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ABSTRACT

Major and trace element geochemical signatures and Sr—Nd isotope data of
muscovite (Ms)-bearing amphibolite blocks and associated muscovite-bearing
trondhjemitic and quartz-muscovite rocks from the Sierra del Convento mélange
(eastern Cuba) indicate that oceanic crust underwent partial melting processes
during subduction and accretion to the upper plate triggered by the infiltration of
fluids evolved from the subducting sediments. REE patterns of the Ms-trondhjemites
are fractionated (2<(La/Yb)n<62), with LREE enrichment and HREE depletion.
These patterns are similar to adakitic melts formed by partial melting of mafic
material at moderate to high pressure. Indeed, Ms-trondhjemites from Sierra del
Convento mélange exhibit geochemical features considered distinctive of adakites,
including SiQ>56 wt %, high NgO contents (4.5-9 wt.%), @0/Ng0O)~0.42,
Mg#~50, LREE enrichment, HREE depletion, and high La/Yb and Sr/Y. We
consider that these rocks represent an end-member of the volcanic arcs series formed
at depth in the subduction environment that did not react with the mantle wedge
before eruption. Furthermore, we have identified the crystallization products (Qtz-
Ms rocks, highly enriched in LILE, K and Ba) of the primary fluids evolved from
subducted sediments that infiltrated the accreted blocks of MORB amphibolite and
promoted their partial melting under water-saturated conditions.

Keywords: Slab melt, Adakite, Fluid composition, sedimentary imprint, Sr—Nd
isotopes
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INTRODUCTION

Different conditions may trigger partial melting of the slab and/or the overlying
mantle wedge in subduction settings. In cold subduction zones the geothermal
conditions of the slab may not allow attaining P—T conditions for melting at sub-arc
depths (ca. 150 km), but triggers dehydration of the slab and the release of large ion
lithophile element (LILE)-enriched hydrous fluids that metasomatize the overlying
mantle wedge and instigate its melting (e.g. Gill,1981; Kushiro,1990; Tatsumi and
Kogiso, 1997). Partial melting of the slab is however inferred to occur at sub-arc
depths in many warm and hot subduction zones (Bebout, 2007). These melts may
eventually reach shallow depths in the volcanic arc after infiltration through the
mantle wedge (and triggering its melting, Rapp et al., 1999) or after formation of
underplated mantle wedge plumes (Gerya and Yuen, 2003; Gorczyk et al., 2007,
Castro and Gerya, 2008; Castro et al., 2010). However, direct observation of
processes taking place at sub-arc depths is hampered by the scarcity of rocks that
escaped burial into the mantle.

Examples of pristine slab-derived melts that reached the Earth's surface are scarce.
Only in rare cases of oceanic subduction complexes, such as the Catalina Schist
mélange (California) and the Sierra del Convento and La Corea mélanges (eastern
Cuba), partial melting of metabasite and metasomatic mass-transfer processes in the
slab have been described (Sorensen, 1988; Sorensen and Grossman, 1989; Bebout
and Barton, 1993; Grove and Bebout, 1995; Garcia-Casco, 2007; Garcia-Casco et
al., 2008a; Lazaro and Garcia-Casco, 2008; Blanco-Quintero et al., 2010a). The
tonalitic—trondhjemitic rocks produced after melting of amphibolite in the Catalina
Schist were considered as primary adakitic liquids by Martin (1999). The
geochemical characteristics of K-poor tonalitic-trondhjemitic rocks of the Sierra del
Convento mélange indicate that they constitute pristine partial melts formed after
fluid-fluxed melting of subducted N-MORB garnet-epidote amphibolite in response

to a very hot subduction scenario likely caused by subduction of a young hot slab
(Garcia-Casco et al,. 2008a; Lazaro and Garcia-Casco, 2008). The depth of melting
was ca. 50 km, shallower than typical sub-arc depths where slab melts segregate
from garnet+clinopyroxene-rich residues. Elemental and isotopic features of the K-
poor tonalitic-trondhjemitic rocks of the Sierra del Convento exclude a sediment
source for the infiltrating fluid and suggest, in turn a fluid evolved from a depleted
source such as dehydrating serpentinite from the downgoing slab (Lazaro and
Garcia-Casco, 2008).

Recently, however, we have identified K-rich trondhjemitic rocks in the Sierra del
Convento and La Corea mélanges (eastern Cuba). These rocks formed after partial
melting of MORB-derived amphibolite and crystallized at depth in the subduction
environment, same as the K-poor trondhjemites described so far (references above),
but are strongly enriched in LIL elements such as K, Ba, Rb, suggesting a different
source for the infiltrating fluid. In this paper, we characterize the major, trace
element and Sr—Nd isotope geochemistry of K-rich primary melts, residual rocks,
and hydrothermal rocks produced in the hot subduction scenario of the Sierra del
Convento mélange.
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GEOLOGICAL SETTING

The Greater Antilles constitute an orogenic belt located at the northern margin of the
Caribbean plate that documents the collision of a Mesozoic—Tertiary volcanic arc
with buoyant parts of the North American plate during the Late Mesozoic and
Tertiary. The orogenic belt is mainly composed of oceanic material, including
ophiolites and intra-oceanic volcanic arc complexes, as well as continental material
represented by fragments of the southern borderlands of North America (Bahamas
platform and the Maya block) and the Caribeana terrane (Garcia-Casco et al.,
2008b). All these terrains are well exposed in Cuba (Fig. 1a), where the oceanic
material includes the northern and eastern ophiolite belts and the Cretaceous and
Palaeogene volcanic arcs (Iturralde-Vinent, 1998 and references therein).

