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Abstract 

Fluids released at great depth by dehydrating subducting plates play a major role in mass 

transport and are responsible for metasomatism and partial melting in the overlying mantle 

wedge. To investigate the fluid-flow regime and element mobility within a subducting 

oceanic lithosphere, the Raspas Complex in Ecuador has been selected where an ophiolite 

association of blueschists, eclogites, metapelites and ultramafitites is exposed. This ophiolite 

association stands out by high-pressure zoisite veins, associated metasomatized zoisite 

eclogites and deserpentinized, pseudo-spinifex textured chlorite harzburgites indicating fluid 

flow and element mobility at depth of about 60 km. Oscillatory zoning in vein zoisite and 

garnet rims in the metasomatized eclogites is explained by cyclic fluid expulsion during high-

pressure deserpentinization after overstepping of the antigorite breakdown reaction. Fluid 

inclusion studies reveal a homogeneous low-salinity aqueous fluid composition with minor 

CH4 and CO2 which is in accord with open-system fluid infiltration derived from an external 

source. The deserpentinized chlorite harzburgite is a potential source for the low-salinity 

aqueous fluid. The association of zoisite veins with zoisite eclogites which are enriched in 

LREE, MREE, Pb, Sr, HFSE, Th, U, compared to MORB-type eclogites, documents the 

metasomatic effects and the fluid mobility of a large range of trace elements. In addition, the 

fluid-mobile trace elements B, Rb, Pb, Sr are enriched in fluid inclusions in omphacite. Most 

trace elements cannot be derived from the serpentinites but might be explained by leaching 

from metabasites and metapelites in zones of intense fluid-rock interaction. A garnet-

amphibole rock, deficient in LREE, MREE and Sr, could represent such a leached metabasite. 
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B, Rb, Th and U could be derived from metapelites. By channelized fluid flow and high fluid 

flux, the fluid-mobile trace elements might be transported into the mantle wedge.  

 

1. Introduction 

In subduction zones, oceanic lithosphere descends to great depth while being modified by 

metamorphic reactions. Devolatilization reactions due to increasing temperatures lead to the 

liberation of aqueous fluids (Schmidt and Poli, 1998). These fluids may enter the mantle 

wedge inducing partial melting and, ultimately, volcanism at convergent plate margins. The 

typical geochemical signature of arc magmas above subduction zones indicates a contribution 

of slab components, implying some degree of element transport from the slab to the mantle 

wedge (Plank and Langmuir, 1993; Elliott, 2003). The main source of fluids at sub-arc depth 

could be serpentinized lithosphere (Rüpke et al., 2002; Schmidt and Poli, 2003). However, 

direct evidence for ultimate dehydration of serpentinitic rocks in the subduction zone has only 

been reported from the Almirez Massif, Spain (Trommsdorff et al., 1998; Puga et al., 1999; 

Lopez Sanchez-Vizcaino et al., 2005). 

Essential insights into the nature and composition of fluids at great depths in subduction 

zones is offered by the direct observation of synmetamorphic fluid remnants preserved as 

primary fluid inclusions in high-pressure rocks. In an extensive review of fluid inclusion 

studies in eclogite-facies rocks, Klemd (2004) showed that aqueous fluids with varying 

salinities dominate, whereas CO2-rich or CH4-N2-rich aqueous fluid inclusions are less 

abundant (Selverstone et al., 1992; Herms, 2002; Fu et al., 2003; Shi et al., 2005). However, 

combined evidence from experiments and natural rocks indicates that the original high- 

pressure fluids liberated by dehydration are aqueous with low salinities, whereas a high 

variability in fluid inclusion composition is rather due to intense fluid-rock interaction and 

modifications during retrograde metamorphism and exhumation (Scambelluri et al., 1997; 

Gao and Klemd, 2001; Hermann et al., 2006). 

Information on the trace-element content of high-pressure fluids can come from 

appropriate fluid inclusions, experimentally determined distribution coefficients, or the study 

of metasomatic changes at the contact of high-pressure rocks with transport veins. There are 

few studies that report the trace-element composition of fluid inclusions in eclogite-facies 

rocks, veins and subducted serpentinites (e.g., Scambelluri et al., 2001; Hermann et al., 2006). 

These studies show that the fluid is enriched in LILE, Pb, Sr, Th and U. Recent experimental 

studies by Spandler et al. (2007) using synthetic fluid/melt inclusions show that the hydrous 

fluids at 600 and 650°C and 2.2 GPa have relatively high LILE contents compared to REE 
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and HFSE although all elements preferentially partition into the metapelite residue. Based on 

these results, they conclude that slab dehydration fluids are probably too dilute to account for 

the trace-element budget of arc magmas. Spandler et al. (2004) and Hermann et al. (2006) 

came to similar conclusions based on trace-element studies on bulk rock samples of 

subducted mafic rocks. Specifically, aqueous fluids released by dehydration during the 

blueschist to eclogite transition contain only moderate amounts of LILE, Sr, and Pb and do 

not significantly mobilize LREE, U and Th. This suggests that at low fluid flux the overall 

mass transfer is low (Zack and John, 2007). 

Evidence for element mobility at great depths includes high-pressure veins in eclogite-

facies rocks, and their composition may reveal important information about the processes of 

element transport between slab and mantle. In fact, long-distance transport veins due to 

channelized fluid flow and high fluid flux are able to transport a large amount of trace 

elements, even those considered as relatively immobile (REE, HFSE, U, Th) (Bebout and 

Barton, 1993; Gao et al., 2007; John et al., 2004, 2008; Beinlich et al., 2010). In zones of 

intense fluid-rock interaction, external fluids derived from deserpentinization of underlying 

mantle lithosphere can dissolve large quantities of trace elements from the oceanic crust and 

sediment during transport to the mantle wedge (Bebout and Barton, 1993; John et al., 2004, 

2008). 

With this study, we attempt to characterize fluid and element transport as well as 

metasomatic effects in subducted lithosphere. High-pressure zoisite veins intersecting and 

infiltrating eclogites of the Raspas Complex, Ecuador, provide an opportunity to study fluid 

mobility within the slab at a depth of 60-70 km. Newly discovered chlorite harzburgites with 

pseudo-spinifex texture provide strong evidence for deserpentinization, similar to the Almirez 

Complex (Trommsdorff et al. 1998), and thus are a probable fluid source. We present new 

petrology, bulk rock and mineral geochemistry, and fluid inclusion data. Accompanying Sr-, 

Nd-, Li-, O-, and N-isotope studies demonstrate the metasomatic effects (Halama et al., 2010, 

2011). Here, we will show that the zoisite veins served as channelways for external aqueous 

fluids, which infiltrated and metasomatized the wall-rock eclogites. We will discuss the 

different possible sources of the fluid and their trace elements. 

 

2. Geology and field relationships 

The Raspas Complex, situated in the southwestern part of Ecuador (Fig. 1), is a rare 

occurrence of high-pressure rocks in the Andes (e.g., Feininger, 1980, 1982). It consists of 

ultramafic rocks of the El Toro Formation and of eclogites, blueschists and intercalated 
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metapelites of the Raspas Formation. The ultramafic rocks of the El Toro Formation are 

interpreted to present depleted MORB-source mantle (John et al., 2010). They underwent 

similar metamorphic conditions as the eclogites of the El Toro Formation (Gabriele et al., 

2002). The metapelites of the Raspas Formation are graphite-bearing schists containing the 

high-pressure assemblage garnet+chloritoid+kyanite+phengite+quartz (Gabriele et al., 2003), 

and are thought to represent mainly subducted forearc sediments (Bosch et al., 2002). The 

protoliths of the eclogites in the Raspas Formation are tholeiitic MOR basalts whereas the 

blueschists have seamount-like element signatures. Both rock types are cofacial and 

experienced the same peak P-T conditions, but different mineral assemblages developed due 

to distinctly higher Al and lower Fe contents in the blueschists (John et al., 2010). 

The Raspas Complex represents oceanic lithosphere sandwiched between the continental 

Biron Terrane to the North and the oceanic Arenillas-Panupali Unit to the South (Feininger, 

1978, 1987; Gabriele, 2002). The Raspas Complex can be regarded as a fragment of a 

paleosubduction zone (Aspden et al. (1995), active from the latest Jurassic to Early 

Cretaceous. Phengite K–Ar data (Feininger, 1980) and Ar–Ar data (Gabriele, 2002) gave 

cooling ages of 1325 Ma and 123–129 Ma, respectively, for the high-pressure metamorphic 

event. Lu–Hf dating of high-pressure garnet growth by John et al. (2010) gave similar ages at 

around 130 Ma for blueschist, metapelite and eclogite. According to geothermobarometry 

(Gabriele, 2002; Gabriele et al., 2002, 2003; John et al., 2010; Smye et al., 2010), eclogites 

and metapelites of the Raspas Complex reached peak P–T conditions of about 1.5-2.3 GPa 

and 550-650°C, indicating a subduction depth of about 60-70 km. During uplift the rocks 

were locally subjected to greenschist-facies retrogression, but the eclogite-facies mineral 

assemblages and textures have generally been preserved. The close association of MORB-

mantle-like peridotites, eclogitic MORB-type metabasites, metasedimentary rocks with 

oceanic affinity, and blueschists interpreted to have seamount protoliths defines the Raspas 

Complex as a deeply subducted ophiolite complex (John et al., 2010).  

