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[1] Depletion of high-field-strength trace elements (HFSE) relative to normal mid-ocean basalts
(N-MORB) is the most distinctive geochemical fingerprint of subduction magmatism. Proposed
hypotheses advocate that this “subduction” signature is acquired during melting and/or fluid transfer
either in the mantle wedge or in the crust of the subducting oceanic plate. Here we provide field-based and
geochemical evidence showing that high-pressure dehydration of antigorite-serpentinite produces chlorite-
harzburgite relatively enriched in HFSE due to the stabilization of F-OH-Ti-clinohumite intergrowths with
prograde olivine. Available experimental data indicate that in hydrated, intermediate to warm subduction
zones, clinohumite-olivine intergrowths can be stable in prograde chlorite-harzburgite olivine at subarc
depths. In these settings, deserpentinization may act as a source of fluids leaching large-ion lithophile
elements (LILE), Pb, and Sr from the overlying crust and sediments on their way up to the mantle wedge.
Stabilization of chlorite-harzburgites with clinohumite-olivine intergrowths in the mantle wedge, on the
other hand, acts as a sink of HFSE by selectively fractionating them from other incompatible trace
elements in fluids emanating from the slab. Resulting arc fluids in equilibrium with wedge chlorite-
harzburgite are strongly depleted in HFSE and transfer this depletion to the overlying hot mantle wedge,
where subduction magmas are generated.
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1. Introduction

[2] Trace element abundances of most mid-ocean
ridge and oceanic island basalts display smooth
patterns when they are normalized to an appropriate
composition and plotted in decreasing order of
compatibility for the melt. Lavas erupted at subduc-
tion zones are a remarkable exception [Kelemen et
al., 2003a; Tatsumi and Eggins, 1995]. Subduction-
related volcanic rocks commonly display patterns
characterized by depletion of high-field-strength
elements (HFSE: Nb, Ta, Zr, Hf, and Ti) relative
to large-ion lithophile elements (LILE: e.g., Rb, Ba).
The origin of this geochemical signature remains
highly debated, and proposed hypotheses differ in
the mechanisms and depth where it is generated
[Tatsumi and Eggins, 1995]. “Mantle wedge” hy-
potheses link HFSE anomalies to the presence of
Ti-rich minerals that retain these elements during
melt generation and/or transport [Kelemen et al.,
1990] in the mantle above the downgoing slab.
“Slab” hypotheses contend that HFSE depletions
are due to processes related to the generation of
fluids or melts distilled from the subducting plate.
HFSE depletions are produced because LILE are
more readily partitioned into H,O-rich fluids/melts
released by devolatilization or partial melting of
slab rocks. Fluids released from the slab transfer
this depletion to the overlying mantle wedge and
trigger flux-melting of peridotite leading to arc
volcanism [Kelemen et al., 2003a; Tatsumi and
Eggins, 1995, and references therein].

[3] Inhydrated subduction zones, antigorite-serpen-
tinite may occur in large portions of the mantle
wedge [Hyndman and Peacock, 2003] and the
incoming slab [Ranero et al., 2003]. Experimental
and theoretical work have shown that high-pressure
dehydration of antigorite (=Mg45Si34Og5(OH)g)
serpentinites is a fertile source of H,O-rich fluids
at subarc depths [Schmidt and Poli, 1998; Ulmer and
Trommsdorff, 1995]. There is increasing evidence
showing that serpentinite subduction may also be a
suitable source, among other elements, of Cl, B, Be,
Srand Li for arc volcanism [Scambelluriet al., 1997,

2004a, 2004b; Straub and Layne, 2003a, 2003b].
Here we present geochemical and petrological evi-
dence indicating that prograde chlorite-harzburgite
produced by high-pressure dehydration ofantigorite-
serpentinite [e.g., Hacker et al., 2003b; Ulmer and
Trommsdorff, 1995] can partition effectively HFSE
due to stabilization of intergrowths of F-OH-Ti-
clinohumite in chlorite-harzburgite olivine. Com-
bined with available experimental data, we propose
that stabilization of such intergrowths in prograde
chlorite-harzburgite olivine, coeval with deserpen-
tinization, may be an alternative and concomitant
origin of HFSE depletion of subduction fluids in
some subduction settings.

2. Geological Setting

[4] In this paper we explore the behavior of HFSE
during high-pressure dehydration of antigorite-
serpentinite (atg-serpentinite) through the study
of whole rock and mineral trace elements in
samples from the Cerro del Almirez ultramafic
complex (Betic Cordillera, S. Spain) (Figure 1a).
The Almirez ultramafic massif preserves the only
known field example of high-pressure breakdown
of atg-serpentinite to chlorite-harzburgite (chl-
harzburgite) [Trommsdorff et al., 1998]. The ultra-
mafic rocks of Cerro del Almirez form three major
bodies that are part of a thrust sheet (~400 m thick)
covering an area of 3 km? (Figure 1a). The Almirez
ultramafic rocks are interlayered with metapelites,
marbles and graphite-bearing schists of the Nevado-
Filabride metamorphic complex (Figure 1a), which
is the uppermost complex in the internal zones of
the Betic Cordillera.