In eastern Cuba, the ophiolitic belt is formed by two large bodies named Mayari-
Cristal and Moa-Baracoa. The elemental and isotopic composition of these
complexes indicates a supra-subduction environment (Marchesi et al., 2006, 2007;
Proenza et al., 2006). The ophiolitic bodies form the highest structural complexes in
the region, overriding the volcanic-arc complexes. The latter, formed by the Santo
Domingo (to the NW) and the Purial (tom the S-SE) complexes, have been
classically considered the eastern continuation of the western and central Cuban
Cretaceous volcanic arc complex (Fig. 2a; Iturralde-Vinent et al., 1996, 2006). They
are composed of tholeiitic and calcalkaline volcanic arc sequences (Gyarmati et al.,
1997), and the Purial complex was metamorphosed to greenschist and blueschist
facies (Boiteau et al., 1972; Somin and Millan, 1981; Cobiella et al., 1984; Millan
and Somin, 1985; Millan, 1996) during latest Cretaceous (70-75 Ma) times (Somin
et al., 1992; Iturralde-Vinent et al., 2006).

Mélange complexes made of serpentinitic matrix enclosing high pressure
metamorphic exotic blocks crop out below the ophiolitic bodies and above the
volcanic arc complexes The most significant serpentinite mélanges are the Sierra del
Convento and La Corea mélanges, both sharing similar lithological assemblages
(Somin and Millan, 1981; Kulachkov and Leyva, 1990; Herndndez and Canedo,
1995; Leyva, 1996; Millan, 1996; Blanco-Quintero, 2003; Garcia-Casco et al., 2006,
2008a). The Sierra del Convento mélange, located in the south, overrides the Purial
complex (Fig. 1a,b). The La Corea mélange is located in the Sierra de Cristal, and is
associated with the Mayari-Cristal ophiolitic body (Fig. 1a). The serpentinitic matrix
is made of antigoritite and formed deep in the subduction environment after
hydration of upper plate harzburgitic rocks (Blanco-Quintero et al., 2010b). These
mélanges have been interpreted as fragments of the subduction channel related to
south-westward-directed subduction on the leading edge of the Caribbean plate
during the Cretaceous (Garcia-Casco et al., 2006, 2008a,b; Blanco-Quintero et al.,
2010a, b).

The main type of block in these melanges is epidote + garnet amphibolite and
associated leucocratic trondhjemite-tonalite rocks. The amphibolites show variable
grain size and extent of deformation and recrystallization (Garcia-Casco et al,
2008a). They are foliated and mainly composed of
amphibole+epidotetquartztgarnet and have major and trace element geochemistry
indicative of N-MORB signature (Lazaro and Garcia-Casco, 2008). Leucocratic
rocks of trondhjemitic—tonalitic composition are commonly associated with the
amphibolites and constitute their partial melting product at 700-750 °C ca. 15 kbar
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(Garcia-Casco et al, 2008a; Lazaro and Garcia-Casco, 2008; Blanco-Quintero et al.,
2010a). They are formed by primary (magmatic)
plagioclase+quartz+epidotetparagonitetpargasite, have variable grain size, and
show minor deformation.

Muscovite-bearing amphibolites and trondhjemites constitute rock varieties
associated with Ms-lacking lithologies. This paper examines the geochemistry of
these muscovite-bearing rocks in order to get insight into the source and role of slab-
derived fluids in the generation of slab magmas. The rocks examined are muscovite-
bearing amphibolites (samples CV139a, CV140a, CV230a, CV230c), trondhjemites
(SC-20, CV230e, CU-72-1, CU-72), locally with pegmatitic texture (CV201a,
CV201g, CV201h), and Qtz-Ms hydrothermal rocks (CvV201d, CV201f, CV53e-l,
CV53e-ll) that crosscut other types of rock or form discrete bodies.

ANALYTICAL TECHNIQUES

Bulk-rock chemistry

Powered whole-rock samples were obtained by grinding in a tungsten carbide mill.
Major element and Zr compositions were determined on glass beads, made of 0.6 g
of powered sample diluted in 6 g o£,B,O-, by a PHILIPS Magix Pro (PW-2440)

Fig. 1. (a) General geological map of Cuba (lturralde-Vinent, 1998) showing the main geological
units, (b) Geological map of Sierra del Convento (Kulachkov and Leyva, 1990) with location of sample
sites.
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X-ray fluorescence (XRF) equipment at the University of Granada (Centro de
Instrumentacién Cientifica, CIC). Precision was better than £1.5% for an analyte
concentration of 10 wt.%. Precision for Zr and LOI is better than +4% at 100 ppm
concentration. The analyses were recalculated to an anhydrous 100 wt % basis
compositions, and these new data are used in the text and figures. The Mg number
(Mg#) is expressed (100*molar MgO/(MgO+FeOtot)).

Trace element, except Zr, were determined at the University of Granada (CIC) by
ICP-Mass Spectrometry (ICP-MS) after HN®IF digestion of 0.1000 g of sample
powder in a Teflon-lined vessel at ~180 °C and ~200 p.s.i. for 30 min, evaporation
to dryness, and subsequent dissolution in 100 ml of 4 vol % ;HRR@nks and
international standards PMS, WSE, UBN, BEN, BR, and AGV (Govindaraju, 1994)
were run as unknowns during analytical sessions. Precision was better than £2% and
1+5% for analyte concentrations of 50 and 5 ppm.

Isotope analysis

Isotope analyses were carried out at the University of Granada (CIC). Whole rock
samples for Sr and Nd isotope analyses were digested in the same way as for ICP-
MS analysis, using ultra-clean reagents and analyzed by thermal ionization mass
spectrometry (TIMS) in a Finnigan Mat 262 spectrometer after chromatographic
separation with ion exchange resins. Normalization values were 86Sr/88Sr=0.1194
and 146Nd/144Nd=0.7219. Blanks were 0.6 and 0.09 ng for Sr and Nd, respectively.
The external precision ¢, estimated by analysing 10 replicates of the standard
WSE (Govindaraju, 1994), was better than 0.003%*%®rf°Sr and 0.0015% for
“INdMNd. The ®SrP°Sr measured value in the laboratory for NBS 987
international standard was 0.710250+0.000004# (2106). Measurements of La
Jolla Nd international standard on this mass spectrometer yi&dt'*“Nd ratio of
0.511844+0.0000067 ¢2n=49).

