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Abstract Combined microstructural and geochemical

investigations on MORB-type primitive olivine-rich

cumulates intruded in the Erro–Tobbio (ET) mantle peri-

dotites (Voltri Massif, Ligurian Alps, Italy) revealed that

significant chemical changes in minerals were caused by

postcumulus crystallization. This is indicated by the

occurrence of accessory interstitial minerals (Ti-pargasite,

orthopyroxene and Fe–Ti oxides) and by systematic

chemical zoning in intercumulus clinopyroxene, resulting

in marked trace element (e.g. REE, Ti and Zr) enrichment

at constant high Mg-numbers (0.88–0.91) and LREE

depletion. Geochemical modelling shows that low trapped

melt amounts (<5%) are sufficient to produce the observed

trace element enrichments. Chemical zoning in large (mm-

size) clinopyroxenes was dominantly caused by in situ

fractional crystallization of trapped interstitial liquid rather

then porous flow migration of externally derived evolved

melts. Zr enrichment relative to REEs in vermicular clino-

pyroxene and pargasitic amphibole point to small-scale

migration and interaction between residual evolved low

melt fractions and the olivine cumulus matrix at final stage

of crystallization.

Keywords Olivine cumulates � Trapped melt � Melt/rock

interaction � In situ trace element analyses

Introduction

Postcumulus processes have been widely described in

cumulates from continental layered intrusions and plutons

(Barnes 1986; Cawthorn et al. 1992; Cawthorn 1996;

Bedard 1994, 2001; Claeson and Meurer 2004; Charlier

et al. 2005; Bernstein 2006) and oceanic environments

(Meyer et al. 1989; Natland et al. 1991; Ross and Elthon

1997; Tribuzio et al. 1999; Gillis and Meyer 2001; Natland

and Dick 2001; Coogan et al. 2000a, b; Gao et al. 2007).

These studies have shown that the crystallization of inter-

stitial melt trapped within the cumulus matrix plays an

important role in the final mineral composition of cumulate

rocks. The postcumulus crystallization of evolved inter-

stitial melt has been also invoked to explain the occurrence

of amphibole (and minerals such as Fe–Ti oxides and

apatite) within rather primitive oceanic and ophiolitic

MORB-type cumulates (Natland et al. 1991; Gillis 1996;

Tribuzio et al. 1999, 2000; Gillis and Meyer 2001; Coogan

et al. 2001). A matter of debate is whether these processes

can be entirely accounted by interaction between cumulus

minerals and variable amounts of evolved interstitial liquid

produced by in situ fractional crystallization of indigenous

trapped melt, i.e. a ‘‘closed system’’ crystallization process

(Barnes 1986; Meyer et al. 1989; Chalokwu and Grant

1990; Bedard 1994; Cawthorn 1996; Gillis and Meyer

2001; Charlier et al. 2005; Bernstein 2006), or they require

an exotic component, i.e. the migration of externally de-

rived evolved melts (Natland et al. 1991; Mathez 1995;

Ross and Elthon 1997; Tribuzio et al. 1999, 2000; Natland
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and Dick 2001; Coogan et al. 2000b; Meurer and Claeson

2002; Gao et al. 2007).

Geochemical models (Bedard 1994; Cawthorn 1996;

Charlier et al. 2005) have revealed that intercumulus

minerals crystallized from trapped interstitial melt may

have very high REE concentrations, without needing to

invoke infiltration metasomatism by an external liquid

enriched in incompatible elements. On the other hand,

fractional crystallization combined with simultaneous

metasomatism between cumulate crystals and migrating

porous melt has been documented in both layered intru-

sions and oceanic gabbros (Natland et al. 1991; Mathez

1995; Natland and Dick 2001; Coogan et al. 2000b; Gao

et al. 2007). This process, named synkinematic differenti-

ation or differentiation by deformation, has been invoked to

explain trace element zoning and chromatographic frac-

tionation in minerals (Coogan et al. 2000b; Gao et al.