[s] The mineral assemblage of Cerro del Almirez
atg-serpentinite is similar to that of many atg-
serpentinites in the Penninic zone of the Alps
[Trommsdorff et al., 1998, and references therein].
Almirez atg-serpentinite represents an early stage
of prograde Alpine subduction zone metamor-
phism overprinting previously hydrated oceanic
mantle [Gomez-Pugnaire et al., 2000; Puga et al.,
1999]. High-pressure breakdown of atg-serpentinite
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Figure 1. (a) Simplified geological map of the Cerro del Almirez massif showing the sample location of antigorite-

serpentinite (green labels) and chlorite-harzburgite (black labels) (modified from Schénbdchler [1999] and
Hiirlimann [1999]). Also shown in the map is the antigorite-out isograd. Inset: Geological sketch of the Nevado-
Filabride metamorphic complex located in the internal zones of the western Betic Cordillera (S. Spain). Also shown is
the location of the Cerro del Almirez massif within this complex. (b) Field photograph of a slightly foliated antigorite-
serpentinite outcrop from the Almirez massif. (c) Field photograph illustrating the structure of a typical Almirez
chlorite-harzburgite characterized by several centimeter long, spinifex-like brown olivine (Ol) immersed in a matrix
of enstatite (En), chlorite (Chl), olivine, and minor tremolite.

occurred in a later stage during further subduction
of atg-serpentinite [Lopez Sanchez-Vizcaino et al.,
2001; Puga et al., 1999]. Petrographic evidence
and thermodynamic calculations show that Almirez
atg-serpentinite dehydrated directly to chl-harzbur-
gite through the model reaction: antigorite = ensta-
tite + olivine + chlorite + H,O at 650 °C and
pressures exceeding 1.7 GPa (>60 km) [Lopez
Sanchez-Vizcaino et al., 2001; Trommsdorff et al.,
1998]. This reaction, which we refer here to as
“deserpentinization”, may release as much as
12 wt% of H,O and is presently regarded as an
additional source of subarc fluids in subduction
zones [Ulmer and Trommsdorff, 1995]. In Almirez,
the stability of chlorite beyond the antigorite
breakdown reaction limited the release of H,O
to about 6—7 wt% [Scambelluri et al., 2004a;
Trommsdorff et al., 1998]. The contact between
atg-serpentinite and chl-harzburgite crops out in
Almirez as a tectonically undisturbed ““deserpenti-

nization front” interpreted as representing the
“antigorite-out” isograd (Figure 1a) [Trommsdorff
et al., 1998]. Almirez atg-serpentinite is moderately
foliated (Figure 1b) and its usual mineral assem-
blage is antigorite with minor olivine, diopside,
chlorite, magnetite and rare tremolite. Almirez
chl-harzburgite is massive and characterized by
spinifex-like, arborescent olivine (Figure 1c) and
elongated radiating enstatite in a matrix of chlorite,
tremolite and magnetite. Olivine is either brown
due to inclusions of magnetite, Fe-chromite and
ilmenite [Ruiz Cruz et al., 1999] or, less commonly,
clear and lacking inclusions.

3. Sampling and Analytical Procedures

[¢] For this study we selected 8 samples of chl-
harzburgite and 7 of atg-serpentinite. Sample loca-
tion is shown in Figure la. Most samples come
from the main ultramafic body of the Almirez
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massif and were taken at both sides of the deser-
pentinization “isograd” (Figure la). All selected
samples are homogeneous and lack veins. Large
amount of each sample (>3 kg) were crushed and
powders were made in an agate ring mill. Whole
rock major and trace element data are given in
Table 1. Whole rock major elements were analyzed
in fused beads by XRF in a PHILIPS PW1404/10
instrument at the CIC (Universidad de Granada,
Spain) using standard procedures. Whole rock trace
element data were determined on a quadrupole VG-
PlasmaQuad Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) at ISTEEM (Université de
Montpellier 2, France) following the procedure
described by lonov et al. [1992]. REE, U, Th, Sr,
Zr, Hf, Rb and Ba concentrations were determined
by external calibration. To avoid memory effects
due to the intake of concentrated Nb-Ta solutions in
the instrument, Nb and Ta concentrations were
determined by using Zr and Hf, respectively, as
internal standards. This technique is an implemen-
tation to ICP-MS analysis of the method described
by Jochum et al. [1990] for the analysis of Nb by
spark-source mass spectrometry. Detection limits
obtained by long-term (several years) analyses of
chemical blanks at ISTEEM are given by lonov et
al. [1992] and Garrido et al. [2000]. The compo-
sition of reference sample UB-(n), analyzed as an
unknown during the same analytical runs as
Almirez samples (Table 1), shows an excellent
agreement with working values for this sample
[Govindaraju, 1994] (GSNL in Table 1). The
long-term analytical reproducibility of ICP-MS
analyses at ISTEEM for UB-N is between 13—
20% for Nb, Ta and U and less than 10% for the
rest of the trace elements [ Garrido et al., 2000]. For
lower concentrations, the long-term reproducibility
of the international reference sample PCC-1 (du-
nite) is between 2—15% for all elements but Ta
(19%) [Godard et al., 2000].