The outcrops are limited due to dense vegetation and those suitable for sampling are 

found only along the river Raspas, where an interrupted cross-section exposes eclogites in the 

north to ultramafic rocks in the south (Fig. 1). The eclogites show a well-developed 

schistosity, generally striking E-W and steeply dipping to the north (Gabriele, 2002). The 

rocks are tightly folded, often with isoclinal folds, with fold axes dipping to SW. Garnet-

amphibole rocks occur locally and show gradual transitions to the eclogites. Few layers of 

metasediments up to 10 m wide are found intercalated in the eclogitic rock suite. At one 

locality near the boundary with the ultramafic rocks, a coherent section of eclogites is cut by 
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several zoisite veins up to dm-wide and several meters long, pervasively intruding the outcrop 

without apparent start or end points (Fig. 2). The zoisite-bearing eclogites of this locality are 

referred to as “zoisite eclogites” hereafter. The approximately N-S striking zoisite veins are 

up to dm-wide and cut the schistosity of the eclogites discordantly (Fig. 2). The ultramafic 

rocks in the southern part of the cross-section show similar banding, schistosity (E-W 

striking, steeply dipping) and tight folding as the eclogites (Gabriele, 2002). Variably 

serpentinized peridotite layers alternate with amphibole-chlorite rich deserpentinized layers. 

A peculiar chlorite-tremolite harzburgite with pseudo-spinifex texture is exposed in a 150 m-

wide outcrop near the zoisite eclogites. Longitudes and latitudes of the sample locations are 

given in Appendix C. Because of the poor outcrop situation, not only bedrock samples have 

been taken, but also some samples from boulders which have been transported downstream 

for some distance (Fig. 1). 

 

3. Sample description 

The petrography and mineral chemistry including photomicrographs and X-ray element 

maps are given in the Appendices A, B and C. The chemical formulae and abbreviations of 

minerals and mineral end-members used in this section are found in Appendix C. In the 

following, a short description of the studied rock samples is given. 

 

3.1. MORB-type eclogites 

The MORB-type eclogites are fine- to medium-grained, banded rocks with a distinct 

stretching lineation. Major mineral phases are garnet, omphacite and amphibole. Minor and 

accessory phases include rutile, quartz, phengite, carbonate and clinozoisite. Garnet blasts are 

distinctly zoned with Fe-, Mn- and Ca-rich cores whereas the rims are rich in Mg but poor in 

Fe, Mn and Ca. All minerals of the matrix occur as inclusions in garnet, however, omphacite 

is present only in the garnet rim. In additon, albite and titanite are enclosed in the garnet core. 

Omphacite with 36–44 mol% jadeite component is found in textural equilibrium with Mg-

katophoritic to barroisitic amphibole. Geochemically, the MORB-type eclogites are basaltic 

(44–50 mass% SiO2) with LREE-depleted (LaN/YbN = 0.49–0.72) chondrite-normalized REE 

patterns and trace-element signatures typical for N-MORB (John et al., 2010). 

 

3.2. Zoisite eclogites and zoisite veins 

The zoisite eclogites contain 5–20 vol.% coarse-grained zoisite in textural equilibrium 

with garnet, omphacite, minor amphibole, rutile and carbonate. The rocks are cut by 
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numerous zoisite veins of mm- to dm-thickness (Fig. 2). In the vicinity of the veins, the 

zoisite eclogites are heterogeneously deformed whereby the primary banding and schistosity 

is largely obscured. In terms of major element composition, the zoisite eclogites are basaltic 

(45.2–48.5 mass% SiO2) with high CaO (13.0–13.7 mass%) and Al2O3 (14.7–16.9 mass%), 

and low MgO (5.1–6.2 mass%) compared to the MORB-type eclogites (Halama et al, 2010). 

The zoisite veins are mostly monomineralic (>90 vol% zoisite), consisting of coarse, 

randomly oriented zoisite grains. In some parts of broader veins, euhedral zoisite crystals and 

interstitial albite indicate growth in an open space. The zoisite veins themselves are slightly 

deformed. The whole-rock vein composition is characterized by low SiO2 (43.8 mass%), 

MgO (0.2 mass%), Na2O (1.5 mass%) and K2O contents (1.2 mass%), whereas Al2O3 (28.4 

mass%) and CaO (19.8 mass%) are high (Halama et al, 2010). Albite veinlets associated with 

Mg-hornblende are observed locally in ruptured areas of the zoisite eclogite and in the zoisite 

veins. In addition, some late veinlets contain albite, K-feldspar, chlorite, actinolite, epidote 

and calcite.  

Zoisite in the eclogite and in the veins appears inhomogeneous in composition due to a 

complex sector and oscillatory zoning pattern (Fig. 3). The Fe and Sr contents of zoisite in the 

vein and in the eclogite matrix are in a similar range (1.1–3.6 mass% Fe2O3, 0.3–0.8 mass% 

SrO). Additional trace-element data are reported in Section 6. 

Garnet grains in the zoisite eclogite show an overall decrease in Fe and Mn from core to 

rim typical for prograde zoning. With respect to Ca, zoning in the core is similar as in garnet 

grains of the MORB-type eclogites. However, garnet porphyroblasts in the zoisite eclogites 

are characterized by an outer rim (Rim 2) with oscillatory zoning and overall increasing Ca up 

to 35 mol% Grs which appears to have overgrown the Ca-poor garnet rim of the MORB-type 

eclogites (Fig. 4A). Where garnet grains are cut by a zoisite vein, the grossular-rich Rim 2 is 

found at the contact with the vein (Fig. 4C-E). Specific mineral inclusions are correlated with 

garnet zoning: (A) albite, calcite, quartz and graphite inclusions in the core, (B) omphacite 

beside albite and very small ankerite inclusions in Rim 1, (C) omphacite, zoisite/clinozoisite 

and hornblende inclusions in Rim 2.  

Omphacite in the zoisite eclogite shows fine-scale patchy compositional 

inhomogeneities, generally in the range 31–45 mol% Jd (Fig. 4B). In deformed and 

polygonized domains, the omphacite composition is more homogeneous and jadeite-rich (40–

48 mol% Jd). Omphacite in contact with albite veinlets is still high in jadeite content (~40 

mol% Jd) except in a few places where m-thin diopside-rich rims developed. 
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3.3. Garnet-amphibole rocks 

Main constituents of these banded and schistose rocks are garnet and amphibole whereas 

omphacite (35 mol% Jd) is only found as corroded relics. Accessory phases are rutile and 

quartz. Garnet shows limited compositional variability (Alm48–57Prp19–24Sps1Grs22–28), 

amphibole is magnesiohornblende or barroisite. The garnet-amphibole rocks are high in 

Fe2O3 but low in CaO, Na2O and SiO2 contents compared to the MORB-type eclogites (John 

et al., 2010). 

 

3.4. Ultramafitites 

Three ultramafic rock types are distinguished on the basis of mineralogy and texture: (1) The 

most common antigorite-chlorite peridotites contain porphyroclasts of olivine (XMg = 0.88-

0.89) intergrown with Ti-clinohumite, orthopyroxene and clinopyroxene (Cr-diopside) in a 

schistose matrix of antigorite, chlorite and magnetite. The degree of serpentinization varies 

from almost pristine peridotites to serpentinites with about 90 vol.% antigorite. Cr-diopside 

porphyroclasts are marginally recrystallized to Cr-poor diopside. (2) Tremolite-chlorite 

peridotites contain porphyroclasts of olivine and orthopyroxene, whereas primary 

clinopyroxene is largely replaced by neoblastic diopside and tremolite. In the fine-grained 

matrix, recrystallized olivine (XMg = 0.87) is in contact with tremolite and Cr-bearing chlorite. 

(3) One peculiar sample of chlorite harzburgite (SEC 41-2) shows large fan-shaped 

aggregates of orthopyroxene rods (Fig. 5) and cm-sized elongated olivine grains, both set in a 

matrix of mm-sized chlorite and minor tremolite. This texture strongly resembles the pseudo-

spinifex texture of chlorite harzburgites from the Almirez Massif described by Trommsdorff 

et al. (1998). Locally, clusters of carbonate (dolomite and magnesite) occur. In contrast to 

orthopyroxene porphyroclasts, orthopyroxene of the fan-shaped aggregates is very poor in Ca, 

Al and Cr. Olivine (XMg = 0.87) is partially serpentinized along late veins containing talc, 

chrysotile and magnetite. 

 

4. Analytical methods 

In-situ trace-element analyses of minerals were conducted by LA-ICP-MS at the 

University of Würzburg using a Merchantek 266 LUV (266 nm) laser and a quadrupole 

Agilent 7500c ICP-mass spectrometer. Spot analyses were applied with a laser repetition rate 

of 10 Hz and an energy of 0.36-0.54 mJ. Spot sizes were 40 µm. The regular setting of the 

laser source, mass spectrometer and standardizing procedures have been described in detail by 

Schulz et al. (2006). The calculation of trace-element concentrations was conducted by the 
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GLITTER Version 3.0 online interactive data reduction for LA-ICP-MS Program (Macquarie 

Research Ltd, 2000). The 1-sigma error is based on counting statistics from signal and 

background with dependence on the absolute concentration. The glass reference material 

NIST SRM 612 was used for external calibration using values of Pearce et al. (1997). For the 

silicate minerals, 
29

Si was used as internal standard taking the SiO2 concentration as 

determined by microprobe analyses. Accuracy and precision of the method were determined 

by repeated analysis of the NIST SRM 610 and 614 standards measured as unknown samples. 

