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[11 A comprehensive geochemical study, including B, Pb, Sr, and Nd isotopes, has been carried out on El
Salvador subduction-related lavas. The rocks have arc-type incompatible element distributions with high
LILE/HFSE ratios, nearly constant '**Nd/"**Nd (~0.5130), and small differences in *°’Pb/2**Pb (15.53—
15.57), whereas *’Sr/*°Sr ranges from 0.7035 to 0.7039. Boron isotopic composition varies widely,
between —2.7%o and +6.3%o. The boron isotope signature points to involvement of fluid inputs from (1) a
high-6"'B serpentinite fluid from serpentized mantle wedge dragged beneath the volcanic arc or from the
subducting lithosphere and (2) a low-6''B fluid from the progressive dehydration of subducted altered
basaltic crust and/or sediments. The observed sample variability is explained with a model in which
different proportions of serpentinite-derived (10—50%) and slab-derived fluids are added to an enriched-
DMM source, triggering its partial melting. We suggest a model in which tectonic erosion, i.e., dragging
down of slivers of serpentinized upper plate mantle, was responsible for the occurrence of serpentinite
reservoir, ''B-enriched in the forearc by shallow fluids.
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1. Introduction

[2] The geochemical characteristics of arc magmas
are commonly interpreted as due to the transfer of
subducted material into their source region. An
important question concerns the nature and amount
of volatiles released during the prograde metamor-
phic reactions accompanying subduction of the
oceanic lithosphere [e.g., Tatsumi and Eggins,
1995]. The fluid input to the overlying mantle is
considered to be derived from altered oceanic crust
(AOC) and its sedimentary cover. However, recent
geophysical and geological studies indicate an
additional volatile reservoir represented by serpen-
tinized peridotites residing in the subducted litho-
sphere [e.g., Riipke et al., 2004; Ranero et al.,
2003] and in fore arc mantle [e.g., Hyndman and
Peacock, 2003; Hattori and Guillot, 2003; Stern et
al., 2006]. Boron isotope composition is a power-
ful tool for identifying the nature of subduction
components and estimating their relative contribu-
tions to arc-magma genesis, because of the large
differences in §''B between altered oceanic crust
and sediments, and the extremely low B content in
the pristine mantle, which may be considered as an
almost boron-free reservoir [Leeman and Sisson,
1996]. The boron isotopic composition of arc
magmas is not simply inherited from the subducted
materials. Several studies indicate substantial bo-
ron loss from slabs in the early stages of subduc-
tion by progressive dehydration. This is coupled
with boron isotope fractionation: the heavier iso-
tope (''B) partitions preferentially into the fluids
[e.g., Benton et al., 2001; Savov et al., 2005].
However, many arc front volcanic rocks exhibit
high §''B values, which is not to be expected if the
slab has been depleted in ''B beneath the forearc.
Peacock and Hervig [1999] have su%gested a
model whereby the persisting high 6''B of arc
rocks reflects the presence of hydrated, metasom-
atized peridotites in the mantle wedge, where B is
retained until serpentine breaks down.

[3] The Central America Volcanic Arc (CAVA) is a
key area for investigating the role of serpentinized
peridotites as fluid sources. In the Central Ameri-
can convergent system, tectonic erosion is an
active process [e.g., Ranero and von Huene,
2000] and an anomalous wet slab has been postu-
lated to occur [Abers et al., 2003]. Our new data
from CAVA can be inserted into an already rich
framework of geological, volcanological, geo-
chemical and geophysical data to further under-
standing of the relative importance of subduction
contributions, mantle source characteristics and

shallower processes in influencing the genesis of
the arc magmas. Numerous papers, including sev-
eral reviews, have addressed the style of subduc-
tion, as well as the along-the-arc variations in dip
(and depth) of the subducting slab, the crustal
thickness and mantle domains with different geo-
chemical and isotope features. Such studies have
progressively introduced new tools and models to
detect and better define the processes operating in
the CAVA [e.g., Carr, 1984; Feigenson and Carr,
1986; Carr and Stoiber, 1990; Carr et al., 1990,
2004; Leeman et al., 1994; Reagan et al., 1994;
Walker et al., 1995, 2000; Noll et al., 1996; Patino
et al., 2000; Chan et al., 2002; Feigenson et al.,
2004; Eiler et al., 2005].

[4] This paper describes the results of a study of
the El Salvador volcanic products representative of
a central segment of CAVA. Boron isotope com-
position data is used in combination with radio-
genic isotopes (Sr, Nd and Pb) and trace elements
to define the nature and the relative influence of
subduction components in the genesis of El Salva-
dor arc lavas.

2. Geodynamic Setting

[s] The Central American subduction system con-
sists of a northeast-directed slab, which is sub-
ducted under two continental plates, i.e., Caribbean
and North American. The boundary between the
two upper plates is located along the Cayman-
Motagua sinistral transcurrent fault. The subduc-
tion is oblique to the plate boundary (Figure 1) and
contains a left-lateral transpressive component.
However, inland El Salvador seismicity is charac-
terized by right-lateral focal mechanisms, indicat-
ing both transpressional and transtensional
tectonics [DeMets, 2001; Dewey et al., 2004;
Martinez-Diaz et al., 2004; Corti et al., 2005].
The dip of the slab increases from Guatemala
(~30°) to Nicaragua (~60°) and the related seis-
micity dies out at the depth of about 200—250 km
[Carr et al., 1990; Protti et al., 1995; Syracuse and
Abers, 2006]. The variation in dip through the
northern and central portion the CAVA might be
related to the obliquity of the subduction with
respect to the absolute motions, as the oblique
ramp along a thrust. Age variations along the strike
of the oceanic Cocos plate at the trench (23—19 Ma)
cannot account for the changing dip of the slab
[Cruciani et al., 2005]. The relative motion of
Central America over the Cocos plate varies from
about 50 mm/yr in the northwest, to 95 mm/yr in
the southeast. The convergence rate along the El
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Figure 1.

(a) Geodynamic setting of Central America (modified after Corti et al. [2005]). Rectangle indicates the

area enlarged in Figure 1b. (b) Simplified geological map of El Salvador showing sample distribution. Thick dashed
lines represent major segments of El Salvador Fault Zone; grayed areas are major pull-apart basins (taken from
Agostini et al. [2006]). Dashed boxes enclose the Ahuchapan and Berlin areas. BF basalts are collected behind the

volcanic front.

