (87Sr/86Sr > 0.7084). This suggests

that the original Sr compositions existing after

high temperature fluid circulation were over-

printed by interaction with low temperature

fluids dominated by seawater at or near the

seafloor surface. A similar overprinting process

has been observed in anhydrite from the TAG

hydrothermal mound, on the Mid Atlantic Ridge

[Teagle et al., 1998]. The crucial difference

between Li and Sr systematics is that seawater

is rich in Sr but poor in Li. As seawater has a

very low Li concentration (0.19 ppm), much

lower than that of hydrothermal fluid (up to 7

ppm), the Li rich serpentine is likely to preserve

its initial Li isotopic signature with little mod-

ification during this late-stage process. Thus Sr

and Li may trace two distinct stages of the

serpentinization process. However, the relict min-

erals have very low Li concentrations, so their

Li compositions can be perturbed more easily

than those of most serpentine. Thus the low d6Li
values observed in the relict minerals, as well as

in some serpentine with low Li contents, may

reflect the addition of seawater Li, as well as of

late-stage evolved fluids, during the low temper-

ature process documented by the Sr isotopes.

Nevertheless, mass balance indicates that these

relict phases will have little influence on the

d6Li of the whole rocks. To sum up, Li isotopic

variations in serpentine are more sensitive to the

early, hydrothermal stages of the serpentinization

process, while the Sr variations reflect the later,

seawater-dominated stages.

[27] The d18O variations observed in our sam-

ples range between 1.6 and 5.8%. As d18O

variations of fluid are limited between 0 and

2%, for seawater and vent fluid respectively

[Teagle et al., 1998], variations of water-rock

ratio will have only limited influence on the

oxygen isotopic composition. Thus the main

reason for d18O variations in serpentine is

change of the water/rock exchange temperature.

Li isotopes and content are also sensitive to

this temperature. The isotopic fractionation

between fluid and mineral increases at decreas-

ing temperature, and the amount of Li depos-

ited from the fluid will be proportional to the

intensity of the fluid cooling. However, it is

difficult to trace this process in detail, as we

do not know the temperature variations of the

fluid throughout its circulation path. The tem-

peratures calculated from whole rock d18O anal-

yses represent only mean values of a multistage

process. The Li isotopic variations in serpentine

are sensitive to both fluid composition and

temperature, while the O variations mainly

reflect fluid-rock interaction temperature.

5.2. Heterogeneities at Mineral Scale

[28] The wide range in Li contents and d6Li
values in serpentine indicates that all serpentine

in a given sample and even in a given mineral

is not in equilibrium. Kimball et al. [1985]

showed that secondary minerals of serpentinized

peridotites formed at varying temperatures and

in the presence of compositionally evolving

altering fluid. Hence it is likely that both

variation of the isotopic fractionation factor

between mineral and fluid [Chan and Edmond,

1988; Chan et al., 1992] with temperature and

variation of fluid composition may contribute to

creating the wide range of d6Li values observed

in the serpentine. As explained above, early

serpentine formed in the presence of the least

evolved fluid has higher d6Li values and Li

contents than later serpentine. In addition, the

most positive d6Li values may be explained by

a relatively low temperature of serpentine for-

mation, implying high serpentine/fluid isotopic

fractionation. Conversely, serpentine with the

lowest d6Li values represents highly evolved

fluids. Examination of Figure 6 indicates that,
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as expected, very high and low d6Li values are

rare compared to intermediate values. Concern-

ing the relict minerals, their very low Li con-

centrations suggest that they lost much of their

Li by leaching during hydrothermal circulation.

These very low Li concentrations make the Li

isotopic compositions of the relict phases sus-

ceptible to perturbation by interaction with late

stage fluids and/or seawater, which have low Li

contents and d6Li values.

[29] Changing conditions and patterns of fluid

flow cause several generations of serpentine to

be superimposed within each sample. This sug-

gestion is plausible since circulation of fluid at

low temperature is known to be irregularly

distributed in the oceanic crust at slow spreading

ridges [Lécuyer and Fourcade, 1991]. Conse-

quently, we are dealing with an open system

in which the conditions of alteration and the

fluid chemistry are constantly changing. The

heterogeneity observed within each sample indi-

cates that the equilibration between fluid and

serpentine is incomplete and that the bulk rock

has not reequilibrated with the last fluid.

6. Conclusion

[30] The Li content and Li isotopic values of

serpentinized peridotites from the southwest

Indian Ridge strongly suggest that the Li com-

position of the hydrothermal fluid changes dur-

ing serpentinization. Measured whole rock d6Li
values ranging between �2.9 and �14% can

be explained if Li in serpentinizing fluid is

derived primarily from the ocean crust. This is

not surprising, as seawater has a very low Li

concentration that is easily overwhelmed by Li

leached from the basalt as the fluid is heated

during circulation. As serpentine forms, it incor-

porates Li and preferentially 6Li, leaving fluid

less rich in Li and with lower d6Li values. The

evolution of the fluid composition combined

with the changing conditions and patterns of

fluid flow result in the superposition of several

generations of serpentine. This results in con-

siderable heterogeneity of both Li contents and

Li isotopic compositions of serpentinized peri-

dotites, occurring over both large and very

small (<1 mm) length scales.

[31] The results presented here indicate that dur-

ing serpentinization, Li transfer occurs mainly

from fresh to altered ocean crust with only a

minor contribution from seawater Li, which

suggests that the effect of serpentinization on

the seawater Li budget is minor. Therefore

serpentinization cannot explain the apparent

imbalance in this budget [Stoffyn-Egli and Mack-

enzie, 1984].

[32] Our results also demonstrate that the Li sig-

nature is dominated by the early stages of serpenti-

nization, when the fluid is rich in Li, while Sr may

reflect a later, superimposed process and O pro-

vides an indication of the average serpentinization

temperature. Thus different isotopic systems pro-

vide different information about the very complex

serpentinization process.
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