PETROGRAPHY

Peak metamorphic mineral assemblage of the studied Ms-amphibolite samples
consists of pargasitic amphibole, epidote, garnet, phengite, rutile, titanite, and
accessory apatite and quartz (Fig. 2a; Table 1). These assemblages define a crude
foliation mainly marked by phengite and pargasite crystals. Quartz appears as small
dispersed grains in the matrix, but quartz-absent samples are common. Garnet has
been observed in all the studied samples (Table 2). It forms large porphyroblasts
containing inclusions of amphibole and epidote (Fig. 2a). Phengitic mica appears as
idiomorphic and medium grained crystals. Titanite forms idiomorphic crystals
elongated along the foliation, but it also replaces rutile. Retrograde overprints
consist of association of glaucophane, actinolite, (clino)zoisite, chlorite,
pumpellyite, and, less abundantly, albite and paragonite. All these retrograde
minerals are fine-grained and corrode the peak-metamorphic minerals, but they are
also dispersed in the matrix or located in fractures. Retrograde glaucophane is
typically aggregated with actinolite, chlorite and albite, and commonly overprints
peak amphibole (Fig. 2a). Chlorite and pumpellyite replace garnet and pargasite.
Retrograded crystals of pargasite commonly contain small needles of exsolved rutile
or titanite.
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The magmatic mineral assemblage of the Ms-trondhjemites (including the
pegmatitic varieties) is composed of medium-grained plagioclase, quartz and
phengite, with subordinate epidote, plus accessory apatite, titanite, and rutile (Fig.
2b; Table 2). Garnet is occasionally present. Epidote and garnet are idiomorphic and
medium grained. Phengite is idiomorphic and has medium grain size. Retrograde
mineral assemblages overprint the magmatic assemblages. Magmatic plagioclase
appears generally transformed to retrograde albite plus fine-grained (clino)zoisite,
paragonite, phengite, and, locally, lawsonite. Magmatic epidote is overprinted by
fine grained overgrowths of (clino)zoisite. Glaucophane is absent. Titanite replaces
rutile. Very small amounts of retrograde K-feldspar, celsian and cymrite have been
observed in some samples.

Fig. 2. (a) Photomicrograph of Ms-amphibolite composed of amphibole, epidote, garnet, mica
(phengite) and titanite. (b) Photomicrograph of a Ms-trondhjemite bearing plagioclase, muscovite,
quartz and clinozoisite-epidote. (c) Qtz-Ms block. (d) Garnet-bearing Qtz-Ms rock. The scale bar is
1500 um in (a) and 500 pm in (b). Mineral abbreviations after Kretz (1983).
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Table 1 Mineral abundance in the studied samples (visual estimates).

peak metamorphic / magmatic retrograde

Amp Ep Grt Phe Qtz Pl Pa Rt Ttn Ap CaAmp Gl Chl Pmp Ab Lws Pa Czo Kfs
Ms-amphibolites
CV139a 45 20 20 10 5 X X X X X X
CV140a 55 15 10 15 5 X X X X X
CV230c 74 10 10 5 1 X X X X X X
CV230a 55 25 15 5 X X X X X
Ms-trondhjemites
CV201la X 20 30 40 X X X 10 X
Cv201g X 20 20 50 X
SC-20 8 X X 20 55 X X 3 10 4
CV201h 20 15 55 x 1 4 5
CV230e 5 35 55 5 X
CU-72-1 2 10 30 45 X 5 x 3
CU-72 1 10 30 45 X 5 X 4
Qtz-Ms rocks
Cv201d 55 45 X X
Cv201f 35 65 X
Cv278a-I 10 35 55 X
CV53e-I 45 55
CV53e-ll 45 55
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The Qtz-Ms rocks present a mineralogy essentially composed of medium to coarse
size crystals of quartz and phengite (Fig. 2¢). Sample CV278a-l also has coarse
garnet crystals (Fig. 2d). Scarce fine-grained of K-feldspar is also present in all the
samples.

GEOCHEMISTRY
Major elements

Ms-amphibolites

The SiQ contents of Ms- bearing amphibolite range from 42.1 to 46.5 wt % (Table
2), varying from picro-basaltic to basaltic compositions in the TAS diagram (Le
Maitre et al., 1989), lying on the sub-alkaline-alkaline field (Fig. 3a). They have
medium-K to high-K calc-alkaline affinity in the Si®,0O diagram (Fig. 3b;
Peccerillo and Taylor, 1976) but, as discussed belo®, tand NaO) contents do

not represent primary (magmatic) abundances. In general, the samples have higher
contents in KO (Fig. 3b), A}JOs, and BaO, and significantly lower contents in MgO
(Fig. 4) than the Ms-lacking amphibolites of Sierra del Convento mélange (Lazaro
and Garcia-Casco, 2008).

Notably, the samples show quite variable®la&ontents (1.17-4.17 wt %), so that
two samples have high inverse agpaitic index as compared to MORB and other
amphibolites from the Sierra del Convento while another two samples present a
similar inverse agpaitc index as MORB (Fig. 5).

Ms-trondhjemites

Ms-trondhjemites in the TAS diagram have rhyolite composition, except one sample
which has trachyte composition (Fig. 3a), with Sg@ntents ranging from 65.6 to
75.6 wt %. They have low-K tholeiitic to medium-K calc-alkaline affinity (Fig. 3b).
They have NgO and KO contents ranging from 5.4 to 9 wt % and from 0.77 to 1.74
wt %, respectively. The Mg# values, from 14 to 60, are lower than or similar to
those of Ms-lacking trondhjemites (Fig. 4).

Considering amphibolites and trondhjemites in Harker diagrams, they show similar
trends to those of Ms-lacking amphibolite-trondhjemite rocks (Lazaro and Garcia-
Casco, 2008) and acid rocks from the Catalina Schist (Fig. 4), except for higher
Si0,, K,O and BaO contents (Fig. 3b and Fig. 4). A gap in silica content ranging
from 47 to 66 wt.% SiO2 is consistent with derivation of the trondhjemitic rocks
from partial melting of amphibolites and melt extraction (cf., LAzaro and Garcia-
Casco, 2008).