[7] Trace element analyses of minerals of chl-
harzburgite sample AL95-07 are given in Table 2.
Also in this table we report the composition of
F-OH-Ti clinohumite intergrowths in olivine of
chl-harzburgite sample AL95-34. Mineral trace
element data were obtained in sample thick sec-
tions by Laser Ablation-ICP-MS (LA-ICP-MS) at
The Open University (UK) using a frequency
quintupled Nd:YAG UV (213 nm) laser system
(UP213, Merchanteck-New Wave Research) linked
to an HP7500a ICP-MS. Ablation was performed
in pure He-atmosphere (0.65 + 0.01 1 min~ ") mixed
before entering the torch with a flow of Ar (~1.00 +
0.05 1 min"). The ICP-MS was operated with its

shield torch at 1400 W and tuned to produce
maximum sensitivity for the medium and high
masses while keeping the oxide production rate
low (***ThO/***Th < 1%). Typical spot sizes were
between 60 and 80 um, energy beam of ~0.5 mJ
yielding an energy density about 10 J cm ™2, and a
repetition pulse rate set at 10Hz. Data reduction
was carried out using the GLITTER software [Van
Achtebergh et al., 2001]. SiO, content of minerals,
obtained by electron microprobe, was used as
internal standard. The NIST612 glass [Pearce
et al., 1997] was used as an external standard.
This double standardization allows correction for
variations in ablation yield and instrumental drift
[Longerich et al., 1996]. Data in Table 2 are
averages of “n” analyses of different mineral
grains from the same sample. Errors represent +1
the standard deviation of the » analyses (i.e.,
external error). The accuracy and precision of our
LA-ICP-MS analyses can be assessed by comparing
repeated measurements of standard GOR128 glass
(Table 2) with published values for this standard
obtained in several laboratories using various ana-
lytical techniques [Jochum et al., 2000] (Table 2).
No mineral standards of international validity are
commercially available for LA-ICP-MS yet. Our
LA-ICP-MS trace element results in PH-1 clinopyr-
oxene (a peridotite from the French Massif Central
peridotite) [Alard et al., 1996] (Auxiliary Material
Table 1') are in good agreement with values
obtained in several laboratories using both solution
and LA-ICP-MS [Downes et al., 2003]. Differences
between solution and LA-ICP-MS analyses for the
most incompatible elements (i.e., LILE and LREE)
(Auxiliary Material Table 1) are due to the presence
of fluid and melt inclusions in separates of clino-
pyroxene [Garrido et al., 2000].

4. Geochemistry of Chlorite-
Harzburgite

[s] Figure 2a shows the patterns of the trace
element abundances of chl-harzburgites normalized
to that of average Almirez atg-serpentinite. Nor-
malized patterns of chl-harzburgite display marked
positive spikes of Nb, Ta, Zr and Hf indicating that
they strongly fractionated HFSE relative to light
(LREE) and middle (MREE) rare earth elements.
Chl-harzburgites show statistically significantly
higher Nb/La, Ta/La, Zr/Sm and Hf/Sm ratios than
precursor atg-serpentinites (Table 3). This indicates

'Auxiliary material is available at ftp://ftp.agu.org/apend/gc/
2004GC000791.
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Figure 2. (a) Whole rock trace element abundances of

Almirez chlorite-harzburgite samples normalized to the
average trace element abundances of Almirez serpenti-
nite. Light gray symbols are HFSE (Nb, Ta, Zr, and Hf).
(b and c) Plots of Nb/La versus Nb and Ta/La versus Ta
comparing Almirez chlorite-harzburgite and antigorite-
serpentinite samples with a large geochemical database
of oceanic peridotites (small gray circles) compiled by
Bodinier and Godard [2003]. Outsized open and black
symbols are Almirez antigorite-serpentinite and chlorite-
harzburgite, respectively.