Precision was usually better than 10 % for all elements. Although the accuracy of the mineral 

analyses could be less due to matrix effects (e.g., Kroslakova and Günther, 2007), the main 

results concerning the variability of trace elements within specific minerals due to zonation 

will not be affected. 

Microthermometric measurements of fluid inclusions were carried out with a Linkam 

THM 600 heating/freezing stage on 120–150 µm-thick double-polished wafers. Temperature 

was calibrated using a set of synthetic inclusions, distributed by Fluid Inc., USA, in the 

temperature interval from -56.6°C to 0.0°C. The temperature measurements are reproducible 

within 0.2°C in the range -60 to +100°C, within 0.5-2°C in the range -60 to -120°C, within 

3°C in the range -120 to -140°C and within about 2°C above +100°C. 

Raman microanalyses were made with a Dilor LABRAM confocal Raman spectrometer 

at the University of Leoben, Austria, equipped with a frequency-doubled Nd-YAG laser (100 

mW, 532.2 nm) and with an LMPlanFI 100x/0.80 objective lens (Olympus). The laser beam 

was focussed on the bubble, the surrounding liquid and, if present, on included crystals. The 

volume of the focus-spot of the laser has a diameter of 6 µm, using a 100 times objective. 

Depending on the host mineral, the counting time varied in the range 10-60 s, except for small 

hydrocarbon-bearing inclusions in clinopyroxene (600 s). The wavenumbers are calibrated 

with the Raleigh scattering (0 cm
-1

),
 
silicon (520.7 cm

-1
), and polyethylene (main peaks at 

1062.1, 1128.09, 1294.8, 1438.8, 2847.8, and 2880.9 cm
-1

), by defining corrected 

wavenumbers in a linear best-fit equation of measured wavenumbers. Wavenumber 

measurements have an accuracy of 1.62 cm
-1

 at low ∆ν (Raman shift around 0 cm
-1

) and 1.1 

cm
-1

 at high ∆ν (around 3000 cm
-1

). 

To calculate the mole fractions, the molar volume, and the isochores of the H2O–NaCl–

CH4 fluid inclusions, it was necessary to determine the ice- and clathrate-melting 

temperatures. Since ice and clathrate melting could not be distinguished by optical means, 

Raman spectrometry was applied during step-wise heating on a Linkam THMSG 600 stage. 

The spectra document the melting temperature of ice or clathrate by the disappearance of their 
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peak. Based on the volume of the gas phase and the melting temperature of ice and clathrate, 

the composition of H2O-rich fluid inclusions can be calculated in terms of XCH4, XH2O and 

salinity, using the program ICE from the software package CLATHRATES by Bakker 

(1997). However, for most fluid inclusions in the system H2O–NaCl–CH4, salinities were 

calculated from ice melting temperatures and the molar volumes from homogenization 

temperatures with the program BULK from the software package FLUIDS (Bakker, 2003) as 

being equivalent to a methane-free aqueous fluid. Molar volumes of pure methane fluid 

inclusions were calculated with the same program for the average homogenization 

temperature of -93.3°C. Isochore calculations based on molar volume and bulk fluid 

composition were obtained using the program ISOC from the software package FLUIDS 

(Bakker, 2003). 

 

5. Fluid inclusion studies 

5.1 Petrography 

The zoisite veins, representing the fluid pathways of infiltrating fluids, as well as the 

associated zoisite-bearing eclogites offer the best opportunity to characterize the nature and 

composition of the subduction-related fluids. These rocks and veins contain abundant fluid 

inclusions in omphacite, zoisite and garnet. The MORB-type eclogites, in contrast, are mostly 

devoid of fluid inclusions.  

In omphacite grains of the zoisite eclogites, the fluid inclusions are trapped in clusters in 

the core of the crystals (Fig. 6). They neither cut grain boundaries nor are they found on 

secondary fractures. The fluid inclusions occur in those parts of the omphacite which show 

the patchy compositional inhomogeneities. The strongly deformed and polygonized 

omphacite domains are free of fluid inclusions. Furthermore, no fluid inclusions are found 

near the contact to the albite veinlets, where diopside-rich rims develop. Mostly elongated in 

shape (5-10 µm in width, 10-40 µm in length), the fluid inclusions are oriented parallel to the 

c axis and thus parallel to the cleavage planes of the omphacite (Fig. 7A). In garnet, subhedral 

fluid inclusions occur in small groups or isolated in the rim zone (Fig. 7B) where also zoisite, 

omphacite and rutile inclusions are found. In zoisite of the eclogites and in vein zoisite, fluid 

inclusions often are dispersed all over the crystal (Fig. 7C) with variable shapes from 

elongated to tiny rounded or facetted to irregular shapes. Decrepitation features can also be 

found. In zoisite as well as in garnet, the average size of the fluid inclusions varies between 5 

and 15 µm, whereas larger sizes up to 40 µm are exceptional. The fluid inclusions in 

omphacite, garnet and zoisite are two- to three-phase inclusions with a liquid, a gas bubble 
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and commonly one or two mostly birefringent solids which constitute between about 5 and 

30% of the fluid inclusion volume (Fig. 7A,B,D). The volume fraction of the vapour phase of 

the fluid inclusions is relatively constant with φvap about 0.1–0.2. Rarely in thin zoisite veins 

and in omphacite next to the veins, single-phase fluid inclusions occur (Fig. 7C). These 

inclusions are smaller in size (about 2–10 µm) and lie within the cluster of the two-phase fluid 

inclusions.  

In the antigorite-chlorite peridotite, fluid inclusions are found in recrystallized 

clinopyroxene grains occurring as aggregates in an antigorite matrix. Very small fluid 

inclusions with sizes <5 µm are found in small clusters or occur in isolation (Fig. 7E). The 

shape is oval to round, sometimes with a visible bubble. In this case, the volume fraction φvap 

is about 0.1.  

 

5.2 Microthermometry 

Microthermometric analyses yield an aqueous composition of the two- and three-phase 

fluid inclusions in all minerals and rock types (see Appendix C). Most of the aqueous 

inclusions display freezing of the liquid phase below -40°C during cooling, accompanied by a 

sudden shrinkage of the vapour bubble. The initial, eutectic melting temperature upon heating 

(Te) lies in the range -20 to -22°C indicating that NaCl is the main salt component of the 

aqueous inclusions. In all different host minerals of zoisite eclogite and zoisite vein samples, 

the fluid inclusions have relatively high final ice melting temperatures (Tm) indicating low 

salinities mainly in the range 0.4–5.3 eq mass% NaCl. This salinity estimation is based on a 

binary H2O-NaCl system. The peak Tm(ice) value in the histogram shown in Fig. 8A lies at -

1°C resulting in a mean salinity of about 2 eq mass% NaCl equivalents. Temperatures of 

clathrate melting in the range of +1 to +13 ˚C were determined in fluid inclusions in all 

minerals indicating the presence gases such as methane. Because of a refractive index very 

near to that of water, the colourless and isotropic clathrate crystals can hardly be optically 

detected except in large fluid inclusions. For a reliable identification of small clathrate 

crystals and for determination of the temperatures of phase transitions, Raman spectroscopy 

has been combined with low-temperature microthermometry (see Section 5.3). The bulk 

composition and density of individual fluid inclusions can be calculated from a combination 

of accurately determined Tm(ice), Tm(clathrate) and a volume fraction estimation of the 

vapour bubble at room temperatures (Bakker, 1997). As most aqueous fluid inclusions 

decrepitate or leak before homogenization into the liquid phase, homogenization temperatures 

were determined exemplarily on two samples. The few analyzed fluid inclusions display a 
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variation in Th (homogenization into the liquid phase) between 168 and 223°C in vein zoisite 

(Fig. 8B). An increase of the vapour-bubble size after homogenization and subsequent 

cooling to room temperature suggests that partial decrepitation after heating of these fluid 

inclusions occurred. A second type of fluid inclusion is one-phase at room temperature. These 

rare inclusions are gas-rich, and show homogenization temperatures from -87.3 to -98.0°C, 

which is typically for CH4-rich gas mixtures. Microthermometric data for the fluid inclusions 

in serpentinized peridotite have not been obtained due to their extremely small size. 

  

5.3 Raman spectrometry  

Raman microspectrometric analyses were carried out on 34 fluid inclusions selected from 

aqueous low-salinity fluid inclusions in omphacite, zoisite and garnet. The presence of 

methane could be confirmed in all aqueous fluid inclusions in different eclogite-facies 

minerals in zoisite eclogites and veins. Representative spectra of these H2O–NaCl–CH4 fluid 

inclusions in different host minerals are shown in Fig. 9A-D. Exemplarily, one inclusion in 

vein zoisite has been analyzed by Raman spectrometry during heating and freezing of the 

sample (see Section 4). Applying this method, clathrate melting at +2.5°C, ice melting at -

5°C, and a volume fraction of 0.2 for the vapour bubble after clathrate melting were 

determined. From these data, molar proportions of 



XH2O  = 0.973, 



XCH4  = 0.010, 



XNaCl  = 0.017 

were obtained, corresponding to a salinity of 5.33 eq mass% NaCl (calculation method see 

Bakker, 1997). In the aqueous CH4-bearing inclusions, most of the commonly observed 

birefringent solid phases were identified by Raman spectroscopy as calcite. Rarely, analcite 

was analyzed in fluid inclusions in omphacite, and mica in fluid inclusions in garnet. 

Extremely fine-grained opaque material common in the garnet cores was identified as 

graphite by Raman spectrometry. In addition to the ubiquitous water-rich inclusions, the small 

one-phase fluid inclusions in zoisite proved to be water-free CH4 inclusions (Fig. 9B). 