Importantly, the Ms-trondhjemites are Al-saturated (i.e. peraluminous; ASI = 1.108-
1.289; Fig. 5) and plot close to the alkali feldspar-white mica mixing line delineated
in Fig. 5. In the CIPW normative An-Ab-Or diagram of O"Connor (1965), with the
classification of acid and intermediate rocks modified by Barker (1979), these
samples mainly plot in the trondhjemitic field (Fig. 6).
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Fig. 3. (a) TAS diagram of classification of volcanic rocks from Le Maitre et al. (1989) and(h)sK

SiO; diagram (Peccerillo and Taylor, 1976) with subdivision of volcanic series and TAS based names
of rocks of the subalkaline series. The diagrams contain the studied Ms-amphibolites, Ms-
trondhjemites, Qtz-Ms rocks and, for comparison, the K-poor amphibolites and trondhemites from the
Sierra del Convento mélange (Lazaro and Garcia-Casco, 2008), acid rocks from the Catalina mélange,
California (pegmatites and leucocratic segregates, Sorensen and Grossman, 1989); Cenozoic adakites
from the Aleutians (Yogodzinski et al., 1995), Argentina (Benoit et al., 2002), Chile (Stern and Kilian,
1996), Ecuador (Beate et al., 2001; Bourdon et al., 2002; 2003; Samaniego et al., 2005), Philippines
(Sajona et al., 1996; 2000), Japan (Morris, 1995), Panama-Costa Rica (Defant et al., 1992), USA
(Smith and Leeman, 1987); and average adakite values (Martin, 1999; Smithies, 2000). All analyses
normalized to 100 wt% anhydrous.

Qtz-Msrocks

Qtz-Ms rocks are hydrothermal and are not suitable of classification in geochemical
diagrams devised for igneous rocks. However, for comparison, they have been
plotted in the same diagrams. Their Si€dntents range from 71.5 to 81.2 wt %
(Fig. 3). Contents of O are higher than 1.7 wt %, reaching 5.1 wt %. These rocks
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have lower NgO contents (<1.66 wt %) than the Ms-trondhjemites, while th@Al
contents are similar (12.3-18.3 wt %). They are depleted in CaO, with contents
lower than 0.2 wt %. These Qtz-Ms veins show significant contents in BaO,
reaching values of 1.35 wt % (Fig. 4).

Similar to the Ms-trondhjemites, and due to the impoverishment in CaO, these rocks
lie on the albite/Kfeldspar-paragonite/muscovite line in the 1Al vs. ASI diagram (Fig
5). Therefore, Qtz-Ms rocks are peraluminous, with ASI values considerably high
due to the scarcity of feldspar (2.63-3.11; Fig. 5).

Trace elements

Ms-amphibolites

The general pattern of element distribution indicates important deviations from
MORB composition, with enrichments in Ba, La, Pb, Sr, and Eu, and variable
enrichment/depletion in Th and Zr (Fig. 7a), with homogeneous values from Sm to
Ni (Fig. 7a).

The abundances of LREE and HREE range from 28 to 120 and from 12 to 25 the
chondrite values, respectively (Fig. 8a). The chondrite-normalized REE diagrams
are characterized by enriched LREE patterns showing basaltic affinity. The REE
compositions of these Ms-amphibolites show different values to the Ms-lacking
amphibolites from the mélange (Lazaro and Garcia-Casco, 2008) indicating a
heterogeneous subducting oceanic crust or a MOR-basaltic rock modified before,
during, or after subduction. The (La/Yb)n ratio (normalized to chondrite,
McDonough and Sun, 1995) varies from 2.1 to 5.1, showing fractionated patterns.
The samples have no or positive Eu anomaly (Eu/Eu* = 0.98-1.45).

Ms-trondhjemites

The Ms-trondhjemites show fractionated patterns (Fig. 7b) similar to those of Ms-
lacking trondhjemites of the Sierra del Convento mélange (grey field in Fig. 7b).
Relative to the latter (Ldzaro and Garcia-Casco, 2008), the Ms-trondhjemites are
enriched in Ba and Pb, depleted in Sr, and have similar contents in other element
(Table 4, Fig. 7b).

LREE and HREE range from 3 to 24 and from 0.1 to 4.5 the chondrite values,
respectively (Fig. 8b). The (La/Yb)n ratio ranges from 2 to 62, showing slightly to
strongly fractionated patterns. The general low REE contents and (La/Yb)n ratios of
the Ms-bearing trondhjemites can be explained in terms of a minor contribution of
REE-bearing phases during melting of the amphibolites. The samples display
positive Eu anomalies, with Eu/Eu* values higher than 1.1, reaching 10. This, in
turn, suggests the important participation of plagioclase in the melting process, in
agreement with the lack of peak plagioclase in the amphibolites (cf. Garcia-Casco et
al., 2008a).

The Nb-Y and Rb—(Y+Nb) diagrams (Fig. 9) of Pearce et al. (1984) indicates that
the samples correspond to the volcanic arc setting, precluding ocean ridge, within-
plate, and syn-collision settings. In these diagrams, adakites from a number of
localities worldwide and Ms-lacking trondhjemites from the Sierra del Convento
mélange compare well with the studied Ms-trondhjemitic rocks.
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Fig. 4. Harker variation diagrams showing the composition of Ms-amphibolites, Ms-trondhjemites and
Qtz-Ms rocks from the Sierra del Convento and, for comparison, N-MORB (Hofmann, 1988; Kelemen
et al., 2003), altered MORB (Staudigel et al., 1996), amphibolites and trondhemites from the Sierra del
Convento mélange (Lazaro and Garcia-Casco, 2008), Cenozoic adakites (references as in Fig. 3), and
acid rocks from the Catalina mélange, California (Sorensen and Grossman, 1989).

The Sr contents are high (from 86 to 410 ppm) and the Y contents are low (<10.7
ppm) (Table 4). This is clearly appreciated in the Sr/Y vs. Y diagram of Defant and
Drummond (1990), where the Ms-trondhjemites mostly plot in the adakite field
although they do not reach the high values of Ms-lacking trondhjemites of the
mélange (Fig. 10a). However, in the (La/Yb)n vs. (Yb)n diagram (Martin, 1986) two
different patterns can be observed; one group of Ms-trondhjemite samples plots
outside the typical field of adakites, with low (La/Yb)n values (same as Ms-lacking
trondhjemites from the Sierra del Convento and the acid rocks from the Catalina
Schist mélanges), while other group of samples has distinctively higher (La/Yb)n
values (Fig. 9b).