Salvador trench possibly ranges between 75 to
80 mm/yr [DeMets, 2001].

[¢] The El Salvador volcanic belt is located about
170 km inboard from the trench and about 105 km
above the subducting slab [Syracuse and Abers,
2006]. Geological and geophysical data have led to
the interpretations that the Central America margin
is dominated by tectonic erosion and contempora-
neous upper plate transtension [e.g., Aubouin et al.,
1985; Ranero and von Huene, 2000; Meschede,
2003; Vannucchi et al., 2004]. Tectonic erosion is a
mechanism for removing and transporting to depth
forearc mantle lithosphere and even crustal mate-
rial. The occurrence of forearc material, dragged
down by subduction erosion and stored in the
supra-slab mantle, has recently been claimed by
Goss and Kay [2006] to explain the along-arc
pattern of Pb-isotopic ratios in southern Central
American arc lavas. The shortening of the upper
plate, coupled with the low vertical growth of the
belt front, supports the existence of tectonic ero-
sion. Indeed, geological and geophysical data have
led to interpretations of the evolution of the Central

America margin as a non-accretionary, dominated
by tectonic erosion [e.g., Ranero and von Huene,
2000; Meschede, 2003; Vannucchi et al., 2004].

[7] The subduction zone in the first 50 km from the
trench appears then dominated by tectonic erosion,
but normal accretion cannot be excluded along
some segments, and certainly occurs at deeper
depths of the slab. In some places, the decoupling
surface is located in the footwall (downgoing
plate), resulting in accretion, and in other places,
the basal decollement is instead located in the
hanging wall (overriding plate), generating tectonic
erosion.

[s] In El Salvador, the active deformation takes the
form of a major dextral strike-slip fault system, the
El Salvador Fault Zone. The fault system is later-
ally discontinuous, being subdivided into partially
overlapping en-echelon segments that form pull-
apart structures. Volcanic activity is spatially con-
fined to the fault segments and rarely found in the
intervening pull-aparts; no significant temporal gap
exists in the erupted products, at least for the Plio-
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Quaternary [Corti et al., 2005; Agostini et al.,
2006].

[o] Husen et al. [2003] proposed a model for
central Costa Rica, in which hydrated, serpentin-
ite-and/or chlorite bearing mantle, is in a narrow
zone just above the subducting slab and, in a larger
area, in the tip of the mantle wedge.

[10] In both the ITRF-NNR (International Terres-
trial Reference Frame) (M. Heflin, 2005, http://
sideshow.jpl.nasa.gov/mbh/series.html) and the
HSRF (Hot Spot Reference Frame) [Gripp and
Gordon, 2002], North and South America have a
different westward velocity component (about
14 mm/yr), in agreement with the extension in-
ferred from seismology in Central America
[DeMets, 2001] and the lower elevation of CAVA
segment of the cordillera. Unlike other models
suggesting that oblique subduction causes trans-
tension, we propose that the upper plate trans-
tension is primarily related to the stretching
generated by the faster westward advancement of
North America relative to South America. This
indicates that Central America acts as the transfer
zone of the differential motion between the two
adjoining larger plates, of North and South Amer-
ica. Central America therefore appears to be an
area where two independent geodynamic settings
coexist, the oblique subduction and the transten-
sion in the overriding plate, the latter being related
to the different far field velocities of the adjoining
plates.

3. Sampling and Sample Descriptions

[11] The samples selected for this study are a
subset of 54 rocks from the entire El Salvador
active segment, whose petrography and chemistry
are reported by Agostini et al. [2006]. Two volca-
nically active areas, Berlin in the east and Ahua-
chapan in the west, were investigated in detail,
including the local volcanic basement, known as
the Miocene to Pleistocene Balsamo Formation
(Figure 1). In the Berlin area active deformation
is controlled by the regional stress field, resulting
in the development of transcurrent systems of
right-lateral EW-trending strike-slip faults. On the
other hand, the structural setting of the Ahuacha-
pan area is more complex, reflecting interaction
among different stress fields.

[12] In the Ahuachapan area, several strato-
volcanoes formed over a local volcanic basement
(i.e., ES 43: 248 £ 67 ka [Agostini et al., 2006]) and
were dissected by a major caldera event related to

the emission of abundant pyroclastic 3products [Gon-
zales Partida et al., 1997]. An **Ar->° Ar age of 127
+ 20 ka was obtained for a pre-caldera lava. The
youngest products are represented by small cones,
domes and minor lava flows. In this area, two
samples from the basement (ES 43 and ES 50),
and three representative of younger activity (ES 41,
ES 42 and ES 61) were selected for geochemical
analyses. Another two samples (ES 55 and ES 57)
from monogenetic cones with associated lava flows
were taken as representative of the infrequent vol-
canic activity about 15 km beyond the volcanic front
(hereafter BF basalts; Figure 1b).

[13] In the Berlin area, a caldera structure has
affected an old Pleistocene strato-volcano. The
caldera-forming eruption produced large quantities
of pyroclastic deposits with an age of about 100 ka
[D’Amore and Mejia, 1999]. The Balsamo volcanic
basement sampled close to Rio Lempa dates back
to 415 £+ 27 ka (sample ES 46). Two lavas (ES 8 and
ES 28) and a glass-rich fragment from a pyroclastic
flow (ES 10) were chosen as representative of the
post-caldera products. Samples BER 3, ES 7, ES
45 and ES 46 are representative of the basement.
Other samples from the active volcanic front (ES 2,
from Boquerdn, ES 47 from San Miguél and ES 48
from Conchagua) were chosen in order to obtain a
more comprehensive sampling along the arc. The
composition of the selected samples covers a wide
range, from basalts to dacites (Figure 2). In the
Berlin area, basaltic products occur only in the
Balsamo formation, while they are lacking in
the younger products. The alkali content of the
basalts varies widely. In particular, the two samples
from the BF monogenetic cones (ES 55 and ES 57)
show a higher alkali/SiO, ratio, whereas the sam-
ples from the easternmost part of El Salvador (ES
47 and ES 48) have the lowest alkali contents.
Basalts and basaltic andesites have a porphyritic
texture, with a phenocryst assemblage character-
ized by abundant augitic clinopyroxene, plagio-
clase and olivine, except for BF samples, in
which Mg-rich olivine is the only phenocryst.
Plagioclase is the dominant phase in more evolved
rocks, along with ortho- and clinopyroxene. Quartz
and sanidine can occur in dacites, and sporadic
amphibole is also present. Petrographical observa-
tion reveals that the groundmasses usually contain
different amounts of well-preserved glass, which
becomes more abundant in the most evolved rocks.
Intensive parameters were assessed using different
geo-thermobarometers [Agostini et al., 2006].
Overall, the observed paragenesis developed under
shallow conditions (P < 0.5 GPa), with fO, ~ +1/+2
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Figure 2. Total alkali versus silica classification diagram for El Salvador volcanic rocks (fields after Le Maitre

[2002]).