2007), and is inferred to play an important role in the

magmatic evolution of the oceanic crust at slow-spreading

ridges (Natland and Dick 2001; Gao et al. 2007).

Although a large number of papers have been devoted

to studies of postcumulus crystallization effects in

cumulate rocks (especially in layered intrusions), a few

works have yet documented chemical variations in

cumulus and postcumulus phases by detailed in situ major

and trace element mineral analyses in different micro-

structural sites (e.g. Ross and Elthon 1997; Tribuzio et al.

1999; Coogan et al. 2000a, b; Meurer and Claeson 2002;

Gao et al. 2007; Bernstein 2006). In this paper, we

present combined microstructural and in situ trace ele-

ment mineral chemistry investigations on MORB-type

olivine cumulates intruded in the ET mantle peridotites

(Voltri Massif). The studied samples pertain to a hecto-

metre-scale stratified cumulate body, showing gradational

contacts with the host mantle peridotites, and crosscut by

later olivine gabbro lenses and dikes (Borghini et al.

2007). The cumulate body is mostly dominated by cpx–

bearing troctolites (plus minor plag–cpx–bearing dunites

and plag–bearing wehrlites). According to Borghini et al.

(2007), they represent cumulus products crystallized from

rather primitive N-MORB-type melts similar to oceanic

gabbroic rocks from slow spreading settings. These rocks

record significant trace element chemical zoning in in-

tercumulus minerals (particularly clinopyroxene) and

contain rare and diffuse interstitial pargasitic amphibole

associated to interstitial clinopyroxene ± Fe–Ti oxides.

The major aim of this work is therefore to document, by

means of bulk-rock and in situ major and trace element

mineral analyses, the chemical and textural effects of

postcumulus processes in MORB-type olivine-rich

cumulates, and to discuss the origin of related interstitial

melts in the context of closed versus open system crys-

tallization.

Samples and analytical methods

Troctolites have medium to coarse grain size and consist

of euhedral cumulus olivine (72–80 wt.%), interstitial

plagioclase (17–24 wt.%) and subordinate poikilitic clino-

pyroxene (2–4 wt.%) (eTable 1, Fig. 1a, b). Clinopyroxene

is present in coarse mm-sized anhedral grains (Fig. 1a) and

in thin (<400 lm) interstitial crystals (Fig. 1b–d). These

latters occur as rims between olivine and plagioclase or

between olivine grains, and in places are in optical

continuity with larger clinopyroxene crystals (Fig. 1a); they

often show lobate contacts against cumulus olivine, indic-

ative of partial olivine resorption (Fig. 1b, c). Small euhe-

dral chromite crystals (about 1% by volume) are commonly

found within plagioclase. In all samples, plagioclase is

partly replaced by low-grade alteration products.

Brown amphibole, Fe–Ti oxides and orthopyroxene

(associated with vermicular clinopyroxene or as discon-

tinuous rim around olivine) occur as small interstitial

accessory minerals. Amphibole crystallizes as thin rims

(usually <60 lm) mostly confined around chromite grains

or in thin vermicular grains between olivine and plagio-

clase locally associated with vermicular clinopyroxene

(Fig. 1d). It is present in very low amounts in all samples

(<1% by vol.), and it is more diffuse in samples MF8 and

MF51. Small rims (�5–10 lm) of Fe–Ti oxides (mostly

ilmenite) have been observed by X-R mapping between

chromite grain and amphibole rims.

Major and trace element bulk-rock compositions of

three selected troctolite samples are reported in eTable 1.

Troctolites have high Mg-numbers (0.89–0.90) and display

very low contents of incompatible elements like Y

(1.01–1.65 ppm) and Zr (3.25–4.77 ppm). They exhibit

overall low REE concentrations (M- to H-REE contents

below 2 · C1), flat to slightly LREE-depleted patterns

(CeN/SmN = 0.82–1.05) and positive Eu anomalies (EuN/

EuN* = 1.75–2.42) (Fig. 2). All these features indicate that

the bulk rock compositions are mostly controlled by the

relative proportions of the cumulate minerals, i.e. higher

modal plagioclase and olivine with respect to clino-

pyroxene.