Qtz-Msrocks

Given the mineral assemblage of these rocks, their geochemical characteristics are
largely controlled by the chemistry of muscovite. They are slightly enriched in LILE
compared to Ms-trondhjemites (Fig. 7c). Qtz-Ms rocks display fractionated
chondrite-normalized REE patterns. The (La/Yb)n ratio ranges from 4 to 25 (except
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Fig. 5. 1Al (inverse agpaitic index)-ASI (alumina saturation index) diagram with indication of the
projection of alkali-feldspar and white micas for reference.

sample CV278a-I due to the presence of garnet, see Fig 2d) and the Eu anomaly is in
general positive (Eu/Eu* = 1.8-3.5). These rocks present LREE values similar to the
most enriched samples of Ms-trondhjemite, while their HREE values are similar to
the medium HREE Ms-trondhjemite samples. The REE patterns for Qtz-Ms rocks
are more fractionated than those of Ms-trondhjemites, as can be also appreciated
from their larger (La/Yb)n ratios (Fig. 10b).

The Sr (<187 ppm) and Y contents are low (<5.4 ppm, in general) and similar to Ms-
trondhjemites (Table 4). However, this rock type has very low Sr/Y, (La/Yb)n and
(Yb)n (Figs. 9a and b).

Sr and Nd isotopes

The measureSrF°Sr ratio of Ms-amphibolites ranges from 0.703745 to 0.705905,

similarly to the isotopic ratio of the analyzed Ms-trondhjemite (0.705817). The
measured®’Srf°Sr ratios of Qtz-Ms rocks are higher (0.706729 and 0.708927).

Values measured of 143Nd/144Nd range from 0.5122921 to 0.512997 (Ms-
amphibolites), 0.512745 (Ms-trondhjemite) and 0.512550 and 0.512709 (Qtz-Ms
rocks).

Following Lazaro and Garcia-Casco (2008) and Lazaro et al. (2009) all isotopic
measured data were corrected at 114 Ma (Table 3, Fig. 11). This age was established
by SHRIMP zircon ages of trondhjemites of the Sierra del Convento mélange
(Lazaro et al., 2009). TheNd(114 Ma) value of the analyzed Ms-trondhjemite
(+1.94) deviates from that depleted mantle rocks and points to significant input of a
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Table 2. Major (wt%) element (ppm) composition of Ms-amphibolites, Ms-trondhjemites, Ms-pegmatites and Average trondhjemite from the Sierra del Convento mélange.

Rock Ms-amphibolites

Sample CV139a CV140a CV230c CV230a

Ms-trondhjemites
CV201a CV201g

SC-20 CV201h CV230e CU-72-I

Qtz-Ms rocks

CU-72 CVv201d CV201f CV278a-I

CV53e-I CV53e-ll

Si0, 46.27 46.54  42.08  44.24 75.55 73.80 73.09 65.63 72.72 73.37 73.18 81.15 77.11 77.90 71.47 71.82
TiO, 1.66 2.31 2.34 1.39 0.03 0.05 0.04 0.06 0.07 0.02 0.03 0.08 0.13 0.02 0.08 0.12
Al20; 17.54 19.69 17.34 15.78 15.69 16.40 15.99 21.47 16.37 15.94 16.22 12.31 14.12 15.12 18.26 17.58
FeOs 11.11 9.39 12.75 13.45 0.28 0.40 0.61 0.51 0.59 0.98 1.03 0.73 0.84 0.76 0.78 0.72
MnO 0.21 0.22 0.19 0.11 0.03 0.05 0.04 0.01 0.01 0.04 0.03 0.01 0.01 0.29 0.02 0.01
MgO 6.71 7.08 7.90 9.70 0.05 0.25 0.05 0.38 0.31 0.19 0.17 0.93 1.11 0.16 1.05 1.06
CaO 11.84 7.95 13.99 11.01 0.87 0.34 2.28 0.21 1.73 1.49 1.60 0.14 0.15 0.17 0.19 0.16
NaO 1.32 3.02 1.21 1.65 5.93 6.92 5.74 9.01 5.77 5.50 5.40 0.54 0.48 1.66 0.48 0.43
K0 1.08 1.33 0.67 1.21 0.77 0.95 0.78 1.74 1.08 0.97 1.12 2.80 3.98 1.69 5.14 5.07
P,Os 0.13 0.52 0.54 0.15 0.03 0.05 0.04 0.07 0.05 0.09 0.10 0.03 0.03 0.06 0.01 0.02
LOI 1.68 2.15 0.77 1.14 0.50 0.67 1.73 0.85 1.22 1.19 0.94 1.38 1.83 1.61 2.37 2.89
Total 99.55 100.20 99.79 99.83 99.73 99.88 100.38 99.94 99.92 99.78 99.82 100.10 99.79 99.43 99.85 99.88
Mg # 54.47 59.90 55.11 58.83 26.13 55.32 13.73 59.61 51.00 27.75 24.64 71.62 72.36 29.43 72.73 74.47
Table 3 Rb/Sr and Sm/Nd isotope data of Ms-amphésolMs-trondhjemites and Qtz-Ms rocks from Sierra del Convento mélange.