that fluids released during formation of prograde
chl-harzburgites had complementary low Nb-Ta/
LREE and Zr-Hf/MREE ratios. In agreement with
experimental evidence [Tatsumi et al., 1986], our
data show that the Zr and HREE concentrations of
most chl-harzburgites are similar to those of
precursor atg-serpentinites, and these elements
were hence effectively immobile during deserpen-
tinization (Figure 2a). The high Zr/Sm and Hf/Sm
ratios of chl-harzburgites are therefore due primar-
ily to the preferential mobility of MREE into
fluids. In contrast, relative gains of Nb, Ta, and U
observed in chl-harzburgite require high fluid/rock
ratios as well as preferential LREE partitioning into
fluids, implying that formation of chl-harzburgite
by dehydration occurred in an open system for

these trace elements. The positive correlations of
Nb/La with Nb, and Ta/La with Ta in Almirez
samples (Figures 2b and 2c) indicates that
dehydration of atg-serpentinite generated chl-
harzburgite with high Nb/La and Ta/La ratios,
and substantial Nb and Ta enrichments. To our
knowledge, such Nb and Ta enrichments have not
been previously reported in any oceanic peridotite
(Figures 2b and 2c¢). Our data indicate that chl-
harzburgite behaved as a sink of HFSE (notably Nb
and Ta) during open-system dehydration of atg-
serpentinite.

5. Origin of HFSE Enrichments in
Chlorite-Harzburgite

[v] Figure 3a shows the result of trace element
mass balance computations in chl-harzburgite sam-
ple AL95-07 combining mineral modal proportion
with whole rock (Table 1) and mineral trace
element data (Table 2). The mass balance indicates
that the main carrier of HFSE in Almirez chl-
harzburgite is brown olivine (Figure 3). Brown
olivine accounts for >70 and >65 wt% of the chl-
harzburgite budget of HFSE and most HREE,
respectively (Figure 3a). The contribution of other
chl-harzburgite minerals to the HFSE budget is
minor or negligible (Figure 3a), and their normal-
ized trace element patterns do not display positive
HFSE anomalies relative to trace elements of
similar compatibility (Figure 3c). Brown olivine
strongly fractionates HFSE from trace elements of
similar compatibility, resulting in normalized trace
element patterns with positive anomalies of Nb-Ta
and Zr-Hf (Figure 3b). Tremolite and enstatite
display negative anomalies of Zr and Hf (Figure 3c)
indicating they were equilibrated with a mineral
having higher partitioning for HFSE. Clear olivine
lacks any marked positive HFSE anomaly and its
normalized pattern (Figure 3b) is similar to that of
mantle peridotite olivine from ultramafic massifs
and xenoliths [Bedini and Bodinier, 1999; Garrido
et al., 2000; Sun and Kerrich, 1995] (light
gray field in Figure 3b). These results point
to strong fractionation of HFSE and HREE into
chl-harzburgite brown olivine, suggesting that the
formation of this phase (or its precursor phase)
during antigorite breakdown may have been
the cause of the whole rock HFSE enrichment
observed in Almirez chl-harzburgite (Figure 2).

[10] The dissimilar partitioning of HFSE between
brown and clear olivines (Figure 3b) may suggest
that fractionation of HFSE into brown olivine is
due to trapping of Ti-Cr oxides during antigorite
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Table 3. Statistics of Key Trace Element Ratios of Almirez Antigorite-Serpentinite and Chlorite-Harzburgite®

Nb/La Ta/La Zr/Sm Hf/Sm Nb/Ta Zr/Hf Ba/La Pb/Ce St/Nd

Chl-harzburgite Mean 18.8 1.40 21.7 0.55 20 35 15.8 1.81 38.3
n=2y) Median 134 0.58 10.4 0.52 19 26 11.5 1.02 31.1
Std. Error 6.1 0.61 8.8 0.08 4 10 3.9 0.52 11.0

Atg-serpentinite Mean 0.7 0.05 2.53 0.17 18 14 53 0.32 4.1

n="17) Median 0.5 0.03 2.45 0.17 19 14 4.6 0.30 2.6

Std. Error 0.2 0.02 0.44 0.03 1 1 0.8 0.07 1.5

Comparison of Means

T test p 0.02 na na 0.002 0.66 0.07 0.03 0.02 na
Result R - - R FR FR R R -

Mann-Witney U V4 0.001 0.001 0.001 0.002 0.9 0.02 0.008 0.002 0.003
test Result R R R R FR R R R R

4 Reported descriptive statistics are the mean, median, and standard errors of “»” samples of each rock type. Also reported are two statistical tests
comparing the trace element ratio of chl-harzburgite with those of atg-serpentine: T test: results of the T test for unequal and unknown variances; na,
the T test is nonapplicable because the assumption of normality required by the T test is not fulfilled; Mann-Whitney U test: results of the
nonparametric (i.e., no assumptions about the distribution of the underlying population) Mann-Whitney U test. In both tests the null hypothesis is
“the two means are equal,” and the level of significance is 5; p is the empirical significance test of a given test such as p < 0.01 indicates a
confidence level greater than 0.99; R and FR stand for “reject” and “fail to reject” the null hypothesis, respectively. If rejected, it is likely that the
two means are different (i.e., two populations) with a confidence level of p. All statistical computations were carried out using SPSS™ (version 11)

statistical software.

