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Abstract
A model for the release of Li, Be and B from progressively dehydrating altered oceanic crust during subduction is presented.
Combining clinopyroxene/fluid partition coefficients determined experimentally in an earlier study Brenan et al. [Brenan, J.M.,
Ryerson, F.J., Shaw, H.F., 1998. The role of aqueous fluids in the slab-to-mantle transfer of boron, beryllium, and lithium during
subduction: Experiments and models. Geochim. Cosmochim. Acta 62, 3337–3347] with apparent mineral/clinopyroxene partition
coefficients as observed in natural high-pressure metamorphic rocks Marschall et al. [Marschall, H.R., Altherr, R., Ludwig, T., Kalt,
A., Gméling, K., Kasztovszky, Zs., 2006a. Partitioning and budget of Li, Be and B in high-pressure metamorphic rocks. Geochim.
Cosmochim. Acta 70, 4750–4769] results in a set of mineral/fluid partition coefficients for high-pressure metamorphic minerals.
Mineral modes of altered oceanic crust as a function of pressure and temperature along a given subduction path can be derived from
thermodynamic calculations using the program PerpleX. Combination of these modes with mineral/fluid partition coefficients results
in whole rock/fluid partition coefficients at any stage of the P–T path including information on the amount of fluid released at any
depth. Based on these data, the concentrations of Li, Be and B in subducting rocks and released fluids along a given P–T path can be
modelled. The derived information on B concentrations in rocks and fluids are combined with the temperature-dependent
fractionation of B isotopes in order to model the B isotopic evolution of subducting rocks and released fluids. Model calculations are
performed for two slightly different chemical compositions (hydrous MORB without K and with 0.5 wt.% K2O), in order to
demonstrate the impact of phengite on the boron budget. Provided the necessary input data are available, the concept of such a model
could be employed to quantify the trace element release from the slab from any lithology along any reasonable P–T path.
© 2006 Published by Elsevier B.V.
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The light elements Li, Be and B are important tracers
for mass transfer in subduction zones. They are readily
mobilised by fluids and melts and display strong isotope
fractionation (Li and B) in nature. Concentrations of the
three elements in the mantle and in fresh oceanic basalts
are low, whereas they are enriched in sediments, altered
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oceanic crust and continental crust. Therefore, any input
of fluid or melt from the subducting slab into the
overlying mantle has a strong impact on the light element budget and isotopic composition of the mantle
wedge, and the magmas generated there. Island arc
volcanic rocks consequently display enrichments of Li,
Be and B with respect to MORB (Ryan and Langmuir,
1987, 1988, 1993; Smith et al., 1997; Sano et al., 2001;
Ryan, 2002) and specific isotopic signatures of light
elements (Ishikawa and Nakamura, 1994; Ishikawa and
Tera, 1997; Clift et al., 2001; Straub and Layne, 2002;
Morris et al., 2002; Palmer and Swihart, 2002;
Tomascak, 2004). The use of light elements as tracers
in subduction zone geochemistry was put forward by
studies on subduction-related volcanic rocks by various
authors starting with J. Ryan and C. H. Langmuir in the
late 1980s (Ryan and Langmuir, 1987, 1988, 1993).
Recent reviews on the geochemical behaviour of the
light elements and their isotopes are given in the literature for lithium (Tomascak, 2004; Bouman, 2004;
Elliott et al., 2004), beryllium (Ryan, 2002) and boron
(Palmer and Swihart, 2002; Leeman and Sisson, 2002).
Element ratios such as Li/Yb, B/Be and B/Nb and
isotope signatures (7Li/6Li, 10Be/9Be, 11B/10B) have
been used over the Last ∼ 15 years to gain knowledge on
slab dehydration and subduction-related melting processes. Apart from the volcanic output of subduction
zones information on the light element output has also
been deduced from other subduction-related rocks and
fluids, such as xenoliths from the mantle wedge (Nishio
et al., 2004), orogenic peridotites (Paquin and Altherr,
2002; Paquin et al., 2004), mud volcanoes (Deyhle and
Kopf, 2002; Kopf and Deyhle, 2002) and serpentinite
diapirs (Benton et al., 2001, 2004).
Another important source of information are exhumed high-pressure metamorphic rocks, such as eclogites (Zack et al., 2003), metasedimentary units (Moran
et al., 1992; Bebout et al., 1993, 1999) and serpentinites
(Scambelluri et al., 2004). In-situ studies on light
element partitioning between high-pressure metamorphic minerals allows for the quantification of the budget
of these elements in different lithologies (Domanik et al.,
1993; Woodland et al., 2002; Marschall et al., 2006a).
Studies on high-pressure metamorphic tourmaline
revealed important insights into B isotope fractionation
within dehydrating oceanic crust (Nakano and Nakamura, 2001; Bebout and Nakamura, 2003; Marschall,
2005). Experimental data on light element behaviour
during fluid/rock or fluid/mineral interaction is available
from the literature (Seyfried et al., 1984; You et al., 1995,
1996; Kogiso et al., 1997; Brenan et al., 1998; Johnson
and Plank, 1999; Green and Adam, 2003; Kessel et al.,