Apmgq in the basalt-dacite range, and H,O content
around 3—4% in andesite and dacites.

4. Analytical Methods

[14] Trace elements (except B) were determined
via ICP-MS (Fisons PQ2 Plus™) at the University
of Pisa, Department of Earth Sciences. Analytical
precisions, evaluated by repeated analyses of the
in-house standard HE-1 (Mt. Etna hawaiite) gen-
erally resulted between 2 and 5% RSD, except for
Gd (6%), Tm (7%), Pb and Sc (8%). Detection
limits at the 60 level are in the range of 2—20 ppb
for all elements, except Ba, Pb and Sr (100—
200 ppb) [D 'Orazio, 1995].

[15] Sr and Nd isotope ratios were determined via
TIMS techniques at the Pisa Istituto di Geoscienze
e Georisorse of C.N.R. (Italian National Research
Council) using a Finnigan MAT 262 multicollector
mass spectrometer running in dynamic mode. The
measured ®’Sr/*°Sr ratios have been normalized to
865r/%8Sr = 0.1194 and '**Nd/'**Nd ratios to
16Nd/"**Nd = 0.7219. During the measurement
period, the mean measured value of ®’Sr/*°Sr for
the NIST-SRM 987 standard was 0.710242 +
0.000013 (2SD, N = 25), while the mean
"3Nd/'"**Nd for the La Jolla standard was
0.511847 £+ 0.000008 (2SD, N = 25). The JNdi-1
standard [Tanaka et al., 2000] was also analyzed
and yielded a '*Nd/'**Nd value of 0.512100 +
0.000010 (2SD, N = 25). The total procedure
blanks, ~0.5 ng and 0.1 ng of Sr and Nd, respec-
tively, were negligible for the analyzed samples.
Lead was extracted by chromatographic ion ex-

change in Dowex 1 anion resin, using standard
HBr and HCI elution procedures. Isotopic analyses
were performed via TIMS techniques with a Fin-
nigan MAT 262 multicollector mass spectrometer,
operating in static mode. Replicate analyses of Pb
standard NIST—SRM 981 indicated that Pb isotope
ratios are accurate to within 0.025% (2SD) per
mass unit, after applying mass discrimination cor-
rections of 0.14 + 0.01% per mass unit relative to
the reference composition from 7odt et al. [1993].
The Pb blank varies from about 0.4 to 0.6 ng, and
no blank correction was made. Boron isotope
composition was determined using a VG 54E mass
spectrometer after boron extraction by alkaline
fusion followed by ion-exchange purification.
The data is reported in the conventional delta
notation (6''B) as per mil (%o) deviation from the
accepted composition of NIST-SRM 951 (certi-
fied "'B/'°B = 4.04362 [Catanzaro et al., 1970]).
The reproducibility of isotopically homogeneous
samples treated with alkaline fusion chemistry is
approximately +0.5%o0 (2SD), and replicate analy-
ses of samples agree within this limit. Further
analytical details are given by Tonarini et al.
[2003]. Boron concentration was determined by
isotope dilution; the analytical uncertainty is esti-
mated to be £5% on the basis of replicate analyses
(this conservative error has been ascribed almost
entirely to the alkaline fusion of the sample before
adding the spike solution).

5. Results

[16] Major and trace elements and isotope data for
studied samples are reported in Table 1. Compatible