breakdown. TEM studies [Ruiz Cruz et al., 1999]
of Almirez brown olivines have demonstrated,
however, that these oxides are exsolution products
from precursor high-Ti “olivine”. Risold et al.
[2001] have shown that high Ti contents in “oliv-
ine” are due to humite type planar defects. Con-
versely to continuous solid solution mineral series,
the humite mineral group [n(Mg,S104)Mg (OH,F),;
n =1, 2,3 or 4] and olivine are stoichiometrically
colinear with discrete compositions between the
end-members olivine and norbergite forming a
polysomatic mineral series [e.g., Thompson,
1978; Veblen, 1991]. Structurally, the members of
the olivine-humite series may form parallel inter-
growths that have been observed in olivine from
different settings [Kitamura et al., 1987; Tilley,
1951]. In Almirez chl-harzburgite sample AL95-
34 we have identified optically relict intergrowths
of F-Ti-OH clinohumite ((MgSi4016)M(1_X)TiX
(OH,F)(2.2x)02x, where M is Mg, Fe, Mn and Ni,
and x < 0.5) within brown olivine (Figure 4).
Clinohumite occurs as intergrowths (Figure 4b)
and lamellae within brown olivine. Up to 0.5 atoms
of Ti per formula unit can be substituted for MgH,
in clinohumite making it a potential host for
titanium in the upper mantle [Scambelluri et al.,
2001b; Weiss, 1997]. In Almirez brown olivine, we
have measured by microprobe TiO, contents of
up to 1.2 wt% which would correspond to a
content of about 25 mol% of F-OH-Ti-clinohumite
in precursor olivine (Figure 5). LA-ICP-MS anal-
yses of F-OH-Ti-clinohumite intergrowth relics in
sample AL95-34 have an average trace element
normalized pattern with strong positive anomalies

of Nb, Ta, Zr and Hf (Figure 3b; Table 2) and
elevated HFSE contents [see also Scambelluri et
al., 2001b; Ulmer and Trommsdorff, 1999; Weiss,
1997] indicating that HFSE were hosted in clino-
humite intergrowths within precursor “olivines”.
We emphasize that none of our chl-harzburgite
samples contains veins of clinohumite, and hence
the HFSE enrichments observed in harzburgite
whole rocks are a primary signature of their con-
stituting minerals (Figure 3). As identified textur-
ally (Figure 4), F-OH-Ti clinohumite intergrowths
within olivine have disappeared by breakdown in
most chl-harzburgites, but some survived prograde
metamorphism (e.g., sample AL95-34) due likely
to the effect of fluorine in stabilizing F-OH-Ti-
clinohumite at higher temperature for a given
pressure (Figure 6a). Prograde dehydration and
decompression of Almirez chl-harzburgite led to
continuous breakdown of clinohumite intergrowths
in olivine according to the reaction [Evans and
Trommsdorff, 1983; Trommsdorff and Evans, 1980;
Weiss, 1997] F-OH-Ti-clinohumite = olivine +
ilmenite + fluid (H,O, F) (Figure 6a), producing
brown olivines (Figure 4b).

[11] The above petrological, mineralogical and
trace element evidence points to the formation
of high-Ti “olivine”, owing to the stabilization of
F-OH-Ti-clinohumite intergrowths (Figure 4), as
the cause of the HFSE enrichment observed in
Almirez chl-harzburgite (Figure 2). Our results
suggest that outcoming fluids in equilibrium with
chl-harzburgite must have been depleted in HFSE
relative to LILE, LREE and MREE. Scambelluri et
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al. [2001a] analyzed fluid-mineral inclusions, inter-
preted as fluids produced by closed-system anti-
gorite breakdown, in Almirez chl-harzburgite
olivines. They reported inclusion trace element
patterns showing no depletion of HFSE relative
to LILE suggesting that HFSE were mobilized in
deserpentinization fluids. However, in a recent
improved LA-ICP-MS data set of fluid inclusions
in the same Almirez samples, Scambelluri et al.
[2004a] have shown, in good agreement with our
results, that such fluids show trace element patterns
that are indeed strongly depleted in Nb relative to
LILE and some LREE [Scambelluri et al., 2004a,
Table 2 and Figure 6a]. Future improvement of the

CHLORITE-HARZBURGITE (Sample AL95-07)

(O  CLEAROLIVINES g Zﬁiggﬁf
© BROWN OLIVINES
@  ENSTATITE
100 -
—
X
~ 801
b
[7]
(=)
g 60 -
(11]
X
8 0]
o
2
O 20
S
0’
RbBaTh U NbTaLaCe PrNd Zr HfSmEuGdDyHo ErTmYb Lu
S I S A A S A |
Z%IIIIYYYYIIIIIIIIINNNNg
10* = (B) F-OH-Ti-clinohumite integrowths 5

in olivine (from sample AL95-34)
10’

10°

10

102

103

Normalized to PUM

0 £ (C) -
10° = =
10" = =

102 = =

“““““““““““
vvvvvvvvvvvvvvvvvvvvv

RbBaTh U NbTaLaCe PrNd Zr Hf SmEuGdDyHo ErTmYb Lu

precision of the absolute trace element concentra-
tions of fluid inclusions will be useful to under-
stand their relationships with the elemental
fractionation observed in Almirez atg-serpentinite
and chl-harzburgite whole rocks.