Besides CH4 minor ethane and tiny graphite flakes were identified.  

We also tried to analyze fluid inclusions in clear diopside neoblasts in antigorite-chlorite 

peridotite in order to compare the fluid composition in eclogites and peridotites. However, 

most of these fluid inclusions are extremely small (<2 µm). Preliminary Raman spectrometric 

analyses were performed on a 3.5 µm sized fluid inclusion with a vapour bubble size of 1 µm. 

The Raman spectrum (Fig. 9D) shows peaks at wavenumbers of 2917, 2910 and 2941 cm
-1

 

indicating that methane and hydrocarbon are present. A water peak is not obvious, due to a 

broad fluorescent shoulder at wavenumbers above 3000 cm
-1

 obscuring the Raman bands of 

H2O. 
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5.4 Fluid isochores 

Low-salinity aqueous fluid inclusions in different host minerals and samples yield a 

similar range of melting temperatures. As an example, isochores are calculated for inclusions 

in vein zoisite (Fig. 10). Several isochores were calculated in the pseudo-binary system H2O-

NaCl because clathrate melting temperatures were not detected in some inclusions, and 

because the previously described composition calculation results in a very low CH4 content 

(<1 mol%). Assuming a similar CH4-content for all aqueous fluid inclusions, the 

corresponding isochores would shift to lower pressures (approximately 150 MPa) at the same 

temperatures (Fig. 10). For pure CH4 inclusions, the minor spread in isochores according to 

the variation in bulk densities (Fig. 10) illustrates relatively well-defined trapping conditions 

at low pressures. 

 

6. Trace elements of zoisite and omphacite  

The trace-element composition of zoisite in eclogites and veins, of omphacite in MORB-

type and zoisite eclogite, and of fluid-inclusion-rich domains in omphacite were analysed by 

LA-ICP-MS (Table 1). The trace-element concentrations relative to chondrite and primitive 

mantle compositions, respectively, are displayed in REE spectra and spider diagrams (Fig. 

11A, 12A).  

The REE patterns of zoisite display a moderate decrease from very high LREE to still 

high MREE (up to Gd) and a strong decrease to HREE (Fig. 11A). There is a wide variation 

of LREE concentrations in the vein zoisite whereas in zoisite from the eclogite matrix the 

LREE concentrations are near the lower end of the values for vein zoisite. The Sr contents 

(2,700–8,200 µg/g) are similar to those determined by electron microprobe (see Section 4.2). 

Furthermore, high but variable concentrations of Pb (61–170 µg/g), Th (2–215 µg/g) and U 

(4–49 µg/g) were analysed (Fig. 12A). Since element mapping by microprobe has shown 

sector and oscillatory zoning in Sr and Fe content (Fig. 3A-C), similar zonation can also be 

assumed for Th, U and LREE, with even wider variations in concentrations as for Sr. This is 

indicated by largely different contents in those elements measured in different sectors within 

one zoisite grain (Table 1, SEC31-2-1, Analyses 20, 21). Because LA-ICP-MS analyses cover 

a relatively large part of the grain (about 40 µm), only bulk compositions in oscillatory-zoned 

grain domains are obtained. The HFSE, Li and Ba, occur in low concentrations and are 

obviously not incorporated in the zoisite structure (Fig. 12A).  
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The REE spectra for omphacite of the MORB-type eclogites show the typical bell-

shaped pattern with a marked enrichment in MREE compared to LREE and HREE (Fig. 

11B). In the zoisite eclogites, the REE contents of omphacite are very low, mostly below the 

detection limit (Fig. 11B, Table 1). Omphacite typically has high Li concentrations (100–200 

µg/g, Fig. 12B, Table 1). Several other trace elements (B, Pb, Sr, Zr, Hf, Y, Sc) are higher in 

omphacite from MORB-type eclogites compared to omphacite from zoisite eclogites (Fig. 

12B, Table 1). Omphacite grains containing clusters with densely packed fluid inclusions 

offer the possibility to get information about the trace elements contained in the fluid 

inclusions. Therefore, fluid inclusion-rich clusters within the omphacite core and inclusion-

free parts of the same omphacite grains were analyzed. The comparison of the analyses shows 

that, considering the error of the trace-element analyses, the elements B, Pb, Ba, Rb, Sr, Sc 

and Y are significantly higher in the fluid inclusion-bearing core compared to the inclusion-

free parts of the grain (Fig. 12C, Table 1). 

 

7. Discussion 

7.1 Metamorphic evolution and evidence for fluid flow during eclogite-facies metamorphism 

The metamorphic evolution of the Raspas eclogites and their relation to the zoisite veins 

can be deduced from the petrological studies. Evidence for the prograde metamorphic 

development in the MORB-type eclogites and zoisite eclogites is given by prograde zoning 

and mineral inclusions in garnet porphyroblasts. In MORB-type eclogites, decreasing XFe and 

spessartine component indicate increasing temperature and the inclusion succession from 

albite to omphacite from core to rim indicate increasing pressure during garnet growth. 

Glaucophane inclusions as evidence for prograde blueschist conditions have not been found 

in eclogites, but prograde blueschists, cofacial to the eclogites, are common in the Raspas 

Complex and developed from more alkaline precursor rocks with lower XFe and higher Al2O3 

contents (John et al., 2010). Garnet in zoisite eclogite is distinguished from that in MORB-

type eclogite by a grossular- and XMg-rich outer rim (Rim 2). Garnet growth during increasing 

pressure is confirmed for the zoisite eclogites also by the inclusion sequence, from albite and 

quartz inclusions in the core, omphacite and albite in Rim 1, to omphacite and zoisite in Rim 

2. This outer Rim 2 continued to grow under eclogite-facies conditions (Fig. 10). Prograde 

zoning in omphacite of the zoisite eclogites is also documented by high jadeite contents in 

strained and recrystallized marginal parts of the grains. 

Evidence for the composition of the fluid phase presumably present at the prograde stage 

is provided in the zoisite eclogites by graphite inclusions in garnet cores. The garnet core 
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grew in the stability field of graphite, presumably in the presence of a fluid phase consisting 

of H2O and CH4. Such a fluid can develop during hydrothermal alteration of the slab in the 

early stage of subduction due to water percolation through bending-related faults (Mével, 

2003; Ranero et al., 2003). Hydrothermal alteration of the precursor rocks of the eclogites is 

suggested by trace-element (see Section 7.4) and Sr-O isotope data (Halama et al., 2011). 

During hydrothermal alteration, H2O and CO2 will be present while serpentinization of olivine 

in the basalt or underlying peridotite will supply CH4 according the reactions: 

(1) Olivine + H2O  serpentine + magnetite + H2  

(2) 4H2 + CO2  CH4 + 2H2O  

Mixing of an H2O-CO2 fluid with an H2O-CH4 fluid should lead to the precipitation of 

graphite during subduction (cf. Ferry and Baumgartner, 1987). Increasing pressure at stagnant 

low temperature extends the graphite stability field up to very near the H2O-CO2 and the H2O-

CH4 tie lines in the C-O-H system (Ferry and Baumgartner, 1987) increasing the probability 

of graphite precipitation even at low CH4 contents in the fluid. Increasing temperature at a 

later stage of subduction then decreases the graphite stability field. This may result in graphite 

dissolution according to the reaction:  

 (3) 2C + 2H2O  CH4 + CO2. 

Infiltration by an H2O-rich fluid drives the reaction to the right side. Frequent ankerite 

inclusions in Rim 1 surrounding the graphite-rich garnet core in the zoisite eclogites suggest 

that the aqueous fluid invaded the outer part of the garnet, dissolved the graphite, and 

produced CO2 which reacted to form ankerite. The required Ca, Mg and Fe cations are 

supplied either by the aqueous fluid or dissolved from the garnet. A patchy appearance of the 

outer part of the garnet core, displayed in X-ray maps (Fig. 4B), confirms fluid-induced 

compositional changes of the garnet. The remaining fluid will be enriched in methane 

produced by reaction (3). Although the methane will be highly diluted by H2O infiltration, 

methane-bearing fluid inclusions could be entrapped in the garnet.  

In the zoisite eclogites, omphacite with low jadeite content (about 30% Jd) is partially 

replaced by omphacite with high jadeite content (45% Jd), resulting in the compositionally 

patchy texture, probably initiated by fluid infiltration from the veins. The fine-scale patchy 

variations in jadeite content in omphacite (Fig. 4B) with fluid-filled cavities can be explained 

by fluid-induced dissolution-precipitation processes (Putnis, 2002; Putnis and John, 2010). In 

contrast, omphacite in the MORB-type eclogites are rather homogeneous in composition and 

lack fluid inclusions, thus texturally showing no indication of reequilibration due to 

metasomatic fluid-mineral interaction.  
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Evidence for fluid flow along veins deeper in the subduction zone is provided by the 

occurrence of numerous zoisite veins associated with the zoisite eclogites. The zoisite veins 

are not formed prior to subduction because they cut the schistosity of the eclogites 

discordantly. They are also not formed during a late retrograde stage because they are 

themselves deformed and coexist with the prograde peak-assemblage garnet + omphacite in 

the reaction zones along the veins. This finding is confirmed by the broken edge of garnet, 

which was cut by a zoisite vein (Fig. 4C) and is overgrown by the eclogite-facies grossular-

rich Rim 2, which itselfs contains omphacite inclusions. High-pressure zoisite-rich veins 

reported from other localities, which are compositionally more complex, have been 

interpreted as crystallization products from melts (e.g. Liebscher et al., 2007). However, the 

nearly monomineralic character of the Raspas zoisite veins argues for a vein formation from a 

fluid phase. Crystallization from a transitional solute-rich fluid or hydrous melt would result 

in a more complex association of vein minerals and would necessitate significantly higher 

pressure/temperature conditions (Kessel et al., 2005). The observation of sector and 

oscillatory zoning for Sr and Fe (Fig. 3) as well as the highly variable Th, U and LREE within 

single zoisite grains in the veins (Table 1, SEC31-2-1, Analyses 20, 21) support fast growth in 

a fluid phase and fluctuations in fluid flux and/or element supply. Similar strong trace-

element zonation for Sr, Th and U in zoisite of eclogites from the Trescolmen, central Alps, is 

interpreted by Zack et al. (2002) to result from episodic fluid infiltration. A strong influx of 

metasomatizing fluids at peak-metamorphic conditions from the veins into the wall rock 

eclogites is indicated by the occurrence of sector-zoned zoisite grains even in the eclogite 

matrix near to the zoisite veins and by oscillatory Ca zoning observed in Rim 2 of garnet (Fig. 