Rock Type Sample Rb Sr ¥RbPsr 8Srfosr +2 Sm  Nd 147SmANd 143Nd/ M*Nd +26
Ms-amphibolite CV139a 15.6 504 0.089244 0.705481 0.002 4.1 139 0.177980 0.512921 0.002
Ms-amphibolite CV140a 19.2 458 0.121178 0.703745 0.006 52 22 0.141026 0.512931 0.002
Ms-amphibolite CV230a 22 273 0.232118 0.705905 0.002 2.5 7.6 0.200739 0.512997 0.002
Ms-trondhjemite CV20la 11.5 182 0.182579 0.705817 0.002 0.88 2.6 0.206801 0.512745 0.006

Qtz-Ms rock CV278a 40 181 0.639976 0.706729 0.004 1.02 1.89 0.326092 0.512709 0.004

Qtz-Ms rock CV53e 85 98 2.507765 0.708927 0.002 0.87 24 0.220551 0.512550 0.002

106



Doctoral Thesis

Table 4. Trace element (ppm) composition of Ms-abghités, Ms-trondhjemites and Ms-pegmatitesfrom the Sierra del Convento mélange

Rock  Ms-amphibolites Ms-trondhjemites Qtz-Ms rocks
Sample CV139a CV140a CV230c CV230a CV20la CV201g SC-20 CV201h CV230e CU-72-1 CU-72 CV201d CV201f CV278a-l CV53e-l CV53e-ll

22.60

42.50

19.30

25.70

42.00

31.70

Zr 98.50 211.50 201.80 62.40 17.80 13.80 24.60 70.50 47.00 21.20

Li 7.42 49.43 7.44 9.99 0.42 251 0.00 4.62 0.64 1.06 0.64 6.94 6.31 2.68 4.72 4.62
Rb 15.83 20.07 10.41 22.01 12.25 16.06 15.10 30.91 20.40 15.73 15.08 57.49 78.80 40.82 88.00 85.29
Cs 0.17 0.43 0.11 0.17 0.10 0.23 0.63 0.16 0.30 0.00 0.02 0.30 0.45 1.18 0.32 0.33
Be 0.71 1.77 1.19 1.29 1.00 7.87 0.77 1.02 0.50 0.93 0.89 1.96 2.38 3.65 2.36 2.20
Sr 509.69 458.03 530.77 258.87 191.50 86.00 388.83 97.49 409.93 149.65 132.17 21.01 2421 186.81 99.61 99.01
Ba 1021.76 157.03 573.85 1266.63 4459.62 5063.09 758.73 4220.04 1095.06 647.36 504.31 9039.87 11810.00 833.17 6882.23 6328.76
Sc 37.64 27.12 44.94 50.73 0.70 7.68 0.36 0.37 0.00 0.00 0.00 1.56 4.56 3.72 5.65 4.77
\% 27955 184.86 321.94 350.22 3.70 20.17 2.99 14.95 5.86 2.56 3.13 37.61 51.66 5.26 20.41 18.22
Cr 33274 29251 40524 544.63 39.38 3421 12925 118.63 164.89 27.74 136.17 40.34 35.37 26.19 53.97 40.14
Co 48.80 48.48 53.25 62.69 36.36 28.99 0.00 0.99 0.87 29.17 118.30 45.31 36.91 22.95 25.44 30.84
Ni 77.65 19156 146.38 154.25 2.77 3.81 1.33 12.91 18.69 0.00 10.92 13.36 18.43 1.66 23.00 18.83
Zn  108.58 72.76  146.41 159.39 7.30 3.52 20.49 12.40 9.18 22.52 19.25 18.92 21.80 29.09 8.00 7.94
Y 28.53 31.84 44.71 22.67 10.67 5.36 0.74 3.27 0.64 1.32 1.47 1.80 4.08 17.37 5.33 5.41
Nb 7.60 21.36 30.35 4.94 2.46 12.15 0.55 1.95 0.29 1.22 2.70 4.24 8.18 7.41 5.60 4.50
Ta 0.74 1.64 2.29 0.32 0.56 1.30 0.02 0.26 0.03 0.10 0.45 0.99 0.65 0.86 0.45 0.47
Hf 0.96 0.37 1.27 0.86 0.37 0.27 0.20 2.63 0.14 0.05 0.08 0.20 0.36 0.44 0.95 0.50
Tl 0.11 0.04 0.10 0.22 0.12 0.12 0.18 0.28 0.21 0.15 0.14 0.47 0.64 0.24 0.60 0.57
Pb 11.34 1.55 6.59 5.41 20.01 13.89 3.12 6.67 4.83 9.03 8.21 231 2.99 10.18 5.43 4.98
U 0.40 0.78 1.06 0.61 0.63 154 0.12 3.09 0.06 0.23 0.52 0.90 2.56 10.41 0.77 1.01
Th 0.63 3.12 3.25 0.84 0.93 157 0.22 2.55 0.04 0.27 0.46 1.55 6.44 2.33 4.30 3.57
La 8.34 21.75 28.06 6.60 3.13 131 0.77 1.80 0.72 4.18 5.74 3.72 10.70 1.26 2.96 3.19
Ce 19.80 47.58 54.27 12.79 4.38 2.43 1.13 2.60 0.54 9.04 12.01 4.50 15.05 2.56 5.83 6.05
Pr 3.05 5.55 7.06 1.92 0.65 0.35 0.18 0.34 0.10 1.25 1.64 0.74 2.14 0.45 0.65 0.68
Nd 14.18 22.68 30.26 8.66 2.56 1.63 0.72 1.37 0.38 4.99 6.86 2.58 8.41 2.23 2.79 2.77
Sm 4.39 5.42 7.36 2.61 0.95 0.58 0.17 0.50 0.09 1.25 1.59 0.66 1.95 0.99 0.79 0.76
Eu 2.15 1.71 2.89 1.35 0.63 0.40 0.09 1.13 0.32 0.51 0.51 0.72 1.08 0.23 0.65 0.65
Gd 4.86 5.23 7.21 3.09 1.32 0.81 0.16 0.56 0.10 0.89 117 0.60 181 1.72 0.83 0.99
Tb 0.85 0.90 1.25 0.57 0.23 0.14 0.03 0.09 0.02 0.10 0.10 0.08 0.23 0.36 0.13 0.15
Dy 5.16 5.53 7.80 4.03 153 0.88 0.16 0.58 0.10 0.30 0.30 0.37 1.06 2.53 0.89 0.94
Ho 111 1.15 1.63 0.88 0.29 0.17 0.03 0.11 0.02 0.03 0.04 0.06 0.16 0.58 0.18 0.18
Er 3.07 3.06 4.50 2.40 0.77 0.48 0.08 0.23 0.05 0.06 0.07 0.14 0.36 1.62 0.53 0.47
Tm 0.45 0.46 0.66 0.35 0.11 0.07 0.01 0.03 0.01 0.00 0.01 0.02 0.05 0.26 0.08 0.07
Yb 2.64 291 4.14 2.01 0.73 0.44 0.10 0.16 0.05 0.06 0.06 0.13 0.29 1.90 0.54 0.39
Lu 0.37 0.43 0.63 0.30 0.11 0.08 0.01 0.02 0.01 0.01 0.00 0.02 0.04 0.28 0.09 0.05
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Fig. 6. Molecular normative (CIPW) diagram (O'Connor, 1965), with fields after Barker (1979) and
typical calc-alkaline and trondhjemitic trends, of Ms-trondhjemites and Qtz-Ms rocks from Sierra del
Convento mélange and, for comparison, K-poor trondhjemites from the Sierra del Convento,
pegmatites and leucocratic segregates from the Californian Catalina Schist mélange (grey triangles)
and Cenozoic adakites (sources as in Fig. 3).