2005). The temperature dependent boron isotopic
fractionation has also been determined experimentally
(Hervig et al., 2002; Wunder et al., 2005; Schmidt et al.,
2005).
Summarising the results of all these studies dealing
with the behaviour of light elements in the subduction
cycle, some general conclusions can be drawn: Li and B
are relatively mobile in hydrous fluids and in silicate
melts; Be is relatively immobile in hydrous fluids but
mobile in silicate melts; Li and B concentrations in the
slab decrease with slab depth, because these elements are
released with fluids during dehydration; Preferential loss
of the heavier isotopes 7Li and 11B results in decreasing
δ7Li and δ11B values in the subducting material.
Within the slab, the most important reservoirs for Li,
Be and B are the sediments, the altered oceanic crust
(AOC) and serpentinised ultramafic rocks. Fresh mantle
and magmatic rocks show very low concentrations and
no isotopic anomalies. Sediments, AOC and serpentinites are not only enriched in Li, B and ± Be, but also
show δ7Li and δ11B values higher than MORB (or
mantle), due to a preferential enrichment in the heavy
isotopes during the interaction with seawater. The hydrous portion of the subducting slab therefore introduces
large amounts of heavy Li and B into a subduction zone.
Be (including 10Be) is enriched in the sedimentary
column of the oceanic crust. Detailed knowledge on the
budget and partitioning of light elements within different
materials of the subducting slab are essential for the
modelling of Li, Be and B transfer and isotopic evolution
in subduction zones. In order to fully understand the light
element signatures of arc volcanic rocks, it is necessary
to know the behaviour of these elements during subduction-related progressive metamorphism of slab
materials. The elemental and isotopic signatures of the
fluids released from a certain portion of the slab will
probably not be directly transferred to the arc volcanic
rocks, as the fluids will interact with other portions of
overlying slab and mantle rocks. This will have a
significant influence on the trace element and isotopic
compositions of such fluids (Marschall et al., 2006b). In
addition, fluids released from deeper portions of the
basaltic crust or serpentinised lithosphere may strongly
alter the major and trace element composition of the
subducting rocks along localised flow channels (e.g.
Spandler and Hermann, 2006; Zack and John, 2007).
Hence, a holistic model of trace element input into the
magma source region will not only consider the trace
element release during dehydration of rocks within the
slab, but will also include reactive flow processes. Yet,
this study is treating the first part of the problem, and
presents a model for a quantitative calculation of light
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rock/fluid partition coefficients by combining the
mineral/fluid partition coefficients with data on the
modal composition of MORB + H2O during progressive
subduction (Poli and Schmidt, 1995). Both H2O-content
and whole rock/fluid partition coefficients change due to
the change in modal composition of the subducting rock,
but can be calculated from the data set. Using this
method, Brenan et al. (1998) were able to calculate B/Be
ratios of rocks and fluid in subducting hydrous MORB.
Peacock and Hervig (1999) used literature data on the
temperature dependence of B isotope fractionation to
calculate the B isotopic composition of rocks and fluids
in a system where B is progressively released from the
rocks as temperature increases from 25 to ∼700 °C.
Their model includes neither mineral/fluid partition
coefficients nor modal compositions of the rocks.
Instead, it is based on the assumption of B being steadily
released from the rock during increasing temperature.
The same kind of calculation was performed by Bebout
and Nakamura (2003). These authors assumed a constant
fractionation of 10‰ between silicate rocks and fluid
and calculated fluid and rock B isotopic compositions for
batch and Rayleigh devolatilisation as a function of the
amount of B remaining in the rock. The model of Rosner
et al. (2003) is also similar to that of Peacock and Hervig
(1999), and assumes B loss from the slab as a linear
function of temperature, decreasing the original B concentration to a value of 20% at a temperature of 750 °C.
The thermal structure of the subducting slab was taken
from geophysical data and modelling (Springer, 1999).
Boron isotope evolution of rocks and fluids were then
calculated using the temperature dependency of isotope
fractionation given by Williams et al. (2001).

element release and B isotope fractionation during
dehydration of oceanic crust. The aim is to extract as
much information as possible from the data deduced
from high-pressure (HP) metamorphic rocks — to
squeeze out the slab. The consequent interaction of the
released fluids with overlying rocks is discussed in detail
by Zack and John (2007).
2. Previous attempts to model light element release
and isotope fractionation during HP metamorphism
Several authors have modelled light element release
(Bebout et al., 1993; Brenan et al., 1998) and isotopic
fractionation of Li (Zack et al., 2003; Bouman, 2004) and
B (Peacock and Hervig, 1999; Bebout and Nakamura,
2003; Rosner et al., 2003) in subduction zones. Bebout
et al. (1993) modelled B/Be ratios of rocks and fluid in
subducting sediments during progressive dehydration
using a Rayleigh fractionation formulation such as
commonly applied to modelling trace element distribution during partial melting processes and fluid/rock
interaction processes (Nabelek, 1987). Brenan et al.
(1998) experimentally determined Li, Be and B partition
coefficients between clinopyroxene (and garnet) and
aqueous fluid (pure water and 0.5 M HCl) at 2.0 GPa and
900 °C (Table 1). They combined these clinopyroxene/
fluid partition coefficients with amphibole/clinopyroxene, lawsonite/clinopyroxene and mica/clinopyroxene
partition coefficients determined on natural HP metamorphic rocks (Domanik et al., 1993). This resulted in
mineral/fluid partition coefficients for five different HP
minerals (garnet, clinopyroxene, lawsonite, amphibole
and mica). Brenan et al. (1998) then calculated whole

Table 1
Partition coefficients of Li, Be and B between 13 silicates, clinopyroxene and fluid
Li

Be

min/Cpx*
Cld
Ttn
Grt
Czo
Lws
Cam
Gln
Chl
Tlc
Phe
Pg
Ab
Qtz
Cpx**

−4

1.5 10
9.1 10− 4
3.0 10− 2
1.1 10− 2
8.2 10− 5
4.0 10− 2
1.2
1.6
0.21
0.33
0.51
1.8 10− 4
1.1 10− 3

min/fluid
−5

2.41 10
1.46 10− 4
4.80 10− 3
1.76 10− 3
1.31 10− 5
6.40 10− 3
0.192
0.256
3.33 10− 2
5.28 10− 2
8.16 10− 2
2.88 10− 5
1.76 10− 4
0.16

B

min/Cpx*
−2

2.2 10
1.3 10− 3
2.0 10− 3
3.2 10− 2
0.55
2.3
0.84
0.30
1.8 10− 2
2.8
10
2.7
2.0 10− 3

min/fluid
−2

3.89 10
2.38 10− 3
3.60 10− 3
5.76 10− 2
0.990
4.14
1.51
0.540
3.24 10− 2
5.04
18.0
4.86
3.60 10− 3
1.8

*min/Cpx data from Marschall et al. (2006a). ** Cpx/fluid data from Brenan et al. (1998).

min/Cpx*
−3

4.6 10
4.1 10− 2
3.7 10− 2
0.20
0.11
2.0
2.4
0.77
1.9
45
70
0.35
5.9 10− 2

min/fluid
7.39 10− 5
6.56 10− 4
5.92 10− 4
3.20 10− 3
1.76 10− 3
3.20 10− 2
3.84 10− 2
1.23 10− 2
3.08 10− 2
0.720
1.12
5.60 10− 3
9.44 10− 4
1.6 10− 2
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Zack et al. (2003) and Bouman (2004) calculated
similar models in order to explain observed δ7Li values
of eclogites and island arc basalts (IAB). In both studies,
Rayleigh fractionation with constant isotopic fractionation factors and partition coefficients between rocks
and fluids are used, together with “typical AOC” Li
contents and isotopic signatures as initial values for the
subducting slab. The results allow for a prediction of Li
contents and isotopic compositions of subducting AOC
at any stage of dehydration (Bouman, 2004), or for Li
contents and isotopic composition of an eclogite's
possible protolith (Zack et al., 2003).
3. The model
The model presented in this study combines the
different methods discussed above. A procedure similar
to that of Brenan et al. (1998) is used for the calculation
of trace element fractionation, which is then combined
with a method similar to that of Peacock and Hervig
(1999) for the calculation of B isotopic fractionation.
Fig. 1 displays the principles of the model.