4A).  

Some zoisite veins contain interstitial albite which might be formed later during uplift. 

However, according to Wayte et al. (1989), the assemblage zoisite+albite is stable up to about 

1.6 GPa at 600°C. During uplift of the eclogites, omphacite is locally replaced by a network 

of albite veinlets and by poikiloblastic magnesio-hornblende. The amphibole composition 

suggests a rather steep uplift path in the temperature range of 500-600°C (Fig. 10). Later 

cooling of the rocks is documented by veins containing albite, actinolite, epidote, chlorite and 

calcite. 

 

7.2 Fluid inclusion formation 

The fluid inclusion textures in the eclogite-facies minerals suggest a primary origin for 

the majority of fluid inclusions. Due to the absence of trail-bound inclusions transsecting 
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grain boundaries, a late secondary origin can be excluded. The time of fluid inclusion 

entrapment can be deduced from petrological evidence.  

In garnet, scattered fluid inclusions are trapped in the grossular-rich rim formed near the 

peak of eclogite metamorphism in response to fluid infiltration emanating from the zoisite 

veins. Thus, the inclusions are regarded as primary formations related to fluid infiltration. 

Fluid inclusions in zoisite from veins and from zoisite eclogites are dispersed throughout the 

crystals also indicating a primary origin and thus an entrapment of vein forming fluids. The 

fluid inclusion clusters frequently observed in the core of large omphacite grains (Fig. 6) 

argue for a primary origin of the fluid inclusions at the time of the omphacite growth. Similar 

fluid inclusion distributions in omphacite found in other eclogite-facies terranes have been 

interpreted as primary features (Gao and Klemd, 2001; Scambelluri et al., 1998; Vallis and 

Scambelluri, 1996; Giaramita and Sorensen, 1994). The compositionally patchy texture of 

omphacite in the zoisite eclogite of the Raspas Complex, interpreted to result from 

dissolution/precipitation processes (see chapter 7.1), is consistent with a fluid inclusion 

formation connected to this process, since such replacement processes generally result in the 

development of porosity (Putnis and John, 2010). Accordingly, primary fluid inclusions in 

omphacite could have been formed during replacement of early omphacite with low jadeite 

content by omphacite with higher jadeite content, likely at peak metamorphism. Since these 

fluid inclusions have not been found in the retrogressed parts of the omphacite where albite 

veinlets and diopside-rich rims occur, a late retrograde formation and fluid infiltration can be 

excluded. The observed elongated fluid inclusions oriented parallel to the c axis, i.e. to the 

cleavage intersection of the omphacite crystal, is in accordance with a “crystallographically 

oriented dissolution-reprecipitation mechanism” (Putnis, 2002), which is the typical 

mechanism of omphacite formation during eclogitization (John and Schenk, 2003; Putnis and 

John, 2010). This model is in accordance with older suggestions by Roedder (1984) that 

replacement reactions might be the cause for fluid inclusion formation. The patchy omphacite 

texture and the rather homogeneous fluid inclusion composition thus suggest a fluid inclusion 

formation by replacement processes due to pervasive fluid infiltration. 

In the antigorite-chlorite peridotite, the occurrence of tiny fluid inclusions in the 

neoblastic diopside grains indicates fluid entrapment during high-pressure metamorphism in 

the subducted slab. Alternating layers of chlorite peridotite additionally containing either 

antigorite or tremolite depending on slightly different bulk composition, suggest partial 

dehydration of the ultramafic rocks during high-pressure metamorphism.  
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Although the textural evidence suggests only one generation of primary fluid 

inclusions trapped in different eclogite-facies minerals, the position of the isochores in P–T 

space (Fig. 10) is too low for a high-pressure formation. Fluid inclusions in high-grade 

metamorphic rocks are often subject to reequilibration processes. Abundant experimental 

evidence was presented in literature that documents compositional and density changes of 

synthetic and natural fluid inclusions in quartz (e.g. Sterner and Bodnar, 1989; Bakker and 

Jansen, 1990) at metamorphic conditions. The P-T-t path of the eclogite-facies rocks in this 

study will typically cause extreme overpressures in fluid inclusions that are formed at peak 

metamorphic conditions. Assuming that omphacite, garnet and zoisite behave similar to 

quartz, inclusions may reequilibrate to lower densities at lower pressures by decrepitation or 

fluid diffusion. A similar misfit between fluid inclusion isochores and peak P-T conditions is 

reported from other eclogite-facies terranes (e.g., Philippot and Selverstone, 1991; Klemd et 

al., 1992; Selverstone et al., 1992). 

 

7.3 Fluid composition: evidence from fluid inclusions 

Primary fluid inclusions found in garnet, omphacite and zoisite trapped the fluid present 

at depths of 60-70 km during eclogite metamorphism and formation of the zoisite veins. In all 

minerals, the fluid inclusions contain an aqueous low-salinity fluid (mean salinity 2 eq mass% 

NaCl) with minor CH4 (1 mol%) and frequently small calcite crystals.  

The post-entrapment modification of the fluid inclusions leading to their density 

reduction arises the question whether the original fluid composition could still be estimated. 

Stretching is a modification process, which results in a volume change of the fluid inclusions 

preserving the fluid composition at the time of trapping (Sterner and Bodnar, 1989; Vityk and 

Bodnar, 1995). Decrepitation of fluid inclusions and stress-induced hydrolyses of lattice 

defects and microcracks, in contrast, would remove H2O from the fluid inclusions increasing 

the salinity of the fluid (Hollister 1990; Bakker and Jansen 1991, 1994; Johnson and Hollister 

1995). However, a significant H2O loss is unrealistic considering the generally low salinity of 

the fluid inclusions in the zoisite eclogites and veins. Furthermore, the ratios of major and 

trace element cations remain basically unchanged (Audétat and Günther, 1999). Another 

possible modification process is the hydrogen movement into or out of fluid inclusions 

resulting in fO2 conditions which do not represent the trapping conditions (Hall and Bodnar, 

1990; Mavrogenes and Bodnar, 1994). For rocks buffered at fO2 near the fayalite-magnetite-

quartz equilibrium most uplift paths result in external H2 overpressures and H2 movement into 

the fluid inclusions (Hall and Bodnar, 1990). However, for T-convex uplift paths like that in 
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the Raspas Complex, overpressures calculated by these authors are low. Furthermore, H2 

supply often occurs locally where redox reactions take place (Potter et al., 2004). In this case, 

H2 diffusion into an original CO2-H2O fluid inclusion will produce CH4. However in the 

Raspas eclogites, there is no evidence for such reactions to take place after the entrapment of 

the fluid inclusions and thus H2 diffusion is not a significant modification process. The small 

CH4 inclusions observed among the dominant aqueous inclusions in zoisite from the veins 

could be formed by "necking down" (Roedder, 1984) of CH4-bearing aqueous inclusions after 

exsolution of a CH4 vapour phase at temperatures below about 400°C (Holloway, 1984). 

Due to the low salinity, the fluid inclusions have the potential to represent the original 

composition of an infiltrating fluid. In contrast, highly saline fluid inclusions, abundant in 

other high-pressure terranes, are generally considered to be residues of aqueous fluid–rock 

interaction or vein formation where H2O has been consumed by the crystallization of hydrous 

minerals or by melt formation (Kullerud, 1996; Scambelluri et al., 1998; Hermann et al., 

2006). The occurrence of methane in all fluid inclusions is unusual compared to fluid 

compositions from other eclogite complexes. Other CH4-bearing aqueous fluid inclusions are 

known only from eclogites of the Dabie-Sulu terrane of eastern China, Fu et al. (2003). The 

CH4-bearing aqueous fluid in low-temperature eclogites is in contrast to CO2-rich fluid 

compositions reported from high-temperature eclogites or eclogites, which passed through a 

granulite stage during uplift, as in the Usagaran belt (Herms, 2002). 