5of 18



o0
S
= 80C  S0T  89€  8TS  LTT  6£T  8LE ST 1€ 9T s€T T Ig€ €gT AT 6T 181 g
g 9L'0  ¥L0  I1¢T 0TI 080 980  L&T  1L0  €I'l  8L0 L0 880  vI'l  ¥80  9L0 €80  S90 oH
3 POE 09€ 09 T9S  SLE  LI't 79 6€€  STS €L €Tv bEv LIS 96€ €€ 68'€  b0€ 1%
2 190 090 001  S60 90  1L0 SO 850 S0 790  ¥L0  SLO S0 990 LSO 990  0S0 qr
S b€ V€ L09  66'S  S6'€  Lbb 189  L9€  60'S  $8'€  6bv  T9v  08v L0V 8€€ SOV €0°€ pD
X LT L0T  S€T LST 160  8TT 99T  8T1 LT v60  SKT 9T ol STl 80T 6T1 160 ng
g 8T’€ 1T €LS 1SS bLS 9Sv €89 vb'E  8Sv  bLS  LTh 6SH 89F  88'€ 68T  T6€  T6T wg
= €71 €11 ¥ S0T ¥ST 881 08 TSl 991 9%l IST €61 L6l 61 86 951 Ol PN
= 96T €T L6y ¥y wE s8It SI'9  oLT  8€€ LTS L0V S€v LSV The  €0T  6bE  LST 1d
2 osT  9ovl  sTE  SLz  T€r  8€C €W ULl 61T $Ic T6r 9l Ss€€  s€¢ vl 0€C 6Ll 2D
2 9L 79 vvl T Vol €€l €8l $'L 06 00l  OSI Il 191 ¥0I 95 0l 6L el
2 10S Ty SeIl 0L8  TIL €68 TEOI  L6E  STS  08S 7T 9 6101 ¥8 60  LLb  68S eq
- 060 790  S€T  ¥ST  €L0 €50 69T  6¥0  SI'T  SS0  8€0  0€0  I€T  6I'l  LI'0  8I'T  STI O
z sv1 6T 8€€ SkT  €sT  S9T It 1Tl €0T  €CT 098  S6L  vTv Syl o€l 0ST  SOT aN
“ bS €s bl 301 601 S11 691 8p €01 bOT 43 Il e €L 96 SL 9 17
3 I'zc L0T vLE  6€E S€C ISt S8 96l 0If  STC  S¥e  0ST 0¥ 0€c  9lc  ¥€r S8l A
& 8IS 60S €0 €IS 9%  €8v TSk 889  6Lb 89 €bS LS T€C  ves 68 T6S  06b 1S
g 801 STI €v ST TOE  v6C  ¥0S 9Tl TTc  €0€ 10T TSI ¥S9  v9T 09 €L 90T A
Z LCL1 06l TLL 08T 891 891 06l T8I s8I SLI 191 991 691 TSI 08I 6Ll €8I en
S 56 z81 6 81 122 L o 91 €01 z8 €9 €5 9 SO1 601 121 LS )
Z 4 01 z ¢ 1 ¢ P 01 L L1 6€1 911 b bl €7 0€ 1 IN
S 00§  TLZ 8V Ity TLe €01 6SI STIE 09T 10§ S6E LSS 6 €I ¥ob  L0E €6l )
Z o€l T9l 190  I$T  vLS 601 29T Te6L  10v 001 bIe €k SLT  v€l §ST OIS T8 10
= 8T e s¢ 901 60T €01 I o€ T 9T 9t LIT bL 6T gbe  €sT Tt A
2 ¢sc sTe  TLL oV 9vC T9l 07T Lve  1ST 86T €T 8T TEl ST 9k 60€ LSl E1S
= 190 IS0 €l 860 80 Il SE€T S0 940 140  €T1 6l KT 8L0  8¥0 780  9L0  wddog
£ PE66 9166 1766 6766 886 8566  L'66 €986 9L'66 986  LL'S6  T686  €L86 6086 66 1066  80°66 oL
- ¥9°0  8¥0  SL0  6T0  SK0 €01 L00 T80 €50  OL0  S90 650  SSO  SLO  S90 10T ISl TO1
& 81’0 810 TT0  ¥E0 610 0T0 b0 vT0  €C0 610  T€0  €€0 <0 Ig0  SI'0  1T0 810 50%d
5 8.0  TL0  TeT 9T 9T ILT  ¥ST 90  SI'l el 80T 0Tl 9.7  LI'T 090  0T1  €F1 0%
g ot oY 1S 6¥b 96T  bTv  8LT  €9T 8IS 0ST 60 9¢€  ILv  ¥8T 79T  ¥8T  Sb'E 0%N
s SI'6 0s01 8y’ SLS 008 SIS bT6 0901 IS8 Lb6  Tr6  S68 0O  LS6 010l 656 169 08D
S 8y vIv el T les 19T 66'€  Igv 89 9Ty LTS T€L  9T1 19 169  9S%  10°€ 03I
o 810 910 610 Tc0  LI'0 €10 0T0 610 610 SI'0  SI'0  SI'0 110 810 610 810 10 OUN
) 69 019 0S’€ s we 509 061 S0 9L L9T 99 wLL  OL9 o€ 0°4
€€ SOV 6I'l 908 09€  I8'€  OLTI ¥8S  IST €66 8€9 LTI €61 81  S€v  STE 0T 0%
E. o 6061 8961  LS91  STLL  LLLT  9LI  SSLT 88T €681 SLLI $991 0Ll TLSI  8TSI 6TLI €581 b0SI €09V
£9E €80  S60 990 060 9,0  0L0 vl L01 Tl S0 Il STl IS0 60 80T 160 650 o1
2£% 6I'IS  bL'6b  06€9  L6LS SIS 7809  6I'IS  €9Lb €IS SCIS ISk ¥96h  60°S9  T96F  TLLP  £00S  THLS Y% TOIS
[S] 17,
mm m 8 Ly 01 8 8T 9 ¢ Sh z L LS ss 19 It o £ 0S 10qe ]
sq sa sq sq sa s1  wdd s sa sq sq sa sq sq sa sa sq

ere(q 2dojos] g pue ‘qd ‘PN IS pue SJuowd[q ooel], pue Iofe]n °I d[qeL

6 of 18



o)

S

il

S

S

O

O

O

S

S

aQ

(@)}

N

S

s

= 0

2 8T €0 87— 80— 81

3 ' TS 6S €9 19 € €9 80 Ty 8'S R 8T €T 't e 0%€L,,9
< 06181

z Adyz
& 8TS'81  8€S'81  LPS8I  I€S8T  L8S8T 96581  S9S8I  €6181  $LS8T  0LS8T 81981 61981 9981 00981 L£981 88581  159°81 /Ad gz
Z PESTSI

M Dh—wom
= PPS ST €bSST 8ESST OPS'ST  ObS'ST  LSSST  8PS'ST OPS'ST  0SS'ST TSSST  6SSST PLS'ST  OLS'ST  99S°ST  LSS'ST  $SS'ST 995°G1 /ad, o
= L8S°LE

A Ad,¢
5 L81'8E  L61'8E  061'8€ P8ISS  T9TSE  €LT8E  1€T8E  LOG6LE  6ETSE  6ET8E  LLTSE 0TE'8E  LSESE  LSTSE  00£'8E  LSTSE  HTERE /Ad
o} PNy,
S PIOEIS'0 €66T1S°0 L66T1S0 900E1S0 TOOETS0 SLE6TIS0 TIOEIS0 666T1S°0 S66TIS'0 666T1S°0 FS6TIS'0 LF6TIS'0 L66TIS0 TOOEIS'0 E10EIST0 €66TIS0 L66TISO  /PNep,
— HmcMw
= 1S8E0L'0 898E0L0 LISEOL'0 E9SE0L 0 868E0L0 9T8E0L 0 FLIEOL'D SOSEOL 0 LLLEOLO 0SBEOLO FTSEOL'0 S8SEOL'0 HLSEOL O SSIEOL0 999E0L0 099E0L0 TSSEOL0 /S,
= 08,  Ov91  0TEE 0T8I 0T0CZ 866  0I'9¢  9I'8 0081 69€l  €8% 685  09°1¢ €9 06 09TT dq
= bSO SP0 95T $OT 80T 860  ¥8T  LEO  0L0 Tl SK0  v¥0 0T LLO  LEO  SLO TS0 n
. 6,0  €L0 16T 86T 90T  S61 €€ L90  IHT 67T Ol €Tl Ty 091 860  v9T  8I'l L
= 89 7T 8L 9y a3 6t L91 53 S 8 6T 0¢ €9 6T 1T se Ty ad
2 L00 €00 970 800 910 600 <TI0 €00 10 00  L00  SI'0  LTO  ¥I0 €00  TI0 L0 1L
z 010 600 €0 810 L0  0TO  8TO  LOO  ¥I'0  LI0O 650 €50  ¥E0 00 010 010  SI0 el
z o'l €91 ¥Sv €€ b€ 80C 08t vbl 60€ 88T  L6T € LS €I'T 991 e Lt JH
z 620 670 950  9¥0  FE0  8€0 €50  $TO O 00 1€0  €€0 €50  TEO  LTO  I€0  9T0 n
= 961  v61  €9¢  €0€  8TT 9T LYE 1Ll L6T 10T LI'T  6TT  8F€ Tt 10T 0I'T  LL] qA
o €60 I€0 950 80  SE0  8€0  8S0  8TO  L¥O  TEO0  SE0  SE€0  ¥S0  SE0 10 €€0  8TO wp,
D 8% Ly 01 8 8T 9 ¢ S z L LS 98 19 It ey 5 0S [oqe]
£, 2 S sd sq sq sd s ¥yag S sd sq sH sd s s sd s sq