It is assumed that a protolith with a given modal
composition, trace element content and isotopic signature is progressively dehydrating with increasing P and
T as it is subducting. The H2O-content is calculated from
the stoichiometric H2O-contents and weight fractions of
all hydrous minerals in the rock. The P–T path, the
changing modal composition (metamorphic reactions)
and the H2O-contents are calculated using PerpleX
(Connolly, 1990, 2005). The second set of input parameters are mineral/clinopyroxene partition coefficients
Dimin/Cpx, determined on natural HP metamorphic rocks
(Marschall et al., 2006a) and defined as the concentration ratio of an element i in any mineral (cimin) in
equilibrium with clinopyroxene (ciCpx):
min=Cpx

Di

¼

cmin
i
cCpx
i

:

ð1Þ

For calculating the behaviour of trace elements
during dehydration reactions, mineral/fluid partition
coefficients are required. Brenan et al. (1998) provide

Fig. 1. Flowchart displaying the calculation used for modelling of trace element behaviour and isotope fractionation in dehydrating crust. Input data
are: 1mineral/clinopyroxene partition coefficients from Marschall et al. (2006a); 2clinopyroxene/fluid partition coefficients from Brenan et al. (1998);
3
modal composition of the HP metamorphic rocks as a function of P and T from calculations with PerpleX; 4boron isotopic fractionation as a function
of T from Hervig et al. (2002).
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Fig. 2. (a) Modal composition of MORB+H2O as a function of P along the calculated P–T path. (b) Same as in Fig. a for the composition K2O-free
MORB+H2O, which does not contain Phe. (c) H2O-content of rock for which the modal composition is displayed in Fig. (a) as a function of P. (d) H2Ocontent of rock for which the modal composition is displayed in Fig (b) as a function of P. A pressure of 3 GPa corresponds to a depth of ∼ 100 km.

clinopyroxene/fluid partition coefficients DiCpx/f for Li,
Be and B, determined from experimental studies:
Cpx=f

Di

¼

cCpx
i
c fi

:

ð2Þ

Starting with any typical light element content of
AOC, the evolution of Li, Be and B concentrations in
the dehydrating rocks and the released fluids is:
c fi ¼

cri n−1
ðDn −1Þ mmr rn þ 1

ð5Þ

n−1

These two sets of partition coefficients (Eqs. (1) and
(2)) are combined to produce mineral/fluid partition
coefficients for a set of 15 HP minerals investigated by
Marschall et al. (2006a):
min=f

Di

min=Cpx

¼ Di

Cpx=f

dDi

:

ð3Þ

Whole rock/fluid partition coefficients are derived
from the sum of all mineral/fluid partition coefficients
multiplied with the mass fractions Xmin of the respective
minerals in the rock:
r=f

Di

¼

X
min

min=f

Xmin dDi

:

ð4Þ

where cirn − 1 is the concentration of element i in the rock
before dehydration step n, Dn is the partition coefficient
between dehydrated rock at step n and fluid, and mrn−1
and mrn are the masses of the rock before and after
dehydration step n, respectively (see Marschall et al.,
2006b, for details). The concentration of element i in the
rock after dehydration is calculated from the concentration of the element in the fluid and the whole rock/fluid
partition coefficient.
In tourmaline-free HP metamorphic rocks, B is stored
predominantly in white mica and amphibole (Domanik
et al., 1993; Marschall et al., 2006a). These minerals are
generally assumed to contain B in tetrahedral coordination (Hervig et al., 2002; Werding and Schreyer, 2002;
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Tonarini et al., 2003). B in acidic hydrous fluids is
predominantly trigonally coordinated in B(OH)3 units
(Palmer and Swihart, 2002). Recent experiments have
shown that this also holds true at pressures ≤ 2.0 GPa
(Schmidt et al., 2005). Experimental studies (Hervig
et al., 2002; Wunder et al., 2005; Sanchez-Valle et al.,
2005) have investigated the temperature dependence of
B isotopic fractionation between phases of different B
coordination (e.g. mica, amphibole, melt, fluid, tourmaline). Hervig et al. (2002) demonstrated a systematic
decrease of fractionation with increasing temperature,
given by the formula
1000lna ¼ 5:68−12290=T

ð6Þ

where α is the fractionation factor and T is the temperature (K). Eq. (6) is used for modelling the B isotopic
fractionation of dehydrating HP metamorphic rocks
containing tetrahedrally coordinated B and released fluid
containing B in trigonal coordination. Input parameters
for the isotope mass balance calculation (see Marschall
et al., 2006b, for details) are (i) the B contents of rocks
and fluids calculated from Eq. (5) and (ii) a value for the
B isotopic composition of the protolith, which may be a
value for “typical AOC”. As formulated, the model
provides a complete description of the light element
concentrations and B isotopic compositions of the slab
mineralogy and the released fluids during subduction
along any specific P–T path.

net grows at the expense of chlorite and the H2O-content
decreases to ∼3 wt.%. The transition from this Lws
greenschist to a Lws blueschist is marked by the appearance of glaucophane at the expense of clinopyroxene,
while the H2O-content steadily decreases to a value of
∼1.5 wt.%. At ∼520 °C, the mode of omphacitic
clinopyroxene starts to increase, while the abundances of
glaucophane and lawsonite decrease. The assemblage
consisting of garnet + omphacite + barroisitic amphibole +
lawsonite + quartz ± phengite can be described as hydrous
eclogite or amphibole-lawsonite eclogite. The H2Ocontents continuously decrease together with the modal
abundances of hydrous minerals (Fig. 2c and d). The
K2O-bearing MORB reaches a limit of ∼0.25 wt.% H2O
as it reaches the stage of phengite eclogite, while in the
K2O-free assemblage an anhydrous eclogite is formed.
Note that the mineral assemblage within the slab at any
depth depends on the temperature evolution during
subduction. A different P–T path causes the mineral
reactions to occur at different depths, and therefore alters

4. Results
4.1. P–T path, H2O-content and modal composition
The model presented above requires a certain P–T
evolution of the subducting material as input data. Any
reasonable P–T path of the top of the subducted oceanic
slab would perfectly serve as an input data set and would
produce its individual results. As an example, the P–T
path published by Jödicke et al. (2006) was taken as a
basis for the calculations presented here. Model
calculations were done for K2O-bearing (Fig. 2a) and
K2O-free (Fig. 2b) MORB compositions, assuming
water saturation in both cases. A comparison of the
results for both compositions demonstrates the impact of
phengite on B concentrations and isotopic signatures.
The amount of H2O in the rocks was calculated for
the K2O-bearing (Fig. 2c) and the K2O-free MORB
(Fig. 2d) from their respective modal compositions.
The modal composition in both cases starts with a
lawsonite greenschist, rich in clinopyroxene, chlorite and
lawsonite accompanied by quartz ± phengite, which
contains ∼5.5 wt.% H2O. As temperature increases, gar-

Fig. 3. Calculated partition coefficients of light elements between HP
metamorphic rocks and released fluids as a function of pressure. The
diagrams display two different compositions: (a) MORB + H2O and
(b) K2O-free MORB + H2O.
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Fig. 4. Results of modelling of light element concentrations in HP metamorphic rocks and released fluids as a function of pressure. The diagrams
display two different compositions: MORB + H2O in Figs. a, c and e, and K2O-free MORB + H2O in Figs. b, d and f. (a, b) Li (black), Be (dark grey)
and B (light grey) concentrations in the dehydrating rocks normalised to the initial concentrations. (c, d) Li, Be and B absolute concentrations in
dehydrating rock. (e, f ) Li, Be and B absolute concentrations in released fluids. Note different scale for Be.

the trace element and isotope signatures. The colder P–T
path employed by Brenan et al. (1998), for example, leads
to a longer persistence of lawsonite and amphibole in the
slab, and to a shift of the dehydration reactions and of the
trace element release to higher pressures.