Although CO2 has not been detected by Raman spectroscopy, the occurrence of calcite in 

the fluid inclusions suggests the presence of CO2 in the original high-pressure fluid. The 

common occurrence of calcite in the fluid inclusions disagrees with the assumption of 

accidentally trapped crystals, particularly since calcite is deficient in the eclogite-facies 

assemblage and in zoisite veins. Calcite grains inside the fluid inclusions cannot be daughter 

crystals precipitated from a Ca-containing fluid due to the variable volumetric proportions (5-

30%, mean 10%). Instead, they are retrograde reaction products formed between a CO2-

bearing fluid and Ca-rich host minerals. A simple calculation shows that a mixture consisting 

of 10 vol% calcite and 90 vol% H2O fluid (density about 1 g/cm
3
) contains only about 2.5 

mol% CO2. In fact, during reaction of a CO2-bearing aqueous fluid with a silicate host 

mineral, hydroxyl-bearing silicate minerals should form beside carbonate (Kleinefeld and 

Bakker, 2002). However, the crystallisation of silicates inside the fluid inclusions often is 

hindered kinetically (Kleinefeld and Bakker, 2002) because of incongruent dissolution of the 

host mineral.  
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Molina and Poli (2000) demonstrate by mass-balance and thermodynamic calculations 

that, in synthetic eclogites of basaltic composition, an H2O-rich fluid (



XCO2<0.05) coexists 

with carbonate at 1.6–2.0 GPa below 700°C. The presence of zoisite in eclogites and veins 

also suggests low 



XCO2  conditions as discussed by Klemd (2004). The primary aqueous fluid 

in the Raspas Complex should thus have contained both low CO2 and low CH4 contents. Such 

a fluid composition could evolve from deserpentinization as discussed in Section 7.5. On the 

other hand, CO2 and CH4 may be produced by reaction of an aqueous fluid with graphite-

containing metapelites. H2O-rich fluids with about equal amounts of CO2 and CH4 develop 

during dehydration of graphite-containing rocks at high pressure (>1 GPa) and relatively low 

temperature (600°C), if a fixed H/O ratio of water (2:1) is assumed (Connolly and Cesare, 

1993; Huizenga, 2001). At increasing pressures and lower temperatures, 



XH2O  increases 

whereas CO2 and CH4 decrease. The amount of CH4 generally depends on the oxygen 

fugacity in the rocks. However, the oxygen fugacity is probably controlled by the external 

aqueous fluid in the metasomatized eclogites and zoisite veins of the Raspas Complex since 

oxygen-isotope analyses of eclogite minerals indicate disequilibria between garnet and zoisite 

and between garnet and omphacite (Halama et al., 2011). 

 

7.4 Geochemical evidence for element transfer and metasomatism 

The preceding discussion clearly shows that the zoisite eclogites were affected by fluid 

infiltration related to the zoisite veins. Before attempting to obtain information about element 

transfer and metasomatism caused by this fluid event, we will consider whether the difference 

in chemical composition could reflect a protolith difference between the MORB-type and the 

zoisite eclogites. Major and trace-element compositions of MORB-type eclogites, zoisite 

eclogites and a zoisite vein are given by John et al. (2010) and Halama et al. (2010). The 

MORB-type eclogites have been identified by their specific immobile element and REE 

spectra (Fig. 13A; John et al. 2010). The zoisite eclogites are basaltic with respect to major 

elements, but are enriched in incompatible trace elements (LREE, MREE, Pb, Sr, Th, U and 

HFSE) relative to the MORB-type eclogites (Fig. 13A,B). An alkali basaltic protolith to 

explain elevated LREE content of the zoisite eclogites can be ruled out because of low K, Rb, 

Ba and Sr compared to LREE contents which are even higher than in alkali basalts. High Sb 

contents in the zoisite eclogites, like in MORB-type eclogites and serpentinized ultramafic 

rocks (Fig. 14; for trace-element analyses see John et al., 2010), provide evidence for seafloor 

alteration in all precursor rocks, consistent with O and Sr isotopic signatures of the MORB-

type eclogites (Halama et al., 2011). Thus, seafloor-altered basalts should also have been the 
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precursor rocks for the zoisite eclogites. The close association of MORB-type eclogites and 

zoisite eclogites invariably occurring together with zoisite veins supports similar protolith 

compositions. Homogeneous O, Sr and Nd isotopic composition in zoisite eclogites, similar to 

that of the associated zoisite veins, indicates a significant pervasive fluid overprint (Halama et 

al., 2011). Similarly, the narrow range of LILE concentrations in the zoisite eclogites is 

explained by buffering of these fluid-mobile elements by an external fluid, whereas the 

seafloor-altered MORB-type eclogites have preserved their large variation in LILE contents 

(Fig. 13B).  

The elements Th, U and LREE which are considered as fluid-immobile or less fluid-

mobile (Plank, 2005; Hermann et al., 2006) should have been highly mobile in the zoisite 

vein fluid in the Raspas Complex, because these elements display large variations within 

single zoisite grains of the veins, probably correlated with oscillatory zoning. Applying the 

distribution coefficients of Feinemann et al. (2007) to Th, U and La contents in the vein 

zoisite (Table 1, SEC31-2-1, Analysis 21) predicts equilibrium fluid concentrations of 20 

µg/g Th, 7 µg/g U and 94 µg/g La, which are distinctly higher than those determined 

experimentally at 600 and 650°C from synthetic pelite starting material by Spandler et al. 

(2007). Such high concentrations in the fluid could explain the high Th and LREE contents in 

the metasomatized zoisite eclogites. Experimental studies of the stability relations between 

fluorapatite, allanite and REE-epidote in the presence of different fluid compositions at 450 to 

610 MPa and 450 to 500°C show that a high Ca-activity in the fluid promotes monazite 

dissolution and mobilization of REE and Th (Budzyn et al., 2011). REE-epidote, zoisite or 

allanite are stabilized in such Ca-rich fluids and could be precipitated in veins like the REE- 

and Th-rich zoisite of the Raspas veins.  

The enrichment of Nb, Ta, Zr and Hf in the zoisite eclogites (Fig. 13) demonstrates the 

fluid mobility of these elements. HFSE mobility has also been shown in eclogites from other 

localities (Gao et al., 2007; Spandler et al., 2011). Experimental studies by Rapp et al. (2010) 

reveal a strongly enhanced solubility of rutile and thus HFSE mobility in chloride and 

fluoride-bearing hydrous fluids which are stable in the absence of Cl,F-apatite. Berger et al. 

(2010) report zoisite eclogites from the Limousin area, which are high in HFSE as well as 

LREE and Sr similar to the Raspas zoisite eclogites. They suggest a metasomatic formation of 

the zoisite eclogites by channelled fluid-rock interaction at UHP conditions. Although the 

HFSE are enriched in the Raspas zoisite eclogites, they are low in the zoisite vein (Fig. 13) 

and the zoisite crystals (Fig. 12). This might be explained by high rutile/fluid distribution 

coefficients (Brenan et al., 1994) leading to HFSE depletion of the fluid infiltrating the rutile-
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bearing eclogites. Inside the zoisite veins, rutile did not nucleate, probably because of a low 

nucleation rate. The occurrence of very large but rare rutile crystals in eclogite-facies veins of 

the Monviso meta-ophiolite (Spandler et al., 2011) also suggests a low nucleation rate versus 

growth rate of rutile in high-pressure aqueous fluids. 

The extremely low LREE contents of omphacite in the zoisite eclogites, which are quite 

distinct from those of omphacite from MORB-type eclogites (Fig. 11B), most probably result 

from equilibration with zoisite during fluid-rock interaction. Zoisite apparently is acting as a 

sink for these elements because of very high zoisite/clinopyroxene distribution coefficients 

(e.g. D
zoi/cpx 

= 8510 for Nd; Zack et al., 2002). The fluid-mediated equilibration of omphacite 

with zoisite most likely occurred by a dissolution-precipitation mechanism (Putnis and John, 

2010). This concept is supported by oxygen isotopic mineral studies by Halama et al. (2011) 

showing equilibration of zoisite with omphacite but not with garnet, which is demonstrated by 

disequilibrium O isotope composition and the chemical zoning pattern of garnet (Fig. 3). 

Direct evidence for the trace-element composition of the metasomatizing fluid has been 

obtained from the primary fluid inclusions, which can be regarded as remnants of the 

infiltrating fluid. Laser-ablation ICP-MS analyses of fluid inclusion-rich domains in 

omphacite from the zoisite eclogite are enriched in the fluid-mobile trace elements B, Rb, Pb, 

Sr and Sc compared with inclusion-free domains in the same grains (Fig. 12C). Although Sr 

and Pb could have fractionated into the coexisting zoisite, the fluid is still high in these 

elements. The elevated content in the immobile and compatible element Sc is not yet 

understood. A similar study by Hermann et al. (2006) has shown that fluid inclusion-rich 

omphacite domains in an eclogite-facies vein from Monviso are enriched in Cs, Rb, Ba, Pb, 

Th, and U.  

The major elements Ca, Al, Mg and Si should also have been transported in the fluid, 

since Ca, Al are enriched, and Mg, Si are deficient in the zoisite eclogites compared to the 

MORB-type eclogites (for analytical data see Halama et al., 2010, and John et al., 2010). 

According to Manning (2004), subduction zone fluids in equilibrium with oceanic crust at 

depths of about 25–50 km, though solute-poor, are relatively enriched in Ca, Al, Na and Si, 

over Fe and Mg. The solubility of Al at high pressures and temperatures is due to the ability 

of alkali-alumosilicate components to form polymers (Manning, 2004). High Al contents in 

the fluid are also found in veins from eclogites at other localities (Becker et al., 1999; John 

and Schenk, 2003; Gao at al., 2007). 