28

m.Mm (ponunuoo) [ d[qeL
SE-Xy

[=N=Ne]

[P NPF)

SQ0

7 of 18



r >3 Geochemistry
Geophysics
_ . Geosystems 7

( Ij TONARINI ET AL.: FLUID IN CONVERGENT MARGIN SYSTEMS 10.1029/2006GC001508
J

300 o ES2
100 200 B, o m ES7
1004 1 /e o ° o ES45
50 Qn"? i o ES3
30 50 \\\g/\ou 8 . e ES47
20 30 ) \@ ,oo oq o o ES 48
S H R
10 ! Bof2 gle
5 by gawﬁﬂgﬂ-n”g%aaaaa
5 / 9
3 3 g °%e
> > %
1 TTTTTTTTTTTTTT T T T T T TIT T T TTTITTI 1 TTTTTTTTTTTTTTTITITTTITTTTITITTITITTT
CsBa U NbLa Pb SrNdZr EuGdDy Y TmLu CsBa U NbLaPb SrNdZr EuGdDy Y TmLu
B RoTh Ta K Ce Pr P HfSm Ti Tb Ho Er Yb B RoTh Ta K Ce Pr P HfSm Ti Tb Ho Er Yb
100
1 -
*—o
60 A
50 o
o
40 B ogpo °
301 %, 3% B e
® g o \\\\E\m Bpg " %o 0o,
20 .\E o nﬂnn
o @
0=
$ %00
10 °

1T 17T 1T 17T 17T 17T 17 17T 17T 1T T T 171
La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu

1T 1T 17 1T 17 17T 1T 17T T 1T T T T
La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu

Figure 3. Primitive mantle (PM)—normalized trace element variation diagrams and chondrite-normalized rare earth
element (REE) diagrams for El Salvador volcanics. Normalization values after McDonough and Sun [1995]. Scale for

abundances on the y axis is logarithmic.

elements such as Sc, V, Co, Ni and Cr show a
negative correlation to SiO,. Ni and Cr in basaltic
rocks are under 30 and 51 ppm, respectively, except
for the two BF samples ES 55 and ES 57, which
yielded Cr > 240 and Ni > 115 ppm.

[17] The samples exhibit arc-type incompatible
element distribution with LILE (Large Ion Litho-
phile Elements) to HFSE (High Field Strength
Elements) ratios higher than the primitive mantle
values. The incompatible elements generally in-
crease with increasing SiO,, though a large disper-
sion is observed in less evolved rocks. In the
primitive mantle—normalized plot (Figure 3),
basalts are characterized by variable enrichments
in LILE as well as B over HFSE (e.g., Nb, Ta, Zr,
Ti). The trace element patterns show positive
spikes decreasing from B, Ba, Pb, U, K to Sr,
and negative Nb, Ta, Ti, Hf and Zr anomalies
(Figure 3); BF basalts (ES 55 and ES 57) show
higher abundances of Nb, Ta, and to a lesser extent,
other HFSE. Chondrite-normalized rare earth ele-
ment (REE) patterns (Figure 3) are LREE enriched
((La/Yb)ny = 1.9-4.2). Three samples exhibit pro-
nounced Eu negative anomalies, (Eun/Eu*) < 0.8,

reflecting plagioclase fractionation. BF basalts
yielded the highest LREE/HREE and MREE/
HREE ratios, with (La/Yb)y &~ 4.2 and (Sm/Yb)y
~ 2.1. Other basalts show less REE fractionation,
with (La/Yb)y < 3.4 and (La/Sm)y < (Sm/Yb)y;
this is particularly evident in the pattern of sample
ES 45 from the Balsamo formation in the Berlin
area. Moreover, some basalts show a slight nega-
tive Ce anomaly. The occurrence of a Ce anomaly
in samples where evidence of REE redistribution is
lacking [Patino et al., 2003] may be linked to the
decoupling of Ce from other REEs during weath-
ering, resulting from the oxidation of Ce*" to Ce*"
and subsequent cerium precipitation under high-
fO, conditions [Dia et al., 2000].

[18] The Sr and Nd isotopes are plotted in Figure 4.
Sr variations are relatively large (*’Sr/*°Sr from
0.70352 to 0.70390), while the Nd isotope ratio is
nearly constant (***Nd/'"**Nd around 0.51300),
except for the two monogenetic BF basalts, which
have slightly lower '**Nd/'*!Nd (Figure 4). As
stressed by Agostini et al. [2006], the lack of any
correlation between the degree of evolution and
87Sr/*°Sr ratios indicates that crustal contamination
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Figure 4. Strontium-neodymium isotope diagram for Central American volcanic rocks. El Salvador samples from
this study are indicated by larger symbols. Samples labeled Colombia are from La Providencia island (Caribbean Sea,
offshore of Nicaragua). Literature data for Central America volcanics have been taken from M. J. Carr’s database
available at http://www.rci.rutgers.edu/~carr/index.html. DMM, depleted MORB mantle; BSE, bulk silicate Earth;

HIMU, high U/Pb ratio (1) mantle components.

processes are likely to be minimal. With the
exception of one basalt from the Berlin basement
(ES 45), the lead isotope ratios fall within a narrow
range (Table 1). Despite their limited variation,
significant negative correlation is observed be-
tween 2°°Pb/***Pb and *’Sr/*°Sr ratios with sam-
ples from western El Salvador having higher Pb
but lower Sr isotopic ratios than samples from
eastern El Salvador (Figure 5).