Whole-rock major element analyses were performed by

XRF technique at the Dipartimento di Scienze della Terra,

Università di Modena. The bulk trace element data were

determined on a quadrupole VG-PG2 Inductively Coupled

Plasma-Mass Spectometry (ICP-MS) at ISTEEM (Univer-

sité de Montpellier 2, France) following the procedure

described by Ionov et al. (1992). REE, Sr, Zr, Hf, Rb and

Ba concentrations were determined by external calibration.

Detailed description of the method and detection limits can

be found in Godard et al. (2000). Major element mineral

chemistry data were obtained (1) at the Dipartimento per lo

studio del Territorio e delle sue Risorse, University of
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Genova, by a Philips SEM 515 electron microscope

equipped with an X-ray dispersive analyser energy dis-

persive spectrometer (EDS) (accelerating potential 15 kV;

sample current 20 nA), and (2) at the C.N.R.- Centro di

studio per la Minerogenesi e la Geochimica applicata of

Firenze by a JEOL JXA-8600 electron microscope,

equipped with four wavelength dispersive spectrometers

(WDS) and one EDS (accelerating potential 15 kV; sample

current 10 nA) (Vaggelli et al. 1999). In situ trace element

mineral analyses were carried out by LAM-ICP-MS tech-

niques at IGG-CNR (Istituto di Geoscienze e Georisorse) in

Pavia. A detailed description of this analytical procedure is

reported in Tiepolo et al. (2003). Mineral REE abundances

were normalized to the average C1 chondrite composition

(Anders and Ebihara 1982).

In order to trace the chemical variations related to

postcumulus crystallization, in situ analyses were per-

formed in clinopyroxene grains of different sizes and in

different microtextural occurrences: (1) core (C), interme-

Fig. 1 Textural features of the ET troctolites. a Coarse mm-size

anhedral clinopyroxene (cpx) between rounded cumulus olivines (ol)
(crossed nicols). b Thin ‘‘vermicular’’ clinopyroxene (cpx) between

cumulus olivine and anhedral plagioclase (plag) (crossed nicols).

c Interstitial clinopyroxene (cpx) showing lobate contacts against

cumulus olivine (ol) (uncrossed nicols). d Rim of brown Ti-rich

pargasitic amphibole (amph) around chromite grains; vermicular

amphibole and clinopyroxene between plagioclase and olivine

(uncrossed nicols)

Fig. 2 Chondrite-normalized whole-rock REE abundances of the ET

troctolites. The grey REE spectra refer to the Internal Liguride

ophiolitic troctolites (data from Rampone et al. 1998). Normalization

factor from Anders and Ebihara (1982)
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diate (I) and rim (R) (<50 lm inward from the crystal rim)

traverses in larger grains (1–2 mm), (2) small interstitial

grains (Int) (width ranging 100–400 lm) and (3) thin

vermicular grains (V) (width lower than 100 lm). In pla-

gioclase, diffuse low-grade alteration has limited detailed

core–rim analytical investigations, especially for the trace

elements.

Mineral composition

Representative major and trace element mineral composi-

tions are reported in eTables 2–4. Olivine displays homo-

geneous compositions, mostly Fo88–Fo89. Spinels have

high Cr concentrations (Cr# = 0.51–0.60) and rather high

and variable Ti contents (TiO2 = 1.06–2.60 wt.%); no

systematic core–rim variations have been documented,

although a Ti decrease is observed in some spinel rims

associated to Fe–Ti oxides.