4.2. Calculated whole rock/fluid partition coefficients
For both MORB compositions, Be has a whole-rock
partition coefficient close to unity over the entire pressure range (Fig. 3), which is consistent with the relative
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Fig. 5. Results of modelling of B isotope ratios in HP metamorphic rocks and released fluids as a function of pressure. The diagrams display the two
different compositions discussed in the text and in Figs. 2, 3 and 4. Boron isotope composition of MORB and mantle (Spivack and Edmont, 1987;
Chaussidon and Jambon, 1994; le Roux et al., 2004) is shown for comparison. (a) B isotope ratios in the phengite-bearing rock, (b) B isotope ratios in
the phengite-free rock, (c) B isotope ratios in the fluids released from the phengite-bearing rock, (d) B isotope ratios in the fluids released from the
phengite-free rock.

immobile character of this element. Li shows a decrease
of D from ∼ 0.13 in the chlorite-rich assemblage to
values of ∼ 0.06 for the blueschists and ∼ 0.07 for the
eclogites (Fig. 3). Partition coefficients for B are the
lowest of the three elements and are strongly dependent
on the modal abundance of phengite. For the phengitebearing composition they are relatively constant at
∼ 0.05, while for the phengite-free composition they
are significantly lower and increase from ∼ 0.010 for the
Lws greenschist to ∼0.012 for the Lws blueschist and
then decrease to ∼0.006 for the eclogite (Fig. 3).
4.3. Light element concentrations in rocks and released
fluids
The abundance of Be is very constant from greenschist to eclogite in both bulk compositions (Fig. 4). Li
concentrations decrease to ∼ 55% during subduction
from greenschist to eclogite conditions, irrespective of
phengite abundance (Fig. 4). The amount of B remaining
in the rocks is strongly dependent on the modal abun-

dance of phengite. In the K2O-bearing MORB (∼ 5%
phengite), ∼37% of the B remains in the eclogite (Fig. 4a),
while the K2O-free composition preserves only ∼1% of
the initial B (Fig. 4b).
Absolute concentrations of light elements in the
model rocks and fluids can be calculated if typical light
element concentrations of AOC are assumed as initial
values. Keeping in mind the large variability of Li and B
concentrations in AOC, the following values from the
literature were used: 14 μg/g Li (Kelley et al., 2003),
0.58 μg/g Be (Kelley et al., 2003) and 26 μg/g B (Smith
et al., 1995).
Using these initial values, the concentrations of light
elements in the released fluids were calculated (Fig 4c
and d). The impact of the phengite abundance on the
concentrations of Li and Be in the fluids is very limited
(Fig. 4e and f ) — as is the case for Li and Be abundances
in the rocks. Be concentrations in fluids released from
both lithologies range from ∼0.4 to ∼0.9 μg/g. Li concentrations vary from ∼ 100 μg/g released at ∼ 1.6 GPa
from the greenschists, to ∼ 200 μg/g in fluids released at
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∼ 2.0 GPa, to ∼ 100 μg/g in fluids released at ∼ 2.3 GPa
from the eclogites. B concentrations depend strongly on
the amount of phengite in the restitic rock. The phengitebearing assemblage releases fluids with a B concentration decreasing from ∼ 550 μg/g to ∼200 μg/g along the
P–T path (Fig. 4e), while B concentrations of fluids
released from phengite-free rocks decrease from
N 1200 μg/g to b 100 μg/g at P N 2.2 GPa (Fig. 4f ).
4.4. B isotopic composition of rocks and released fluids
Depending on fluid/rock ratios, temperature, the extent of alteration and other parameters during sea-floor
metamorphism of oceanic crust, the B isotopic composition may vary between − 4.3‰ to + 24.9‰ (Smith
et al., 1995). An average δ11B value of +0.8‰ for layer
2A (uppermost layer) of AOC is given by Smith et al.
(1995) with a boron concentration of 26 μg/g. These
values are used here for modelling (Fig. 5). The δ11B
evolution of the two different rocks is significantly different. The δ11B value of the phengite-bearing rock is
lowered to a value of − 8.6‰ as it reaches the eclogite
stage at ∼2.2 GPa, whereas the δ11B value of phengitefree rock is shifted to a much lower value of b-30‰ at
the same depth (Fig. 5a and b). Consequently, the fluids
released at the blueschist–eclogite transition at 2.2 GPa
show the same difference between +0.1‰ and − 20.8‰
in the phengite-bearing and the phengite-free compositions, respectively (Fig. 5c and d). It is important to note,
that the δ11B value of the phengite-bearing eclogite is
within the δ11B range published for MORB and mantle
(Spivack and Edmont, 1987; Ishikawa and Nakamura,
1992; Chaussidon and Jambon, 1994; Chaussidon and
Marty, 1995; le Roux et al., 2004). The δ11B value of the
phengite-free eclogite on the other hand is significantly
lower than the values for MORB and mantle. Correspondingly, the fluid released from the phengite eclogite
carries a positive δ11B signal, whereas the δ11B value of
the fluid released from the phengite-free assemblage is
extremely negative.
5. Discussion
5.1. Limitations of the model
The universal applicability and significance of our
model is limited by a number of factors. The whole
model is based on the assumption of chemical and
isotopic equilibrium in the rock, as are comparable
models on partial melting processes. Furthermore, the
trace element and isotopic composition of the generated
fluids are assumed to be in equilibrium with the restitic
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rock and the fluid is extracted from the rock after each
step of dehydration (= batch dehydration, using 10 °C
step size). Chemical equilibrium during metamorphism
depends on a number of factors, such as grain size, fluid
availability, deformation and concurrent recrystallisation,
the type of minerals involved and element diffusivities.
In the case of Li, Be and B in dehydrating upper oceanic
crust during subduction, all these factors are relatively
favourable. Firstly, the upper part of the oceanic crust is
usually subjected to intense deformation – shearing and
isoclinal folding – as documented in many exhumed HP
terranes. Secondly, increasing temperatures lead to
dehydration reactions, providing fluids which in turn
accelerate metamorphic reactions within the rocks.
Thirdly, the light elements are stored in phases such as
chlorite, phengite, amphibole and pyroxene that are
likely to react rapidly. Garnet, which is expected to
have sluggish reaction kinetics at low temperatures, is
only a minor carrier of Li and does not incorporate Be
and B in significant amounts (Marschall et al., 2006a).
Studies on natural rocks have demonstrated that light
element partitioning among different metamorphic phases is highly systematic, suggesting a relatively fast
adaptation to equilibrium partitioning (Marschall et al.,
2006a).
Another limiting factor for the model is the quality of
the partition coefficients used in the calculations. To
date, the data base on light element fractionation among
different HP metamorphic minerals and especially
between minerals and hydrous fluid is limited. A detailed
investigation on samples from Syros (Marschall et al.,
2006a) revealed a basis for inter-mineral partitioning of
light elements, but did not decipher possible influence of
P or T on the coefficients. A secondary effect could be
generated by a change of the major element composition
as a function of P and T variations, e.g. increasing jadeite
content in omphacite as a consequence of increasing
pressure. This change in major element composition
would affect the crystallographic parameters of the
mineral, and could therefore influence trace element
partitioning. However, the large variety of clinopyroxene
compositions investigated by Marschall et al. (2006a)
does not reveal any strong influence of mineral compositions on trace element partitioning.
The mineral/fluid partition coefficient dataset determined experimentally by Brenan et al. (1998) at relatively high P–T conditions (2 GPa, 900 °C) are probably
not perfectly transferable to the metamorphic conditions
of the calculated P–T path. Therefore, future studies on
fluid/mineral partition coefficients may enhance our
knowledge on this aspect and further improve the quality
of the results calculated by our model.
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Modal compositions used in our model do not include
tourmaline. The impact of this boro-silicate on the B
budget and δ11B systematics of metamorphic rocks
during subduction was already emphasised (Nakano and
Nakamura, 2001). Tourmaline is probably more frequent
in metasediments than in metabasites, but it strongly
controls the B budget and B isotopic composition of
rocks, even if it occurs only as an accessory phase
(Marschall et al., 2006a). Nakano and Nakamura (2001)
have demonstrated that tourmaline-bearing metasediments are able to retain their entire B budget by
incorporating mica-derived boron into newly growing
tourmaline. Transferring the presented model to metasediments would therefore require the introduction of
tourmaline into the mineral assemblage. Thermodynamic data on the minerals of the tourmaline group, however,
are sparse (Garofalo et al., 2000; Anovitz and Hemingway, 2002).
5.2. Implications of the results for the subduction cycle
of light elements
The calculations demonstrate that Li concentrations
of eclogites still amount to ∼ 50% of the initial value.
Despite the fluid-mobile character of this element, the
subducting oceanic crust retains more than 50% of its
lithium, even in the H2O-saturated portion of the
subducting crust. This finding has already been proposed
by Woodland et al. (2002) after investigating Li
abundances of natural eclogite samples from several
localities. Li concentrations of the released fluids range
from ∼ 100 to ∼ 200 μg/g and are highest at intermediate
pressures at the transition from blueschist to hydrous
eclogite. The results for the behaviour of Li in subducting AOC provide a good database for the modelling of
Li isotope fractionation during subduction (Zack et al.,
2003).
Be concentrations of the eclogites are almost identical
to those in the protoliths. This is due to the fact that the
whole rock/fluid partition coefficients are close to unity.
It has been demonstrated experimentally that whole
rock/fluid partition coefficients for Be between progressively metamorphosed clay-rich sediment and the released fluids range from 2 to 4.5, and drop to 0.7–0.9
at the onset of partial melting (Johnson and Plank,
1999). Natural HP metamorphic metabasites also show
relatively high Be concentrations of 0.4–3.2 μg/g
(Marschall, 2005), which is consistent with the conservative behaviour of Be during dehydration as predicted
by our model. However, concentrations of Be in released
fluids are still ∼0.5 μg/g, i.e. as high as the concentration
in the rocks. Hence, despite of the fact that there is no