0.7050

[19] The boron content ranges between 4.8 to 36.1
ppm and yields a weak positive correlation with the
degree of fractionation. Boron isotope composition
varies widely, ranging from —2.7%o to +6.3%o.
Figure 6 shows the variation in 6''B versus SiO,
content and demonstrates that the less evolved
rocks exhibit the entire range of isotope variability.
In the Berlin volcanic system, the most evolved
rocks, produced by crystal fractionation processes,
display the same &§''B as the Berlin basalts. The

1 [= Guatemala A Ahuachapan
87gr/86r n El Salvador uce BF basalts
-| | ® Honduras - A
Bo 0
0.7045 - |¢ Nicaragua E CO‘L‘:Z’: ue
| | o Costa Rica " J, ped
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1 O o
7 © S S N oh @
a o
= < o = III@D
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- o4 ¢ o
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] 24 VY HIMU
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Figure 5. Plot of ®’St/*®Sr versus °°Pb/***Pb for Central American lavas. UCC, upper continental crust [ Taylor and

McLennan, 1995].
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Figure 6. Plot of §''B against SiO, for analyzed
samples of El Salvador volcanics. FC, fractional
crystallization trend.

Ahuachapén andesite and dacite yield 6''B values
(+2.8%0 to +3.1%0) within the same range as
basalts from the same area (2.0%o0 and 4.1%o), but
the two BF samples, ES 55 and ES 57, are
characterized by negative §''B (—0.6%0 and
—2.7%o, respectively).

6. Discussion

[20] The Central American arc lavas display sys-
tematic geochemical variations along the volcanic
front, most of which are considered to reflect
variations in the subduction component (i.e., Ba/
La, U/Th, '°Be/’Be, and ®’Sr/*°Sr ratios) [Carr et
al., 2004]. Several distinct components added in
different proportions to several types of mantle
wedge have been invoked to explain the observed
regional trends. Such components include fluids
released by subducted altered oceanic crust (AOC)
and/or by serpentinized lithosphere [Riipke et al.,
2002], as well as fluids derived from, or bulk
mixing with, sediments whose composition has
been inferred from drilling data (DSDP 495)
obtained offshore of Guatemala [Morris et al.,
1990; Patino et al., 2000]. Moreover, the relatively
high 2°°Pb/2**Pb values found in Costa Rica lavas
were interpreted by Feigenson et al. [2004] as due
to the presence of a Galapagos-influenced mantle
component (Figure 5). The small Sr and Pb isoto-
pic variations have been attributed to crustal con-
tamination in some Guatemala and Honduras lavas
[Carr et al., 2004].

[21] Our detailed geochemical investigation of the
El Salvador segment of the CAVA allows us to
trace the transfer of slab-derived elements into the
mantle wedge beneath El Salvador.

6.1. Subduction Component Sources

[22] In several Pacific arcs, a positive correlation
between 6''B and B/Nb has been described and
interpreted as reflecting mixing relations between a
mantle source and a fluid with near constant §''B,
considered representative of the subduction com-
ponent [Palmer, 1991; Ishikawa and Nakamura,
1994; Ishikawa and Tera, 1997, 1999; Ishikawa et
al., 2001]. In El Salvador, a relatively poor positive
correlation is observed between §''B and the ratios
of fluid mobile elements to fluid immobile ele-
ments, such as B/Nb (Figure 7), Rb/Nb and Ba/Zr
(not shown). Thus the data is not consistent with
the hypothesis of simple mixing between a B-poor
mantle and a homogeneous B-rich fluid. Instead,
the measured §''B can be explained by assuming a
metasomatizing agent with an isotopic composition
ranging from ~+7%o (Berlin samples, including
Cojutepeque and San Miguel volcanoes) and
~+2%o0 (Ahuachapan and Conchagua samples).
Sample ES 45 from Berlin volcanic basement is
characterized by an §''B of +0.6%o, suggesting that
fluid with lower §''B could have affected the
mantle-source region before the inception of pres-
ent activity.

[23] Similar isotope variations with 6''B values as
high as +6/ +7%o0 have been found in some Pacific

10
4 8'"B %.
] % 2%
| 0'5%/1 % to +7%
- g0
57 60 ® to +4%o
] to +1%o
O —
-5 —4Mantle
T T T T | T T T 1 I 1 1 T T I T T T
0 5 10 15

B/Nb

Figure 7. Diagram of §''B versus B/Nb for El
Salvador lavas (symbols as in Figure 6). Mixing lines
between mantle (6''B = —5 and B/Nb = 0.2) and fluids
with a B/Nb ratio of 1000 and §''B of +1, +4, and +7%o
are shown.
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arcs (Tonga, Mariana, Kamchatka, Kurile [Ishikawa
and Nakamura, 1994; Ishikawa and Tera, 1997,
1999; Ishikawa et al., 2001]). Such high ratios have
been attributed to fluid derived from dehydration of
altered oceanic crust enriched in B from seawater
(6"'B of AOC between +17 and +4%o with an
average value of 5.3%o [Spivack and Edmond,
1987; Smith et al., 1995]). However, it is unlikely
that high 6''B persists at P-T conditions in the slab
under the volcanic front, because most of the B (*'B-
enriched) is released at low T in the early stages of
subduction and stored mainly in clay minerals and
pore waters [see, e.g., Moran et al., 1992; Leeman
and Sisson, 1996]. Boron loss is coupled with
isotopic fractionation, since ''B is preferentially
partitioned in the fluid phase [Benton et al., 2001]
and leaves the residual slab progressively more ''B-
depleted [Rose et al., 2001; Bebout and Nakamura,
2003; Tonarini et al., 2005].

[24] Subducted sediments also appear to be an
unlikely source of ''B. Boron is present in two
forms in marine sediments. The first component is
desorbable boron (§''B ~ +15%o [Spivack and
Edmond, 1987]), which is largely lost at shallow
depths, as demonstrated by the experiments of You
et al. [1995]. The second component is structurally
bound boron, which is isotopically heterogeneous
and affected by isotopic fractionation during meta-
morphism accompanying subduction, as occurs for
AOC. Thus metamorphosed sediments should have
much lower B (and ''B) than unmetamorphosed
ones. Models involving mixing between mantle
and metamorphosed bulk sediments (such as the
DSDP 495 sediment column [Patino et al., 2000])
failed to produce the high source B-enrichment
needed to generate most of the El Salvador lavas,
whereas addition of 2—3% fluid to mantle reservoir
is sufficient to match the B/La ratios observed in
the lavas [Leeman et al., 1994].