6. Implications for Subduction-Related
Magmatism

[12] Prograde chl-harzburgite is expected to occur
in subduction zones due to high-pressure dehydra-
tion of atg-serpentinite (Field 1 in Figure 6a;
Figure 6b) generated by hydration of peridotites
from the mantle wedge and the slab [Hacker et
al., 2003b; Riipke et al., 2004; Schmidt and Poli,
1998; Ulmer and Trommsdorff, 1995]. “Slab ser-
pentinites” are produced by subduction of trans-
form-faults and oceanic lithosphere formed at
slow-spreading ridges [Mével, 2003, and references
therein]. Steady inputs of slab serpentinite may be
caused by serpentinization of slab peridotites in the
trench-outer rise region of subduction zones by
pervasive infiltration of seawater into the bent slab
[Peacock, 2001; Ranero et al., 2003]. Dehydration
of slab serpentinites is the most likely origin of the
lower plane of double seismic zone observed in
some subduction zones [Hyndman and Peacock,
2003; Peacock, 2001; Yamasaki and Seno, 2003].
There is also wide geological and geophysical

Figure 3. (a) Cumulative percentage bar diagram
showing the relative contribution to the whole rock
budget of the different constituting minerals in Almirez
chlorite-harzburgite sample AL95-07. We have calcu-
lated the relative contributions of each mineral by mass
balance computations combining the modal percentage
abundance of each mineral, whole rock analyses by
ICP-MS (Table 1), and trace element analyses by LA-
ICP-MS (Table 2) of mineral from this sample. Trace
element budgets are recast to 100%. (b and c) In situ
trace element abundances analyzed by LA-ICP-MS of
harzburgite minerals normalized to the primitive upper
mantle [Sun and McDonough, 1989]. Trace elements
are arranged in order of decreasing incompatibility in a
melt/peridotite system. All mineral trace element
patterns are the average of # analyses of a given mineral
in chlorite-harzburgite sample AL95-07 (see also
Table 2), except the pattern of F-OH-Ti clinohumite
that corresponds to the average of analyses of F-OH-Ti-
clinohumite-olivine intergrowths (Figure 4) in chlorite-
harzburgite AL95-34 (Table 2). The gray field in
Figure 3b is the field of trace element patterns observed
in mantle olivines from orogenic massifs and xenoliths
[Bedini and Bodinier, 1999; Garrido et al., 2000; Sun
and Kerrich, 1995].
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Figure 4. Petrographic evidence for the existence of F-
Ti-OH-clinohumite intergrowths in chlorite-harzburgite
olivine from the Almirez ultramafic massif. (a) Micro-
graph (cross-polarized light) of chlorite-harzburgite
sample AL95-34 showing coarse-grained brown olivine
and enstatite (En) in a matrix of granoblastic enstatite
and olivine, and flaky chlorite (Chl). In addition to solid
inclusions of ilmenite and magnetite (black grains
in Figure 4b), brown olivine contains intergrowths of
F-OH-Ti-clinohumite. The red inset shows part of
the brown olivine under plane-polarized light wherein
F-OH-Ti-clinohumite is clearly identified by its char-
acteristic orange color. (b) Enlarged view of the F-OH-
Ti-clinohumite intergrowths (plane-polarized light
image) within brown olivine (same area as red inset in
Figure 4a), showing the transition of F-OH-Ti-clinohu-
mite patches (Chum and yellow arrows) to brown
olivine with ilmenite inclusions (opaques; red arrows).

evidence indicating that wedge serpentinite is
widespread in subduction zones. Wedge serpentin-
ites are produced by hydration of the fore-arc mantle
linked to the free and bound water released by
continuous dehydration reactions from subducted

slab sediments and basalts (Figure 6b) [Hyndman
and Peacock, 2003, and references therein].