recognisable change in Be concentrations in the slab, the
fluids are rich in Be and may be able to generate anomalies within mantle rocks. Fluids with a Be concentration of 0.5 μg/g, corresponding to ∼10 times the value of
primitive mantle (0.068 μg/g McDonough and Sun,
1995) would probably produce a measurable positive Be
anomaly in the depleted mantle wedge. Equivalent to the
transportation of Be by fluids generated in dehydrating
metabasites, fluids from metasediments are expected to
transport Be and especially cosmogenic 10Be in concentrations comparable to the dehydrating whole rocks.
Therefore, it is possible that 10Be signals in IAB are
generated by metasomatism of the IAB source by
hydrous fluids and not exclusively by silicate melts.
The results for B demonstrate the significant influence of phengite on the evolution of B concentration
and isotopic composition in rocks and fluids. The hydrous MORB produces a phengite eclogite (5 wt.% Phe)
which retains approximately one-third of the original B
with an isotopic composition in the range of mantle
rocks, while the phengite-free composition produces a
dry eclogite with low B concentration (1% of the initial
value) and extremely light B. Therefore, deep subduction
of phengite eclogite would produce a B-rich fluid with
isotopic composition close to the mantle, as it reaches the
upper pressure stability of phengite (∼10 GPa Schmidt
and Poli, 1998). In contrast, deep subduction of dry
eclogite would introduce portions of extremely negative
δ11B into the deep mantle, but no anomaly in B concentration. Calculated B concentrations for dry eclogite of
0.2 μg/g are similar to those of the primitive mantle
(Chaussidon and Jambon, 1994; McDonough and Sun,
1995; Palme and O'Neill, 2003). The results for the two
different compositions, containing 5 wt.% phengite
(0.5 wt.% K2O) and 0.0 wt.% K2O (no phengite) demonstrate the strong impact of white mica on B
concentrations and isotope signatures in the subduction
zone. Low-temperature alteration of MORB at the ocean
floor may enrich K2O to concentrations of 2 wt.% or
even higher (Smith et al., 1995) which would form
blueschists and eclogites with higher amounts of
phengite (N20 wt.%). These rocks would retain even
higher amounts of their initial B and higher δ11B signals
to great depths.
Fluids released from the dehydrating AOC show B
concentrations in the order of 200–550 μg/g from the
onset of dehydration to the eclogite stage. In the case of
phengite-free rocks, the first fluids show even higher B
concentrations of N1200 μg/g. B/Be ratios of fluids are
on the order of ∼ 1000, reflecting the greater mobility of
B as compared to Be. δ11B values of fluids released at
the onset of dehydration are positive and significantly
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above the ranges of mantle and MORB, while the fluids
released at greater depth rapidly reach negative δ11B
values, even lower than those of the mantle. Therefore,
the high B concentrations and δ11B values of serpentinite diapirs (Benton et al., 2001), mud volcanoes (Kopf
and Deyhle, 2002) and trench fluids (Kopf et al., 2000;
Deyhle and Kopf, 2002), fed by shallow dehydration of
the slab, are well explained by the modelled fluids. In
contrast, high δ11B values of various IAB of − 3.8 to +
7.3‰ (Ishikawa and Nakamura, 1994; Ishikawa and
Tera, 1997), + 4.6 to + 12.0‰ (Straub and Layne, 2002)
or even higher (Clift et al., 2001) cannot be explained by
fluids expelled from subducting AOC at depths of
∼ 100 km (∼3 GPa), i.e. fluids that are thought to
influence IAB magma generation. Instead, these high
δ11B values may be explained by a multi-stage model:
Serpentinite which is infiltrated by high-δ11B slabderived fluids at shallow depth may be dragged down to
sub-arc depth by mechanical coupling to the slab.
During serpentinite breakdown, B-rich high-δ11B fluids
are released and metasomatise the magma source region.
6. Conclusions
In this study, modelling of trace element release from
progressively dehydrating metabasites during subduction of AOC was performed for the light elements Li, Be
and B. These elements show contrasting behaviour
during fluid/rock interaction processes. Clinopyroxene/
fluid partition coefficients for Li, Be and B were combined with mineral/clinopyroxene partition coefficients
for various HP minerals to deduce a set of mineral/fluid
partition coefficients. These were combined with the
modal compositions of HP metamorphic rocks derived
from thermodynamic calculations using the program
PerpleX. The result is a data set of the modal composition of a rock and its whole rock/fluid partition
coefficients for the trace elements of interest at any
stage of the P–T path, including information on the
amount of fluid released at any depth. Based on these
data, the concentrations of trace elements in the subducting rocks and in the released fluids along a certain
P–T path were modelled. The derived information on
boron concentrations of rocks and fluids were combined
with the temperature dependent isotopic fractionation of
B, in order to model the B isotopic evolution of subducting rocks and of the released fluids.
Light element budgets for two compositions were
calculated, (i) MORB + H2O and (ii) K2O-free MORB +
H2O. For both compositions, Be concentrations of the
dehydrating rocks do not change during dehydration and
released fluids also show constant Be concentrations
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which is similar to that of the rocks. Li concentrations in
both assemblages decrease to ∼ 55% between the onset
of dehydration and eclogite conditions. Li concentrations of the released fluids range from ∼ 100 to
∼ 200 μg/g and are highest at intermediate pressures at
the transition from blueschists to hydrous eclogites. The
behaviour of B is strongly dependent on the amount of
white mica in the rock. The K2O-bearing MORB composition, transformed to an eclogite with ∼ 5% phengite
retains ∼ 37% of the original amount of B, while the
K2O-free MORB composition, transformed to a phengite-free assemblage retains only ∼ 1%. 11B/10B ratios
are also significantly different. The phengite-bearing
rocks release fluids with positive δ11B values, reaching
the MORB or mantle range as the rocks are transformed
to eclogites. In contrast, the phengite-free assemblage
produces fluids with strongly negative δ11B values at
the blueschist-to-eclogite transition. In both cases, however, fluids with high δ11B values are released at
shallow depth, which may migrate into the accretionary
wedge or forearc mantle.
Our model is subject to a number of uncertainties and
has to be improved by the input of better data, especially
on trace element partitioning. However, in principle, this
model offers the possibility of a quantification of trace
element release and isotope fractionation from the slab
in any lithology along any reasonable P–T path.
Acknowledgements
This paper benefited from discussions with Stefan
Prowatke, Jens Paquin, Thomas Zack and Angelika Kalt.
Emily Lowe helped to improve the English style. We
greatly acknowledge constructive and helpful comments
by James Brenan and an anonymous reviewer, and
editorial handling by Adam Simon and Robbie King.
This study resulted from the Dr. rer. nat. thesis of H.M.
and was financially supported by the Deutsche Forschungsgemeinschaft (DFG, grants KA 1023/8-1 and
AL 166/15-3), which is greatly acknowledged.
References
Anovitz, L.M., Hemingway, B.S., 2002. Thermodynamics of boron
minerals: summary of structural, volumetric and thermochemical
data, In: Grew, E.S., Anovitz, L.M. (Eds.), Boron: Mineralogy,
Petrology and Geochemistry, 2nd edn. Rev. Mineral., Chap. 5, vol.
33. Mineral. Soc. Am., Washington, DC, pp. 181–262.
Bebout, G.E., Nakamura, E., 2003. Record in metamorphic tourmaline
of subduction-zone devolatilization and boron cycling. Geology
31, 407–410.
Bebout, G.E., Ryan, J.G., Leeman, W.P., 1993. B–Be systematics in
subduction-related metamorphic rocks: characterization of the
subducted component. Geochim. Cosmochim. Acta 57, 2227–2237.