[2s] An alternative ''B-rich reservoir is represented
by serpentinized peridotites of the oceanic litho-
sphere (B = 30—140 ppm [Bonatti et al., 1984; W.
P. Leeman, personal communication, 2005]; §''B
~ +10%o [Tonarini et al., 2006]), where B is hosted
by serpentine, which is stable down to 3—4 GPa at
~650°C [Ulmer and Trommsdorff, 1995]. Serpen-
tine may reside in the subducted oceanic litho-
sphere [e.g., Ranero et al., 2003] or be generated in
the forearc by dehydration fluids and dragged
down by subduction-induced mantle flow [e.g.,
Hattori and Guillot, 2003]. Such a reservoir was
sampled in the Mariana forearc, where it is char-

acterized by average B and 6''B values of 27 ppm
and +14%o, respectively [Benton et al., 2001].

6.2. Fluid Origins and Role in Magma
Genesis

[26] The fluids metasomatizing the CAVA mantle
wedge may be a composite of fluids derived from
the dehydration of subducted crust and serpenti-
nized ultramafic rocks. Indeed, a roughly linear
correlation between Sr and B isotopes can be
observed (Figure 8). However, this correlation
cannot be explained by simple binary mixing
between a mantle end-member (with low §''B
and %’Sr/*°Sr) and a fluid (with high 6''B and
87Sr/%°Sr), because the large differences in their
B/Sr ratios would not produce a line, but instead
a strongly convex hyperbolic curve. Moreover, a
two components mixing is unable to explain the
B/Nb and 6''B variations. In order to define the
geochemical features of the subduction-related
components and their relative contributions to
magma genesis, we modeled the Sr and B isoto-
pic composition of fluids from the different res-
ervoirs and their subsequent addition to the
mantle source, beneath the volcanic front. The
composition of the end-members and the model
results are reported in Table 2 and plotted in
Figure 8. El Salvador-Guatemala mantle wedge
has been considered a subduction modified de-
pleted mantle [e.g., Carr et al., 2004; Eiler et al.,
2005], whereas other authors [e.g., Patino et al.,
2000] have proposed an E-MORB-like mantle as
the primary source of CAVA magmas. Because of
almost constant Nd isotope ratios of VF lavas
(~0.51300), in the model we choose the E-DMM
[Workman and Hart, 2005] as representative of
mantle source prior to the subduction. In any
case, the mantle (both depleted and enriched) is
characterized by very low boron content, thus
only a slightly smaller amount of fluid needs to
be added to magma source, if a higher ®’Sr/*Sr
mantle ratio is assumed for the mantle wedge
source.

[27] The Sr and B isotope compositions of the
fluids were calculated assuming a subducted crust
composed of 80% altered basalts and 20% sedi-
ments. The AOC+Sed derived fluid was mixed in
different proportions with a serpentinite-derived
fluid. The observed 6''B and *’St/*Sr co-variation
in El Salvador lavas is explained as the result of the
addition to the mantle of about 1-3% of fluids with
a serpentinite component varying from 10% to
50%. In the volcanic front samples, B isotope
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Figure 8. Model of mantle source metasomatism by serpentinite and AOC + Sediment fluids using the §''B versus
87Sr/%°Sr diagram. Data sources for mantle, serpentinite fluid, and slab fluid are in Table 2. Mixing lines between
mantle source (E-DMM, from Workman and Hart [2005]) and variable proportions of slab-serpentinite fluids are
plotted (for 10%, 30%, and 50% of serpentinite fluid); simple binary mixing lines between the three end-members are
also shown. Thinner dashed lines connect equivalent amounts of total fluid added to the mantle source. Composition
of AOC+Sediment fluid is calculated at 650°C and 120 km after six subsequent stages of dehydration (see Table 2).
Numbers on the mixing trajectories represent amount of fluid.

variability is positively correlated with the amount  do provide an indication of relative degree of
of fluids from serpentine breakdown. Although  source modification.
these values are model-dependent, and especially

sensitive to the assumed fluid compositions, they [2s] Hence, on the basis of B-Sr isotopic signa-

tures, the El Salvador lavas seem to be derived

Table 2. Model Parameters Used for Mixing Calculations

DSDP 495 Forearc AOC + AOC + AOC + Serp.

Mantle®  Sediment® AOC® Serpentinites D (sol/fluid) Sed a° Sed b¢ Sed c© Fluid
B 0.03 75 26 27 0.1 240 201 172 270
Sr 9.7 336 120 20 0.5 310 303 298 40
Nd 0.7 19 6.5 0.008 1 95 9.7 9.9 0.004
Pb 0.024 9.6 0.2 0.04 0.5 3.94 3.86 3.80 0.08
5''B -5 -1 5.5 14 225 7.7 -35 14
8791/86Sr 0.70307 0.7076 0.704 0.7051 0.70548  0.70548  0.70548  0.7051
BNA/"*Nd 0513 0.51274  0.51305 0.5131 0.512919  0.512919  0.512919
207py,204py, 15.568 15.63 15.5 15.62 15.62 15.62

“Mantle value from enriched DMM of Workman and Hart [2005].

®DSDP 495 sediments from Plank and Langmuir [1998]; B content and 6'"'B from Leeman et al. [2004].

€ Altered oceanic crust values from Staudigel et al. [1996]; B content and §''B from Leeman et al. [2004].

Serpentinite values from Savov et al. [2005]; B content and §''B from Benton et al. [2001].