continental crust/sediment component. TNel (114 Ma) of Ms-amphibolites (from

+5.8 to +6.9) do not overlap the Ms-trondhjemite value, and these rocks show the
contribution of fluids derived from a sedimentary source to the oceanic crust
component (i,e., Ms-lacking amphibolites; Lazaro and Garcia-Casco, 2008). This
indicates that the partial melting process involved fluid-present conditions, likely
caused by the influx of external fluids into the amphibolites (Garcia-Casco et al.,
2008a), and that the external fluid had an isotopic composition typical of a source
influenced by seawater or subducted (meta)sediments, as suggested by isotope
composition of the Qtz-Ms rocks, the Atlantic Cretaceous Pelagic Sediment (AKPS,
Jolly et al., 2006), which may be used as a proxy of potential subducted sediments,
and sediment columns subducting at several trenches (Fig. 11).

In terms of Sr—Nd systematics, the Ms-trondhjemite is comparable to adakitic rocks
from different localities. However, the Sr isotopic signature of the Ms-trondhjemite
shows a significant sedimentary component in the origin of this type of rocks
compared to adakites, which normally reflect a significant contribution of the mantle
wedge in their isotopic signatures (Fig. 11). Moreover, both Ms-amphibolites and
Ms-trondhjemites are also comparable to IAB field determined by Aleutians,
Antilles, and Mariana Arcs rocks (GEOROC database http://georoc.mpch-
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mainz.gwdg.de/georoc/Entry.html). This does not imply a common source and
process of formation since the depleted source of adakites must be interpreted in
terms of partial melting of MORB followed by interaction with a depleted supra-
subduction mantle wedge. Notably, the Ms-trondhjemites studied here were trapped
within their parental amphibolites and did not interact with the mantle wedge.

Fig. 7. N-MORB (Hofmann, 1988) normalized spider diagrams for: (a) Ms-amphibolites, (b) Ms-
trondhjemites and (c) Qtz-Ms rocks from Sierra del Convento mélange. The fields of K-poor
amphibolites and trondhjemites from the Sierra del Convento mélange (Lazaro and Garcia-Casco,

2008) have been included for comparison.
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Fig. 8. Chondrite (McDonough and Sun, 1995) normalized REE patterns for: (a) Ms-amphibolites, (b)
Ms-trondhjemites and (c) Qtz-Ms rocks from Sierra del Convento mélange. The fields of K-poor
amphibolites and trondhjemites from the Sierra del Convento mélange (Lazaro and Garcia-Casco,
2008) have been included for comparison.

DISCUSSION

The origin of Ms-protoliths

Lazaro and Garcia-Casco (2008) demonstrated that the protoliths of the amphibolites
from the Sierra del Convento mélange are basaltic rocks of N-MORB composition
that evolved from a depleted mantle source, and did not identify LILE- and LREE-
enriched island-arc, within-plate basalts and/or ocean plateau-like protoliths. These
amphibolites are best explained as slightly modified residues of MORB protoliths,
while the K-poor tonalites-trondhjemites constitute pristine slab melts formed during
the initial stage of  subduction of  young oceanic crust.
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Fig. 9. Ms-trondhjemites and Qtz-Ms rocks plotted in discrimination diagrams for granitic rocks
(Pearce et al., 1984) showing the fields of ocean ridge, volcanic arc (VA), syn-collisional, and within-
plate (WP) granitic rocks. Grey fields correspond to trondhjemites from the Sierra del Convento
mélange and white fields, to Cenozoic adakite compositions (references as in Fig. 3). Acid rocks from
the Catalina mélange are plotted in the Ta-Yb diagram.

Petrological and geochemical resemblances can be established between the K-poor
and Ms-bearing amphibolite blocks studied in this work. However, detailed
petrological, elemental and isotopic geochemical data of the Ms-amphibolites
indicate that these rocks suffered modifications before or during
subduction/accretion involving the influence of seawater or sediment-derived fluids,
respectively, that allowed the formation of muscovite and the concentration in K,
Ba, La, U, and Pb. This fact can be observed in the isotopic signatures that appear
modified by seawater influence or subducted sediment sources (Fig. 11).. In our
view, the process perhaps involved seawater alteration of MORB at a sea-floor
environment, but most of the geochemical characteristics of these rocks were
acquired during high grade metamorphism and partial melting triggered by the
infiltration of fluids derived from subducting sediments. This inference is based on
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Fig. 10. Ms-trondhjemites and Qtz-Ms rocks plotted in (a) (Sr/Y) vs. Y and (b) (La&/bYh
diagrams with adakite and calc-alkaline arcs fields as defined by Defant and Drummond (1990) and
Martin (1986), respectively. Grey fields correspond to K-poor trondhjemites from the Sierra del
Convento mélange, and white fields to Cenozoic adakite compositions (references as in Fig. 3). Acid
rocks from the Catalina mélange have been plotted in b).

the presence of Qtz+Ms rocks formed at depth after precipitation from a sediment-
derived fluid and evidences provided by chemical zoning of muscovite (Blanco-
Quintero et al., submitted).