 

7.5 Origin of the fluid and the sources of the trace elements 
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The relatively homogeneous composition of fluid inclusions within different minerals of 

zoisite eclogites and veins are evidence for an open-system fluid infiltration at high flux 

where the fluid composition is controlled by an external source (e.g., Giaramita and Sorensen, 

1994). Evidence for a pervasive, metasomatic fluid overprint along the veins includes 

homogeneous O, Sr and Nd isotopic compositions of the zoisite eclogites (Halama et al., 

2011) and high trace-element concentration (REE, Pb, Sr, Th, U) in the zoisite eclogites 

adjacent to the veins, relative to the MORB-type eclogites (Fig. 13). In contrast, small-scale 

fluid flow from internal, rock-buffered in-situ fluid release should produce small-scale fluid-

inclusion heterogeneity (e.g. Philippot and Selverstone, 1991), is unlikely to overprint 

precursor isotopic signals (e.g., Raspas MORB-type eclogites with magmatic Nd and 

seawater Sr; Halama et al., 2011). 

The metasomatizing fluid in the zoisite eclogites of the Raspas Complex could be derived 

from three possible external sources: dehydration of serpentinites, metasediments, and 

metabasites located beneath the zoisite eclogites. Variably serpentinized peridotites and 

metapelites are associated with the eclogites in the Raspas Complex. Modeling by Rüpke et 

al. (2002) shows that the dehydration of a serpentinized mantle with 5.5 mass% initial H2O 

results in about 4 mass% H2O released at 60 km depth and 550–650°C, similar to estimates of 

water released (3 mass%) from serpentinized lherzolite at the same P–T conditions in 

experiments by Schmidt and Poli (2003). In contrast, only about 1 mass% H2O is released 

from metapelites in the temperature range of the blueschist to eclogite-facies transition 

(Rüpke et al., 2002; Spandler et al., 2003). Additionally, the proportion of sediments in the 

subducting slab is small compared to the serpentinized slab mantle. Only about 0.5 mass% 

H2O could be released from metabasites at temperatures above 650°C in a lower crustal level 

(Rüpke et al., 2002). From the Münchberg Massif, Liebscher et al., (2007) report a fluid 

release during crystallization of leuco-tonalitic melt produced by eclogite partial melting at 

high P–T conditions (680–750°C, 2.3–3.1 GPa). Such an alternative aqueous fluid source can 

be ruled out for the Raspas Complex because these authors show that that fluid is sequestered 

by hydration of the eclogite-facies assemblages near the veins, not affecting the bulk trace-

element budget.  

In conclusion, a serpentinitic fluid source is most likely to generate a high fluid flow 

sufficient to infiltrate and metasomatize the mafic oceanic crust. This assumption is 

particularly relevant to the Raspas Complex, where the eclogites are associated with large 

volumes of serpentinites (Fig. 1), likely constituting the dominant fluid source. In addition to 

the common antigorite-chlorite peridotite, deserpentinized tremolite-chlorite peridotite and 
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chlorite harzburgite also occur. The latter, characterized by large radiating orthopyroxene rods 

(Fig. 5), olivine, chlorite with prograde Cr zoning, and tremolite, greatly resembles the high-

pressure dehydration-related chlorite harzburgites with pseudo-spinifex texture from the 

Almirez Massif (Trommsdorff et al., 1998; Puga et al., 1999; Lopez Sanchez-Vizcaino et al., 

2005), which equilibrated at 680 to 710°C and 1.6 to 1.9 GPa (Padron-Navarta et al., 2010). 

Since the chlorite harzburgites of the Raspas Complex contain the same mineral assemblage 

as the Almirez harzburgites, the rocks equilibrated in a similar P-T range as the Raspas 

eclogites (Fig. 10, John et al., 2010). Furthermore, the very low Al content of orthopyroxene 

in the Raspas Complex (0.03-0.10 mass% Al2O3), as in the Almirez Massif (<0.5 mass% 

Al2O3, Trommsdorff et al., 1998), is distinct from that of mantle orthopyroxene and is thus a 

strong indication of formation during high-pressure deserpentinisation (Padron-Navarta et al., 

2010). The characteristic pseudo-spinifex texture with fan-shaped orthopyroxene aggregates 

is the result of fast crystallization after overstepping of the antigorite-breakdown reaction 

leading to local fluid overpressure, hydraulic fracturing and fluid pulses (Padron-Navarta et 

al., 2011). In the Raspas Complex, cyclic fluid expulsion is documented by the oscillatory 

zoning in vein zoisite and garnet rims in the metasomatized eclogites. 

The low-salinity aqueous composition of fluid inclusions in the metasomatized eclogites 

and zoisite veins (0.4–5.3 eq mass% NaCl) is similar to the composition of the fluid released 

by antigorite breakdown as obtained by Scambelluri et al. (2004a) from mass-balance 

calculations (0.4–2.0 eq mass% NaCl). The fluid released by deserpentinization may contain 

methane produced by carbonate reduction in the mantle. Scott et al. (2004) obtained 

significant CH4 but negligible CO2 by experimental carbonate reduction at 500°C and 1-2 

GPa. In the Raspas Complex, thus produced CH4 appears to be trapped in fluid inclusions in 

clinopyroxene recrystallized during high-pressure metamorphism.  

Serpentinization of ultramafic rocks is accompanied by enrichments in fluid-mobile trace 

elements (B, Cl, Cs, Rb, Ba, Pb, Sr, As and Sb) (Hattori and Guillot, 2003; Tenthorey und 

Hermann, 2004). Conversely, experimental and fluid inclusion studies show that antigorite 

breakdown liberates B, As, Cs, Pb, Li, Ba, Be, Rb, U, Sr into the released aqueous fluid 

(Tenthorey and Hermann, 2004; Scambelluri et al., 2004a, 2004b), although this process 

alone is unlikely to efficiently metasomatize the mantle wedge to produce the “arc signature” 

due to the low initial concentrations of most of these elements in serpentinite. In the Raspas 

Complex, serpentinized peridotites are enriched in Cs, Rb, Ba, Pb, Sb and W relative to 

depleted mantle (John et al., 2010), but fluid-mobile trace elements occur in similar 

concentrations in both deserpentinized chlorite harzburgite and serpentinitic rocks (Fig. 14), 
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which is also the case for serpentinized and deserpentinized rocks of the Almirez Massif 

(Garrido et al., 2005). Thus, while deserpentinization might mobilize a range of trace 

elements, their concentration in the fluid is low and most trace elements may be immediately 

bound to reaction products like pyroxene and amphibole.  

The serpentinites probably act primarily as a source for H2O-rich but trace-element poor 

fluids which may, during migration through the lithosphere, leach solutes from overlying 

metabasites or metapelites. The liberation of trace elements is achieved primarily by 

dissolution-precipitation reactions in zones of intense fluid-rock interaction at high fluid 

fluxes (Bebout and Barton, 1993; John et al., 2008; Zack and John, 2007; Putnis and John, 

2010). Such zones of intense fluid-rock interaction might form along pathways of slab-fluid 

escape where the permeability of the rock, induced by hydraulic fracturing, is enhanced by a 

high fluid flow (John et al., 2008; Beinlich et al., 2010). The duration of fluid flow and 

reaction time should be on the same time-scale to allow significant mineral reactions and 

mass exchange to occur. The dissolved trace elements will be transported to zones of lower 

fluid pressure and temperature where they can be incorporated in vein minerals, fixed in the 

infiltrated wall rock, or leave the slab to metasomatize the mantle wedge. 

A favourable candidate for a rock that has interacted with external, serpentinite-derived 

fluids is the garnet-amphibole rock (Sample SEC13-1). Compared to MORB, this rock is 

deficient in LREE, MREE and Sr, which are enriched in the metasomatized zoisite eclogites 

(Fig. 13A,B). The significant LREE and MREE depletion of the garnet-amphibole rock 

compared to MORB-type eclogites (Fig. 13A) causes an unusual "step-shaped" REE pattern, 

which does not resemble the REE pattern of present-day unmetamorphosed igneous rocks 

(Bernard-Griffiths et al., 1991). That pattern is interpreted to indicate that LREE were flushed 

out under open-system conditions. John et al. (2004) found a similar trace-element pattern for 

some Zambian eclogites where LREE are depleted relative to the immobile HREE and HFSE 

due to intense fluid-rock interaction at high fluid flux.  

Enriched Th and U in the zoisite eclogites of the Raspas Complex cannot be derived from 

leaching of metabasites only, considering the low Th and U content of these rocks. Subducted 

sediments are the main source of Th and U as well as LILE to arc rocks (Plank and Langmuir, 

1998). The high Th and U contents in the vein fluid (predicted for vein zoisite by inverting 

the distribution coefficients by Feinemann et al., 2007) suggest that these elements have been 

mobile and were transported in the fluid. Monazite in the metapelites could be the source of 

Th, U and REE, if Ca-rich fluids locally dissolved the monazite (Budzyn et al., 2011). The 

Raspas metapelites are in part metasomatized by Ca-rich fluids suggested from the occurrence 
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of schists rich in Ca-amphibole and epidote, additionally containing relict kyanite. Sr and Nd 

data from the Raspas zoisite eclogites (initial 
87

Sr/
86

Sr = 0.7075-0.7081, Nd130Ma = -6.7 to -

8.7) indicate a sediment contribution (Halama et al. (2011), so the aqueous fluid derived from 

the serpentinites possibly leached Th, U, and Sr from the metasediments intercalated in the 

eclogite suite. If the aqueous fluid reacted with graphite-bearing metapelites, about equal 

amounts of CO2 and CH4 should have been produced (as discussed in Section 7.3). At present, 

we are not able to decide whether methane and CO2 originate from mantle rocks or from 

metapelites.  