334

H.R. Marschall et al. / Chemical Geology 239 (2007) 323–335

Bebout, G.E., Ryan, J.G., Leeman, W.P., Bebout, A.E., 1999.
Fractionation of trace elements by subduction-zone metamorphism — effect of convergent-margin thermal evolution. Earth
Planet. Sci. Lett. 171, 63–81.
Benton, L.D., Ryan, J.G., Tera, F., 2001. Boron isotope systematics of
slab fluids as inferred from a serpentine seamount, Mariana
forearc. Earth Planet. Sci. Lett. 187, 273–282.
Benton, L.D., Ryan, J.G., Savov, I.P., 2004. Lithium abundance and
isotope systematics of forearc serpentinites, Conical Seamount,
Mariana forearc: insights into the mechanics of slab-mantle
exchange during subduction. Geochem. Geophys. Geosyst. 5.
doi:10.1029/2004GC000708.
Bouman, C., 2004. Lithium isotope systematics at subduction zones.
Ph.D. thesis, Vrije Universiteit Amsterdam.
Brenan, J.M., Ryerson, F.J., Shaw, H.F., 1998. The role of aqueous
fluids in the slab-to-mantle transfer of boron, beryllium, and
lithium during subduction: experiments and models. Geochim.
Cosmochim. Acta 62, 3337–3347.
Chaussidon, M., Jambon, A., 1994. Boron content and isotopic
composition of oceanic basalts: geochemical and cosmochemical
implications. Earth Planet. Sci. Lett. 121, 277–291.
Chaussidon, M., Marty, B., 1995. Primitive boron isotope composition
of the mantle. Science 269, 383–386.
Clift, P.D., Rose, E.F., Shimizu, N., Layne, G.D., Draut, A.E.,
Regelous, M., 2001. Tracing the evolving flux from the subducting
plate in the Tonga–Kermadec arc system using boron in volcanic
glass. Geochim. Cosmochim. Acta 65, 3347–3364.
Connolly, J.A.D., 1990. Multivariable phase diagrams: an algorithm
based on generalized thermodynamics. Am. J. Sci. 290, 666–718.
Connolly, J.A.D., 2005. Computation of phase equilibria by linear
programming: a tool for geodynamic modeling and its application
to subduction zone decarbonation. Earth Planet. Sci. Lett. 236,
524–541.
Deyhle, A., Kopf, A., 2002. Strong B enrichment and anomalous δ11B
in pore fluids from the Japan trench forearc. Marine Geol. 183,
1–15.
Domanik, K.J., Hervig, R.L., Peacock, S.M., 1993. Beryllium and
boron in subduction zone minerals: an ion microprobe study.
Geochim. Cosmochim. Acta 57, 4997–5010.
Elliott, T., Jeffcoate, A., Bouman, C., 2004. The terrestrial Li isotope
cycle: light-weight constraints on mantle convection. Earth Planet.
Sci. Lett. 220, 231–245.
Garofalo, P., Audetat, A., Günther, D., Heinrich, C.A., Ridley, J., 2000.
Estimation and testing of standard molar thermodynamic properties of tourmaline end-members using data of natural samples. Am.
Mineral. 85, 78–88.
Green, T.H., Adam, J., 2003. Experimentally-determined trace element
characteristics of aqueous fluid from partially dehydrated mafic
oceanic crust at 3.0 GPa, 650–700 °C. Eur. J. Mineral. 15,
815–830.
Hervig, R.L., Moore, G.M., Williams, L.B., Peacock, S.M., Holloway,
J.R., Roggensack, K., 2002. Isotopic and elemental partitioning of
boron between hydrous fluid and silicate melt. Am. Mineral. 87,
769–774.
Ishikawa, T., Nakamura, E., 1992. Boron isotope geochemistry of the
oceanic crust from DSDP/ODP Hole 504B. Geochim. Cosmochim. Acta 56, 1633–1639.
Ishikawa, T., Nakamura, E., 1994. Origin of the slab component in arc
lavas from across-arc variation of B and Pb isotopes. Nature 370,
205–208.
Ishikawa, T., Tera, F., 1997. Source, composition and distribution of
the fluid in the Kurile mantle wedge: constraints from across-arc