[13] Experimental [lizuka and Nakamura, 1995;
Trommsdorff et al., 2001; Ulmer and Trommsdorff,
1999; Weiss, 1997; Wirth et al., 2001] and field
evidence [e.g., Scambelluri et al., 1995, 2001b;
Yang, 2003; Yang and Jahn, 2000] indicate that
clinohumite-bearing assemblages coexists at high-
pressure conditions relevant for subduction pro-
cesses. Ti-clinohumite is stable at P-T conditions
of high-pressure atg-serpentinite dehydration re-
action and beyond, and may coexist with chl-
harzburgite assemblages (Figure 6a, subfield 2a)
[lizuka and Nakamura, 1995; Stalder and Ulmer,
2001; Ulmer and Trommsdorff, 1999; Weiss,
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Figure 5. Plot of Xy versus Xy; in olivine-clinohumite
intergrowths. Xp is the ratio F/(F + OH) or 1/ 5 number
of F atoms per formula unit of F-OH-Ti clinohumite.
Xj is the number of Ti atoms per formula unit of F-OH-
Ti clinohumite. F-OH-Ti-clinohumite formula unit is
computed on a 13-cation basis. The observed variation
corresponds to 25 mol% of F-OH-Ti-clinohumite inter-
growths in the precursor high-Ti “olivine”. We have
estimated this proportion assuming that Ti and F in
olivine are totally hosted in F-OH-Ti-clinohumite inter-
growths [Evans and Trommsdorff, 1983]. Mineral
analyses were obtained with a Cameca SX50 electron
microprobe at the Centro de Instrumentacion Cientifica
of the Universidad de Granada (Granada, Spain) using
PCO and PET crystals for F and Ti analyses,
respectively. Natural fluorite and synthetic MnTiO3
were used as standards for F and Ti, respectively.
Analytical conditions were an accelerating voltage of
20 kV, beam current of 20 nA, beam diameter of 5—
6 pm, and a peak counting time of 20 s for F and Ti.
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Figure 6. (a) Phase diagram showing some relevant reactions in water-saturated peridotite systems. Field 1 (light

green) is the P-T stability field of antigorite. The antigorite-breakdown reaction (dashed, red line) is drawn after
experimental data of Ulmer and Trommsdorff [1995, 1999]. Other reactions (solid black line) in the antigorite
stability field are after Lopez Sanchez-Vizcaino et al. [2001]. Field 2 shows the P-T stability filed of chl-harzburgite.
The dotted black line is the clinohumite breakdown reaction (clinohumite = olivine + ilmenite + H,O) determined
experimentally by Weiss [1997] for clinohumite with Xg = 0, Xg, = 0.19, and X1; = 0.46. Subfield 2a (orange) is the
P-T range for which chl-harzburgite olivine coexists with this clinohumite composition. Dashed black lines show the
effect of variable Xy in the stability of clinohumite [Trommsdorff et al., 2001]. The blue dashed line is the P-T-t
metamorphic path deduced for Cerro del Almirez chl-harzburgite [Lopez Sanchez-Vizcaino et al., 2001]. (b) Thermal
model of a cross section of a hydrated, intermediate subduction zone (thermal model for NE Japan after Figure 5c of
Yamasaki and Seno [2003]). Red lines show the dehydration loci of atg-serpentinite after Ulmer and Trommsdorff
[1995] (dashed red line) and Wunder and Schreyer [1997] (dotted red line). The dotted black lines show the
experimentally determined [Weiss, 1997] loci of clinohumite (X = 0) stability (see Figure 6a). For a given pressure,
higher fluorine content expands the stability of clinohumite to higher temperatures. The orange area shows the region
where olivine and clinohumite are stable in chl-harzburgites for this thermal model (see Figure 6a). Note that in the
thermal model the stability field of Ti-clinohumite is represented beyond the P-T conditions shown in Figure 6a, using
the experimental data of Weiss [1997] at higher P and T. The dark green rectangle in the crust of the incoming slab
shows the depth range of the dehydration loci of amphibolite oceanic crust. For amphibolite dehydration, the model
uses as an approximate limit of substantial crustal dehydration [Yamasaki and Seno, 2003] the boundary between
blueschists and lawsonite-eclogites, represented by the reaction glaucophane+clinozoisite = garnet + omphacite +
H,O0, releasing about 3 wt% H,O [Liu et al., 1996].

1997; Wirth et al., 2001]. As a result, clinohu-
mite-olivine intergrowths as those observed in
Almirez may be formed in chl-harzburgite at
subarc depths both in the mantle wedge and in
the subducted slab mantle (Figure 6b). Growth of
new prograde olivine after antigorite, together
with pervasive presence of fluids, is likely a
kinetically favorable scenario for stabilization of
humite intergrowths in olivine during deserpenti-
nization. Wirth et al. [2001] show that reaction of

olivine with TiO, and water led to the formation
of Ti-clinohumite patches and lamellae within
olivine at mantle temperature of 1300 K and
depths exceeding 250 km. Some authors have
suggested that the stability of F-OH-Ti-clinohu-
mite depends on its fluorine content [Ulmer and
Trommsdorff, 1999; Weiss, 1997]. For a given
pressure, increasing fluorine content expands the
stability of clinohumite to higher temperatures
(Figure 6a) [Trommsdorff et al., 2001; Ulmer
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and Trommsdorff, 1999; Weiss, 1997; Wirth et al.,
2001]. This is the case with Almirez chl-harzbur-
gite where prograde chl-harzburgite olivine coex-
ists with F-OH-Ti-clinohumite at lower pressures
due to its higher fluorine content (Xg = 0.1)
(Figure 6a).