The petrological and geochemical characteristics of the Ms-trondhjemites indicate a
similar origin as that of the K-poor trondhjemites from the Sierra del Convento
mélange. Field relations, petrological analysis, and elemental geochemistry allow us
to infer that these rocks generated by partial melting of a Ms-bearing amphibolitic
protolith or, most likely, a K-poor amphibolitic protolith invaded by a sediment-
derived fluid enriched in LILE (Cs, Rb, Ba, U, and Pb). Conditions of melting were
ca. 15 kbar and 750 °C (P-T conditions for sample CV139a; Lazaro et al., 2009).
Isotopic data strengthen this view. The mixing curves between MORB and the
isotopic composition of the sediment-derived fluid (i.e., Qtz+Ms rocks), explain the
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Fig. 11. E'srfsr) VS. ANdASNd) and eNd| diagram.
eNd=((*NdM*Ndsampd “NdAH*Ndeyr)-1)x10°, where CHUR=chondrite uniform reservoir (De
Paolo, 1988). ¢eNd and initial values calculated using*N¥14NgEHUR=0.512638,
(47SmIANGHUR=0.1967 (Wasserburg et al.,1981). Composition of seawater is from McCulloch et al.
(1981) and Sm/Nd data is from Piepgras and Wasserburg (1980). Samples were corrected for T=114
Ma (see Lazaro et al., 2009). Data for depleted MORB mantle (DMM), depleted DMM (D-DMM), and
enriched DMM (E-DMM) are from Workman and Hart (2005); N-MORB data are from Hart et al.
(1999) and Kelemen et al. (2003); and Cretaceous Atlantic MORB data are from Jahn et al. (1980).
The adakite field (grey colour line) includes data from Ecuador (Samaniego et al., 2005), Chile (Stern
and Kilian, 1996), Argentina (Kay et al.,1993), Mexico (Aguillon-Robles et al., 2001), and Panama—
Costa Rica (Defant et al., 1992); Marianas, Aleutians, and Antilles arc volcanic rocks field (dashed
line), sediments and sediment columns subducting at trenches from the GEOROC database
(http://georoc.mpch-mainz.gwdg.dggoroc/Entry.html); and the Atlantic Cretaceous Pelagic Sediment
(AKPS) field constructed after data from Jolly et al. (2006). Data from Ms-lacking amphibolites and
trondhjemites from the Sierra del Convento (Lazaro and Garcia-Casco, 2008) have been included.
Mixing curves calculated between MORB and seawater and Qtz-Ms rocks are indicated.

distribution of Ms-bearing amphibolites and trondhjemites (Fig. 11). Similarly, the
peraluminous character of the trondhjemites is best explained by infiltration of a
peraluminous fluid during partial melting (Fig. 5).

Metasomatism and melting processes in subduction zones environments: melts
in situ vs. melts in volcanic arcs

In arc magmas, elevated concentrations of large-ion-lithophile elements (LILE; e.g.,
Ba, K, Rb, Cs, Ca, Sr), U, and Pb relative to high-field-strength elements (e.g., Ti,
Th, Hf, Nb, Zr) are considered key indicators of fluid addition to arc magma source
regions. These fluids are released by dehydration of subducting altered MORB and
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sediments of the slab. Transfer of LILE-, U-, and Pb-enriched fluids to the mantle

wedge at sub-arc depths can trigger partial melting of peridotite and generate
basaltic magmas with elevated Ba/Th, Sr/Th, Pb/Th, and U/Th, as well as radiogenic
Sr (e.g., Breeding et al., 2004). However, these enriched fluids can also react with
the subducted oceanic crust triggering partial melting upon appropriate conditions,
forming melts derived from MORB source having a sedimentary imprint (e.g., Gao

et al., 2007; Castro et al., 2010).

The experiments of Johnson and Plank (1999) in red clay at 700 °C and 2.0 GPa
allowed analyzing the type of sediment contribution from the subducting slab to the
source of arc magmas and the magmas themselves. These authors determined that
Rb, Sr, Ba and Pb are incompatible and Th is compatible below the solidus of
metasediment. Hence, the addition of Th to arc magmas requires partial melting of
the subducting sediment. The implied relations allow using the Ba/Th and Th/Nb
ratios as monitors of effect of addition of fluids and melts derived from subducted
sediment to arc magmas. Both Ms-amphibolites and Ms-trondhjemites have variable
enrichment in Ba/Th and are poor in Th/Nb, suggesting the influence of sediment
derived fluid (Fig. 12). The Qtz-Ms rocks have higher Th/Nd and relatively low
Ba/Th ratio, suggesting a mixed component influence of a sediment-derived fluid
and melt. The compositions of the Ms-trondhjemite and Qtz-Ms rocks indicate
contrasted processes of sedimentary input in the subduction environment, though a

Fig. 12. Ba/Th versus Th/Nb of rocks showing the effect of addition of fluids and melts derived from
subducted sediment to arc magmas (after Fretzdorff et al., 2002). N-MORB composition after Hoffman
(1988).
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sediment-derived fluid seems to be the agent that explains the formation of the
studied trondhjemitic and Qtz-Ms rocks (cf. Fretzdorff et al. 2002); while the Qtz-
Ms rocks may represent the result of the crystallization of this fluid or melt evolved
from the sediments.

CONCLUSIONS

Major, trace element and isotopic compositions of the Ms-amphibolite from Sierra
del Convento mélange indicate a MORB affinity altered by seawater and fluids
evolved from subducted sediments. Fluid availability was the key controlling factor
in the melting process. This process and the P-T conditions reached during
subduction/acretion triggered partial melting and formation of K-rich trondhjemitic
melt having an adakitic geochemical affinity. This melt did not escape and react
with the upper plate peridotite, representing an end-member (pristine slab melts) of
the volcanic arc series. The hydrothermal Qtz-Ms rocks have a strong sedimentary
imprint, with the higher concentrations of mobile elements (K, Ba, etc.) and more
evolved Sr-Nd isotopic composition. These rocks represent the crystallization
products of fluids produced by dehydration of sedimentary source in the slab and
involved in the partial melting process that generated the Ms-trondhjemitic melts.
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