variations of B/Nb and B isotopes. Earth Planet. Sci. Lett. 152,
123–138.
Jödicke, H., Jording, A., Ferrari, L., Arzate, J., Mezger, K., Rüpke, L.,
2006. Fluids release from the subducted Cocos plate and partial
melting of the crust deduced from magnetotelluric studies in
Southern Mexico: implications for the generation of volcanism and
subduction dynamics. J. Geophys. Res. 111, B08102.
Johnson, M.C., Plank, T., 1999. Dehydration and melting experiments
constrain the fate of subducted sediments. Geochem. Geophys.
Geosyst. 1. doi:10.1029/1999GC00014.
Kelley, K.A., Plank, T., Ludden, J., Staudigel, H., 2003. Composition
of altered oceanic crust at ODP Sites 801 and 1149. Geochem.
Geophys. Geosyst. 4. doi:10.1029/2002GC000435.
Kessel, R., Schmidt, M.W., Ulmer, P., Pettke, T., 2005. Trace element
signature of subduction-zone fluids, melts and supercritical liquids
at 120–180 km depth. Nature 437, 724–727.
Kogiso, T., Tatsumi, Y., Nakano, S., 1997. Trace element transport
during dehydration processes in the subducted oceanic crust: 1.
Experiments and implications for the origin of oceanic island
basalts. Earth Planet. Sci. Lett. 148, 193–205.
Kopf, A., Deyhle, A., 2002. Back to the roots; boron geochemistry of
mud volcanoes and its implications for mobilization depth and
global B cycling. Chem. Geol. 192, 195–210.
Kopf, A., Deyhle, A., Zuleger, E., 2000. Evidence for deep fluid
circulation and gas hydrate dissociation using boron and boron
isotopes of pore fluids in forearc sediments from Costa Rica (ODP
Leg 170). Marine Geol. 167, 1–28.
Leeman, W.P., Sisson, V.B., 2002. Geochemistry of boron and its implications for crustal and mantle processes, In: Grew, E.S., Anovitz, L.M.
(Eds.), 2nd edn. Boron: Mineralogy, Petrology and Geochemistry, vol.
33. Mineral. Soc. Am., Washington, DC, pp. 645–708.
le Roux, P.J., Shirey, S.B., Benton, L., Hauri, E.H., Mock, T.D., 2004.
In situ, multiple-multiplier, laser ablation ICP-MS measurement of
boron isotopic composition (δ11B) at the nanogram level. Chem.
Geol. 203, 123–138.
Marschall, H.R., 2005. Lithium, beryllium, and boron in high-pressure
metamorphic rocks from Syros (Greece). Dr. rer. nat. thesis, Univ.
Heidelberg, Germany, http://www.ub.uni-heidelberg.de/archiv/
5634.
Marschall, H.R., Altherr, R., Ludwig, T., Kalt, A., Gméling, K.,
Kasztovszky, Zs., 2006a. Partitioning and budget of Li, Be and B
in high-pressure metamorphic rocks. Geochim. Cosmochim. Acta
70, 4750–4769.
Marschall, H.R., Ludwig, T., Altherr, R., Kalt, A., Tonarini, S., 2006b.
Syros metasomatic tourmaline: evidence for very high-δ11B fluids
in subduction zones. J. Petrol. 47, 1915–1942.
McDonough, W.F., Sun, S.-S., 1995. The composition of the Earth.
Chem. Geol. 120, 223–253.
Moran, A.E., Sisson, V.B., Leeman, W.P., 1992. Boron depletion
during progressive metamorphism: implications for subduction
processes. Earth Planet. Sci. Lett. 111, 331–349.
Morris, J.D., Gosse, J., Brachfeld, S., Tera, F., 2002. Cosmogenic Be10 and the solid Earth: studies in geomagnetism, subduction zone
processes, and active tectonics. In: Grew, E.S. (Ed.), Beryllium:
Mineralogy, Petrology and Geochemistry. Rev. Mineral., Chap. 5,
vol. 50. Mineral. Soc. Am., Washington, DC, pp. 207–270.
Nabelek, P.I., 1987. General equations for modeling fluid/rock
interaction using trace elements and isotopes. Geochim. Cosmochim. Acta 51, 1765–1769.
Nakano, T., Nakamura, E., 2001. Boron isotope geochemistry of
metasedimentary rocks and tourmalines in a subduction zone
metamorphic suite. Phys. Earth Planet. Inter. 127, 233–252.