[14] As the role of serpentinite as a fertile source
of H,O-rich fluids in arcs, the relevance of
clinohumite-olivine intergrowths for arc processes
relies on the thermal state and history of the
subduction zone, as well as the extent of hydra-
tion of wedge and slab peridotites [Hacker et al.,
2003b; Peacock, 2003; Riipke et al., 2004;
Schmidt and Poli, 1998]. Following Schmidt
and Poli’s [1998] terminology, only in hydrated
intermediate to warm subduction zones, the
breakdown of atg-serpentine would be an ade-
quate source of fluids at subarc depth relevant
for arc volcanism genesis. The generality of the
latter statement is unavoidably model dependent,
however, and it relies on such unknown model
parameters as the rheology of the hydrated sub-
arc mantle [Kelemen et al., 2003b, and references
therein]. Mapping of relevant deserpentinization
and clinohumite equilibria using, for instance, a
conventional thermal model of an intermediate
subduction zone such as NE Japan [Yamasaki
and Seno, 2003] indicates that prograde chl-
harzburgite olivine may coexist with clinohumite
at pertinent subarc depths both in the slab mantle
and the mantle wedge (Figure 6b). In such
settings, the crustal slab would be sandwiched
between mantle slab and wedge regions where
olivine and Ti-clinohumite coexist in a fluid-
saturated environment (Figure 6b). Other exper-
imental estimates of the antigorite dehydration
reaction [Wunder and Schreyer, 1997] would not
modify this scenario (Figure 6b). Chl-harzburgite
may be also stable in other subduction environ-
ments, although not necessarily at depths rele-
vant for arc petrogenesis [e.g., Hacker et al.,
2003al].

[1s] The geochemical relevance of the Almirez
chl-harzburgites for subduction processes hinges
on their potential to coevally retain HFSE and
release fluid at subarc depth. The field-based and
geochemical evidence provided by our study fits
with a multisource, hybrid ““slab-wedge” origin for
the HFSE depletion in subduction fluids [Walker
et al., 2001]. HFSE retention in chl-harzburgites
is achieved by the stabilization of F-OH-Ti-
clinohumite intergrowths in chl-harzburgite oliv-
ine. As shown in Figure 6 and discussed above,

the stabilization of F-OH-Ti-clinohumite inter-
growths in chl-harzburgite occurs in both the
slab and wedge mantle. Mere closed-system
dehydration of slab serpentinite is unlikely to
generate the HFSE over enrichments observed
in Almirez chl-harzburgites, however (Figure 2a).
Slab deserpentinization may likely contribute but
not account entirely for the HFSE depletion
characterizing subduction fluids. Our data also
show that LILE, Pb and Sr behave as immobile
elements during the formation of chl-harzburgite.
Therefore high LILE/LREE, Pb/Ce and Sr/Nd
ratios commonly observed in arc basalts must
be imposed by crustal slab lithologies [e.g.,
Plank and Langmuir, 1998]. In that respect, slab
deserpentinization may simply act as a fertile
source of HyO-rich fluids that selectively leaches
out LILE, Pb and Sr from the overlying crust and
sediments on their way up to the mantle wedge
(Figure 6b). Overlying wedge chl-harzburgites,
on the other hand, may act as HFSE filters
efficiently scavenging these elements from the
fluids emanating from the slab without modifying
their Pb, Sr or LILE content. As fluorine expands
the stability field of clinohumite [Weiss, 1997]
(Figure 6a) and increases the solubility of HFSE
in fluids [Keppler, 1996], the role of wedge chl-
harzburgites in retaining HFSE would be en-
hanced in settings where slab fluids are fluo-
rine-rich. Resulting fluids in equilibrium with
wedge chl-harzburgite would be hence drastically
depleted in HFSE and transfer this depletion
to the hotter upper levels of the mantle wedge
where subduction magmas are generated
(Figure 6b). In hydrated subduction settings,
stabilization of clinohumite intergrowths in chl-
harzburgite olivine may thus play a dualistic role
in generating HFSE depletion in subduction flu-
ids by preferentially partitioning HFSE into de-
hydration residues during slab deserpentinization,
and, more importantly, into wedge chl-harzbur-
gites that scavenge HFSE from fluids emanating
from the slab (Figure 6b). Our results add weight
to increasing evidence for the importance of
deserpentinization reactions and their products
as sources and sinks for H,O, CIl, F, B, Li and
Be at subarc depths in the genesis of subduction-
related magmatism [Scambelluri et al., 2004b;
Scambelluri and Philippot, 2001; Straub and
Layne, 2003a, 2003b].
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