€ Composition of AOC + Sed fluid assumes a 80:20 mixture AOC-sediment-derived fluids, at 90°C and 30 km (a); 260°C and 70 km (b); and
650°C and 120 km (c). Depth-temperature paths from Riipke et al. [2004] are calculated for a young slab (40 Ma) with subduction rate of 10 cm/yr).
To model the B isotope fractionation during dehydration, we used the temperature-dependent B fractionation factor according to Hervig et al. [2002]
and a partition coefficient of B between hydrous fluids and restitic slab of 0.1 [Brenan et al., 1998]. Model §''B value and B concentration in restitic
material and in released fluids were calculated using the equation by Marschall et al. [2006]. Six subsequent stage of dehydration were considered
(at 30, 50, 70, 90, 110, and 120 km depth), according to slab dehydration modeled by Riipke et al. [2004]. Water content was assumed to be 7.29%
in sediments (GLOSS [Plank and Langmuir, 1998]) and 2.7% in the altered igneous oceanic crust, plus 6% of adsorbed, interstitial, and pore water
[Staudigel et al., 1996]. Notice that all the adsorbed, interstitial, and pore water and crystalline water from low-grade minerals was lost within the
first two steps, with a release of a large amount of B and, particularly, ''"B. AOC + Sed (a) and (b) describe fluid evolution with progressive
dehydration; only AOC + Sed (c) was used in the model.
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Figure 9. (a) Plot of B/Nb versus Nb/Yb for El Salvador samples. (b) Plot of '**Nd/'**Nd versus Be/Nb ratios.

from a mantle source metasomatized by a fluid
made up of different proportions of (1) a high-''B,
water-rich component from a serpentinized, down-
dragged mantle in the wedge and/or in the sub-
ducted oceanic lithosphere and (2) a low-''B,
water-poor component, from subducted altered
basaltic crust and oceanic sediments. The occur-
rence of two distinct fluid components, one ''B-
poor and the other ''B-rich, was also suggested by
Morris and Ryan [2003] to explain the general
8''B variability in arc magmas.

[20] Within this framework, the boron isotopic
signature of the two BF basalts could be explained

by the presence of a smaller amount of fluids, with
a strongly reduced serpentinite component
(Figure 8). Moreover, the BF basalts have distinctly
higher Nb/Yb and lower B/Nb (Figure 9a) and Th/
Ta with respect to the volcanic front lavas, indicat-
ing that the smaller amount of subduction compo-
nent is coupled with a lower degree of melting. Their
different Nd isotope ratios may be explained in
terms of mantle wedge heterogeneity prior to the
input from subduction, or ascribed to a subduction
component carrying Nd with a '**Nd/"**Nd that is
significantly lower than in the pre-subduction man-
tle, as for example DSDP 495 sediments, character-
ized by '"**Nd/'**Nd ratios lower than 0.5127, and

14 mm/yr

sw ~—

Central America

mantle flow —p

| B etc.
rpentine

break down

Figure 10. Sketch illustrating the subduction system beneath the El Salvador segment of the Central America
Volcanic Arc. Along the Central America subduction zone, the upper plate (Caribbean plate) is undergoing extension
due to the far field velocity gradient between the North and South American plates, accommodating an about 14 mm/
yr difference. The slab is affected by internal downdip extension, while extension or transtension occurs at the
subduction hinge, and thrusting occurs at the plate interface. Right-lateral transtension dominates upper plate
deformation. Serpentinized lithosphere may be transported down in subduction, by tectonic erosion. At depths of
100—120 km, serpentine breaks down, releasing water and ''B-rich fluids (green arrows). Pink arrows represent

AOC+Sediment-derived fluids.
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Nd contents around 10-20 ppm [Plank and
Langmuir, 1998; Patino et al., 2000]. This sedi-
mentary component may be added as fluid or melt
[Heydolph et al., 2006], but the occurrence of
sediment melts should produce higher Be/Nb and
Th/Nb than those observed in the BF lavas (Be/
Nb = 0.13; Th/Nb ~ 0.15, Figure 9b).

[30] On the basis of our geochemical data, the
occurrence of mantle heterogeneity cannot be ex-
cluded, though the lack of any Nd isotope variation
along the roughly 300 km of the El Salvador
segment of the arc suggests that the Apre—subduction
mantle had a homogeneous '**Nd/'**Nd signature.
On the whole, the different geochemical features of
the two BF basalts may be explained by varying
degrees of partial melting of the mantle source
modified by different fluid inputs.

6.3. Location of the Serpentinite Reservoir

[31] The collected data has been interpreted via a
model in which a serpentinitic, ''B-rich fluid
dominates under the volcanic front, though its
influence is drastically reduced toward the back-
arc region. The occurrence of a serpentinite reser-
voir in subduction systems has recently been
invoked to explain a number of geological, geo-
physical and geochemical findings [e.g., Hyndman
and Peacock, 2003; Hattori and Guillot, 2003;
Straub and Layne, 2002; Stern et al., 2006; Tonarini
et al., 2006]. However, the location of this reservoir
1s still a matter of debate, as it could reside either in
the subducted oceanic lithosphere or in the mantle
wedge. The former has been proposed by Eiler et al.
[2005] to explain the low oxygen isotope values
observed in the CAVA, and by Riipke et al. [2002]
and Ranero et al. [2003], who suggest that bend-
ing-related faulting of the incoming plate promotes
serpentinization of the subducting lithosphere.
Calculations by Peacock et al. [2005], however,
indicate that the serpentinized oceanic lithospheric
mantle under Nicaragua and Costa Rica at sub-
arc depths (115—135 km, 3.5-4.0 GPa) has tem-
peratures lower than 550°C, probably around
450—-500°C, well below the serpentine breakdown
temperature (x=650°C [Ulmer and Trommsdorff,
1995)).

[32] Hattori and Guillot [2003] and Hyndman and
Peacock [2003] have made the general claim that
the forearc mantle that has been serpentinized by
fluid released in the early subduction stage, can be
dragged down by subduction dynamics to the
deeper part of the mantle wedge where the bound
water is released by serpentine breakdown. Such

mantle wedge serpentinites would have higher T
values than those predicted at the slab interface
(>650°C).

[33] At erosive margins, ''B-rich forearc serpen-
tinites could be dragged to depths of about 100—
120 km beneath the volcanic arc by the sub-
ducting slab. Mixed fluids from the subducting
sediments and AOC and down-dragged serpen-
tinites could trigger partial melting upon migra-
tion into the overlying mantle wedge (Figure
10). While AOC and sediment-hosted fluids are
released progressively as depth increases [Riipke
et al., 2004], the serpentine-hosted fluids are
retained until P-T conditions of serpentine break-
down are reached, when most of the water is
released. In such a scenario, serpentinites consti-
tute the main ''B reservoir for metasomatization
of the peridotitic mantle-wedge source of volca-
nic front magmatism.

Appendix A

[34] A detailed description of the samples, includ-
ing their sampling location, age and geological
setting, is reported in Table Al.
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