H.R. Marschall et al. / Chemical Geology 239 (2007) 323–335
Nishio, Y., Nakai, S., Yamamoto, J., Sumino, H., Matsumoto, T.,
Prikhod'ko, V.S., Arai, S., 2004. Lithium isotopic systematics of
the mantle-derived ultramafic xenoliths: implications for EM1
origin. Earth Planet. Sci. Lett. 217, 245–261.
Palme, H., O'Neill, H.S.C., 2003. Cosmochemical estimates of mantle
composition. In: Carlson, R.W. (Ed.), The Mantle and the Core.
Treat. Geochem., Chap. 1, vol. 2. Elsevier, pp. 1–38.
Palmer, M.R., Swihart, G.H., 2002. Boron isotope geochemistry: an
overview, In: Grew, E.S., Anovitz, L.M. (Eds.), Boron: Mineralogy, Petrology and Geochemistry, 2nd edn. Rev. Mineral., Chap.
13, vol. 33. Mineral. Soc. Am., Washington, DC, pp. 709–744.
Paquin, J., Altherr, R., 2002. Subduction-related lithium metasomatism during exhumation of the Alpe Arami ultrahigh-pressure
garnet peridotite (Central Alps, Switzerland). Contrib. Mineral.
Petrol. 143, 623–640.
Paquin, J., Altherr, R., Ludwig, T., 2004. Li–Be–B systematics in the
ultrahigh-pressure garnet peridotite from Alpe Arami (Central
Swiss Alps): implications for slab-to-mantle transfer. Earth Planet.
Sci. Lett. 218, 507–519.
Peacock, S.M., Hervig, R.L., 1999. Boron isotopic composition of
subduction-zone metamorphic rocks. Chem. Geol. 160, 281–290.
Poli, S., Schmidt, M.W., 1995. H2O transport and release in subduction
zones: experimental constraints on basaltic and andesitic systems.
J. Geophys. Res. 100, 22299–22314.
Rosner, M., Erzinger, J., Franz, G., Trumbull, R.B., 2003. Slab-derived
boron isotope signatures in arc volcanic rocks from the Central
Andes and evidence for boron isotope fractionation during
progressive slab dehydration. Geochem. Geophys. Geosyst. 4.
doi:10.1029/2002GC000438.
Ryan, J.G., 2002. Trace-elements systematics of beryllium in
terrestrial materials. In: Grew, E.S. (Ed.), Beryllium: Mineralogy,
Petrology and Geochemistry. Rev. Mineral., vol. 50. Mineral.
Soc. Am., pp. 121–145.
Ryan, J.G., Langmuir, C.H., 1987. The systematics of lithium abundances in young volcanic rocks. Geochim. Cosmochim. Acta 51,
1727–1741.
Ryan, J.G., Langmuir, C.H., 1988. Be systematics in young volcanic
rocks: implications for 10Be. Geochim. Cosmochim. Acta 52,
237–244.
Ryan, J.G., Langmuir, C.H., 1993. The systematics of boron
abundances in young volcanic rocks. Geochim. Cosmochim.
Acta 57, 1489–1498.
Sanchez-Valle, C., Reynard, B., Daniel, I., Lecuyer, C., Martinez, I.,
Chervin, J.C., 2005. Boron isotope fractionation between minerals
and fluids: new insights from in-situ high pressure-high temperature vibrational spectroscopic data. Geochim. Cosmochim. Acta
69, 4301–4313.
Sano, T., Hasenka, T., Shimaoka, A., Yonezawa, C., Fukuoka, T.,
2001. Boron contents of Japan Trench sediments and Iwate basaltic
lavas, Northeastern Japan: estimation of sediment-derived fluid
contribution in mantle wedge. Earth Planet. Sci. Lett. 186,
187–198.
Scambelluri, M., Müntener, O., Ottolini, L., Pettke, T.T., Vanucci, R.,
2004. The fate of B, Cl and Li in subducted oceanic mantle and in
the antigorite breakdown fluids. Earth Planet. Sci. Lett. 222,
217–234.
Schmidt, M.W., Poli, S., 1998. Experimentally based water budgets for
dehydrating slabs and consequences for arc magma generation.
Earth Planet. Sci. Lett. 163, 361–379.
Schmidt, C., Thomas, R., Heinrich, W., 2005. Boron speciation in
aqueous fluids at 22 to 600 °C and 0.1 to 2 GPa. Geochim.
Cosmochim. Acta 69, 275–281.

335

Seyfried Jr., W.E., Janecky, D.R., Mottl, M.J., 1984. Alteration of the
oceanic crust: implications for geochemical cycles of lithium and
boron. Geochim. Cosmochim. Acta 48, 557–569.
Smith, H.J., Spivack, A.J., Staudigel, H., Hart, S.R., 1995. The boron
isotopic composition of altered oceanic crust. Chem. Geol. 126,
119–135.
Smith, H.J., Leeman, W.P., Davidson, J., Spivack, A.J., 1997. The B
isotopic composition of arc lavas from Martinique, Lesser Antilles.
Earth Planet. Sci. Lett. 146, 303–314.
Spandler, C., Hermann, J., 2006. High-pressure veins in eclogite from
New Caledonia and their significance for fluid migration in
subduction zones. Lithos 89, 135–153.
Spivack, A.J., Edmont, J.M., 1987. Boron isotope exchange between
seawater and the oceanic crust. Geochim. Cosmochim. Acta 51,
1033–1043.
Springer, M., 1999. Interpretation of heat-flow density in the Central
Andes. Tectonophysics 306, 377–395.
Straub, S.M., Layne, G.D., 2002. The systematics of boron isotopes in
Izu arc front volcanic rocks. Earth Planet. Sci. Lett. 198, 26–39.
Tomascak, P.B., 2004. Developments in the understanding and
application of lithium isotopes in the earth and planetary sciences.
In: Johnson, C.M., Beard, B.L., Albarède, F. (Eds.), Geochemistry
of Non-Traditional Stable Isotopes. Rev. Mineral., Chap. 5,
vol. 55. Mineral. Soc. Am., Washington, DC, pp. 153–195.
Tonarini, S., Forte, C., Petrini, R., Ferrara, G., 2003. Melt/biotite
11 10
B/ B isotopic fractionation and the boron local environment in
the structure of volcanic glasses. Geochim. Cosmochim. Acta 67,
1863–1873.
Werding, G., Schreyer, W., 2002. Experimental studies on borosilicates and selected borates, In: Grew, E.S., Anovitz, L.M. (Eds.),
Boron: Mineralogy, Petrology and Geochemistry, 2nd edn. Rev.
Mineral., vol. 33. Mineral. Soc. Am., pp. 117–163.
Williams, L.B., Hervig, R.L., Holloway, J.R., Hutcheon, I., 2001. B
isotope geochemistry during diagenesis. Part I. Experimental
determination of fractionation during illitization of smectite.
Geochim. Cosmochim. Acta 65, 1769–1782.
Woodland, A.B., Seitz, H.-M., Altherr, R., Olker, B., Marschall, H.,
Ludwig, T., 2002. Li abundances in eclogite minerals: a clue to a
crustal or mantle origin? Contrib. Mineral. Petrol. 143, 587–601
(Erratum: Contribs. Mineral. Petrol. 144 (1), 128–129).
Wunder, B., Meixner, A., Romer, R.L., Wirth, R., Heinrich, W., 2005.
The geochemical cycle of boron: constraints from boron isotope
patitioning experiments between mica and fluid. Lithos 84,
206–216.
You, C.-F., Spivack, A.J., Gieskes, J.M., Rosenbauer, R., Bischoff, J.L.,
1995. Experimental study of boron geochemistry: implications for
fluid processes in subduction zones. Geochim. Cosmochim. Acta
59, 2435–2442.
You, C.-F., Castillo, P.R., Gieskes, J.M., Chan, L.H., Spivack, A.J.,
1996. Trace element behavior in hydrothermal experiments:
implications for fluid processes at shallow depth in subduction
zones. Earth Planet. Sci. Lett. 140, 41–52.
Zack, T., John, T., 2007. An evaluation of reactive fluid flow and trace
element mobility in subducting slabs. Chem. Geol. 239, 199–216.
Zack, T., Tomascak, P.B., Rudnick, R.L., Dalpe, C., McDonough, W.F.,
2003. Extremely light Li in orogenic eclogites: the role of isotope
fractionation during dehydration in subducted oceanic crust. Earth
Planet. Sci. Lett. 208, 279–290.