In summary, we can conclude that the fluids mainly derived from dehydrating 

serpentinites and that some elements enriched in the zoisite eclogites were derived from 

leaching the metabasites (Ca, Sr, LREE and MREE) and others were derived from leaching 

metasediments (Th, U). Most of the elements (Th, U, LILE and LREE) enriched in the zoisite 

eclogites and in the zoisite veins of the Raspas Complex are typically enriched in arc magmas 

suggesting that at least some are transported by channelized fluid flow further into the mantle 

wedge where arc magmas are generated.  

 

8. Conclusions 

(1) In the Raspas Complex, MORB-type eclogites occur alongside zoisite eclogites, which are 

associated with monomineralic zoisite veins. Petrologic studies show that zoisite veins 

formed from the fluid phase at high-pressure conditions.  

(2) A homogeneous H2O-rich fluid composition with low salinity and minor amounts of CO2 

and CH4, suggested from the study of fluid inclusions in zoisite eclogites and veins, gives 

evidence for external fluid supply. Oscillatory zoning in zoisite and garnet of zoisite eclogites 

associated with the veins indicates fluid fluctuations and fluid infiltration into the eclogites. 

Deserpentinized ultramafitites are potential source rocks for the aqueous fluid. The pseudo-

spinifex texture observed in chlorite harzburgites suggests fast growth of orthopyroxene after 

overstepping of antigorite breakdown leading to local fluid overpressure, hydraulic fracturing 

and fluid pulses. 

(3) Compared to the MORB-type eclogites, the zoisite eclogites and zoisite veins are enriched 

in LREE, MREE, Pb, Sr, Th, U, indicating that all these elements were mobile in the 

metasomatizing fluid. The elements Th, U and LREE, which are considered as less fluid-

mobile, should have been highly mobile in the vein-forming fluid, because these elements 

display large variations within single zoisite grains. In addition, the fluid-mobile trace 

elements B, Rb, Pb, Sr are found in fluid inclusions in omphacite. 
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(4) Channelized fluid flow from a serpentinitic mantle source can explain the low-salinity 

aqueous fluid composition but not the high trace element concentrations in the metasomatized 

zoisite eclogites and zoisite veins. Trace elements are probably leached from metabasites and 

metapelites in zones of intense fluid-rock interaction. A garnet-amphibole rock seems to 

represent such a leached rock, which is deficient in LREE, MREE and Sr, i.e., trace elements 

enriched in the zoisite eclogites. On the other hand, the fluid-mobile LILE and B are likely 

derived from metapelites intercalated in the eclogite suite. The less fluid-mobile elements Th 

and U, which display extremely variable concentrations in vein zoisite, could also be supplied 

from the metapelites. 

(5) The case study in the Raspas Complex, Ecuador, has shown that a large range of trace 

elements (B, LILE, LREE, MREE, Th, U) are fluid-mobile under eclogite-facies conditions 

and may be transported by channelized fluid flow and high fluid flux into the mantle wedge, 

where arc magmas are generated. 
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Figure captions  

 

Fig. 1. Geological map showing the lithological units of the El Oro Metamorphic Complex, 

SW Ecuador (modified after Gabriele, 2002). Sample locations are indicated in the enlarged 

part of the Raspas river profile (lower inset). All sample numbers used in the manuscript have 

the prefix SEC (South Ecuador) and a suffix indicating the specific sample within an outcrop. 

Asterisks indicate samples taken from boulders. Location 36 is outside the Raspas river 

profile. Supplementary unnumbered locations are shown to give some impression about the 

distribution of rock types. 

 

Fig. 2. Monomineralic zoisite vein (light) cutting the schistosity of the eclogite. Note the 

deformed contact surface. 

 

Fig. 3. (A,B) X-ray maps for vein zoisite showing oscillatory and sector zoning for Sr and Fe; 

(C) core-rim compositional profile A–B across the zoisite indicated in (A). 

 

Fig. 4. X-ray maps of a garnet porphyroblast and adjacent omphacite in zoisite eclogite (A,B, 

Sample SEC29-2A) and of a garnet porphyroblast cut by a zoisite vein, showing the newly 

grown grossular-rich Rim 2 at the contact (C-E, Sample SEC27-2A). 

 

Fig. 5. Macrophotograph of a polished section of deserpentinized chlorite harzburgite 

showing large fan-shaped aggregates of orthopyroxene. 

 

Fig. 6. Omphacite with clouded fluid inclusion-rich cores in zoisite eclogite from the Raspas 

Complex (microphotograph with crossed polarizers).  

 

Fig. 7. Microphotographs of fluid inclusions in (A-D) zoisite eclogites and zoisite veins and 

(E) antigorite-chlorite peridotite. (A) Calcite-bearing H2O-NaCl-CH4 inclusion in a fluid 

inclusion cluster, elongated parallel c of the omphacite host. (B) H2O-NaCl-CH4 fluid 

inclusion with a calcite lying in Rim 2 of garnet. (C) Fluid inclusions with variable shape 

dispersed all over a vein zoisite: Among H2O-NaCl-CH4 inclusions small, irregular water-free 
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CH4 inclusions (see inset) are found, with graphite (black dot) and minor ethane. (D) 

Elongated H2O-NaCl-CH4 fluid inclusion with two calcite crystals and an analcite crystal in 

omphacite, interpreted as retrograde reaction products. (E) Single small fluid inclusion filled 

with mixed hydrocarbons in recrystallized clinopyroxene. 

 

Fig. 8. Frequency histograms of (A) melting temperatures (Tm) and (B) homogenization 

temperatures (Th) of H2O-NaCl-CH4 fluid inclusions in different minerals in the zoisite 

eclogites and veins.  

 

Fig. 9. Raman spectra of H2O-rich fluid inclusions (A,C). The laser beam was focussed in the 

bubble of the two-phase inclusions. (A) Typical Raman spectrum with CH4 and H2O peaks for 

a fluid inclusion in omphacite in zoisite eclogite (time: 60 sec; accumulation: 5 times); (B) 

Raman spectrum of a water-free CH4 inclusion (Th = -90.3°C) in vein zoisite shows graphite 

and CH4 peaks (time: 10 sec; accumulation: 5 times); (C) Spectrum showing a CH4 peak and 

a peak for structurally bound OH in vein zoisite (time: 10 sec; accumulation: 5 times); (D) 

Spectrum of a CH4/hydrocarbon-bearing fluid inclusion in the recrystallized rim of 

clinopyroxene (Cpx2) in the antigorite-chlorite peridotite; the broad fluorescent shoulder at 

wavelengths above 3000 cm
-1

 obscures the Raman bands of H2O (time: 600 sec; 

accumulation: 2 times). 

 

Fig. 10. P-T conditions for the eclogites of the Raspas Complex (John et al., 2010) and 

assumed P-T path, correlated with stages of garnet growth, vein formation, retrograde 

assemblages and with model isochores for the aqueous inclusions of the highest and lowest 

salinities, assuming inclusion compositions in the H2O-NaCl system. For pure methane 

inclusions, the second most highest and second most lowest homogenization temperatures are 

selected. The representative isochore for fluid compositions in the H2O-NaCl-CH4 system is 

based on the ice and clathrate-melting temperature determined by Raman spectroscopy. 

 

Fig. 11. Chondrite-normalized (Boynton, 1984) REE pattern of zoisite and omphacite from 

the Raspas Complex: (A) Zoisite in veins and matrix of eclogites; (B) Omphacite in MORB-

type and zoisite eclogites. 

 

Fig. 12. Primitive mantle-normalized (McDonough and Sun, 1995) trace-element contents in 

zoisite and omphacite from the Raspas Complex: (A) Vein zoisite and matrix zoisite in zoisite 

eclogites; (B) omphacite in MORB-type and zoisite eclogites; (C) omphacite in zoisite 
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eclogite comparing fluid inclusion-rich and fluid inclusion-free grain domains (error bar 

indicates 1-sigma error; base of arrow indicates detection limit). 

 

Fig. 13. (A) Chondrite-normalized (Boynton, 1984) REE concentrations and (B) trace-

element contents normalized to N-MORB (Hofmann, 1988) for MORB-type (7 samples) and 

zoisite eclogites (4 samples), garnet-hornblende rock (SEC13-1), and a zoisite vein. 

Analytical data for MORB-type eclogites published by John et al. (2010), for zoisite eclogites 

and the zoisite vein by Halama et al. (2010). 

 

Fig. 14. Primitive mantle-normalized (McDonough and Sun, 1995) trace-element contents for 

deserpentinized chlorite harzburgite (SEC41-2, see Table 4, electronic supplement) compared 

to antigorite peridotites (John et al., 2010). 

 

Table Titles 

Table 1 

Selected LA-ICP-MS analyses of trace elements in zoisite, omphacite and fluid inclusion-rich 

omphacite domains.  

 

Table 2 

Major-element (XRF) and trace-element (ICP-MS) analysis of chlorite harzburgite. 
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Research Highlights 

 

High-P zoisite veins and metasomatized eclogites indicate fluid flow at 70 km depth. 

External homogeneous low-salinity H2O-NaCl-CH4-CO2 fluid infiltrates eclogites. 

Trace elements (REE, Pb, Sr, Th, U) are transported in high-pressure zoisite veins. 

Deserpentinized spinifex-textured chlorite harzburgite is the potential fluid source. 

Dehydration fluid leached metabasites and metapelites by fluid-rock interaction. 
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Table 2 
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Figure 1 
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Figure 2 
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