As documented in Borghini et al. (2007), clinopyrox-

enes in the troctolites show major element concentrations

consistent with those of clinopyroxenes from the most

primitive oceanic cumulates (Elthon et al. 1992). They also

display remarkable compositional variations systematically

correlated with microstructural site, i.e. TiO2 increase and

Cr2O3 decrease from cores to rims of larger crystals, to

interstitial and vermicular grains, at rather high and con-

stant Mg# (0.88–0.91) (Fig. 3). In Fig. 3a, we have

reported for comparison: (1) the compositional field of

oceanic cumulates (Elthon et al. 1992) and (2) the cumulus

and postcumulus trends documented in oceanic (Ross and

Elthon 1997; Meyer et al. 1989) and ophiolitic (Tribuzio

et al. 1999) olivine gabbros. It is remarkable that clino-

pyroxenes in the studied samples define a steeper trend,

characterized by a significant TiO2 enrichment (up to

1.45 wt.%) coupled to a narrow Mg# variation.

Clinopyroxene cores are characterized by LREE (light

earth rare elements) depletion (LaN/SmN = 0.12–0.16),

nearly flat middle (M-) to heavy (H-) REE concentrations

(at about 10–15 · C1) and slight to almost absent negative

Eu anomaly (EuN/EuN* = 0.91–0.99) (Fig. 4a). In terms of

M- to H-REE, they resemble calculated compositions of

clinopyroxene in equilibrium with average MORB

(Fig. 4a), although displaying slightly higher LREE abun-

dances. Clinopyroxenes exhibit an overall progressive

enrichment in REE absolute concentrations, coupled to the

development of strong negative Eu anomalies, from

cores to rims of large crystals, to interstitial and vermicu-

lar grains (Fig. 4a). This is also documented in Fig. 5,

which shows the REE clinopyroxene compositions in

core–intermediate–rim profiles and interstitial grains from

samples MF21 and MF8. Vermicular grains have the

highest M- to H-REE concentrations (up to 40–50 · C1),

and pronounced negative Eu anomalies (EuN/EuN* = 0.33–

0.64), although preserving the same LREE fractionation

(LaN/SmN = 0.09–0.11) (Fig. 4a).

Another remarkable geochemical feature is shown by Ti

and Zr behaviour. Large clinopyroxene crystals (from cores

to rims) display negative Zr (ZrN/ZrN* = 0.31–0.63) and Ti

(TiN/TiN* = 0.40–0.69) anomalies. By contrast the inter-

stitial and vermicular grains, although preserving Ti

depletion (TiN/TiN* = 0.34–0.66), exhibit a progressive

increase in Zr relative to the adjacent REE, resulting in

positive Zr anomalies (ZrN/ZrN* = 0.77–1.92) (Fig. 6a).

The Sr contents are invariably low in all clinopyroxenes

(Sr = 11–17.6 ppm), resulting in marked negative Sr

anomalies (Fig. 6a).

Plagioclases have An58–An66. No systematic core–rim

compositional variations are detected, although lower An

Fig. 3 a TiO2 contents versus Mg# values [100 · Mg/(Mg + Fe)] in

clinopyroxenes from the ET troctolites. (C), (I), (R) refer to core–

intermediate–rim profiles of large (mm-size) clinopyroxene grains;

(Int) and (V) refer to interstitial (<400 lm) and vermicular (<100 lm)

clinopyroxene grains. The field refers to the composition of

clinopyroxenes in oceanic cumulates (data from Elthon et al. 1992).

The arrows describe different crystallization trends; arrows (1) and

(2): cumulus and postcumulus crystallization trends, respectively, in

Leg 153 gabbroic rocks (Ross and Elthon 1997); arrow (3):

postcumulus trend in cumulate gabbros from the Southwest Indian

Ridge (Meyer et al. 1989); arrow (4): postcumulus trend in Northern

Apennine ophiolitic olivine gabbros (Tribuzio et al. 1999). b Cr2O3

contents versus Mg# values [100 · Mg/(Mg + Fe)] in ET clino-

pyroxenes. The field refers to the composition of clinopyroxenes from

oceanic cumulates (from Elthon et al. 1992)
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contents are often observed towards the rims of single

crystals. Plagioclases REE spectra are characterized by

constant decrease from LREE to HREE (LaN/SmN = 1.38–

3.89) and marked positive Eu anomalies (EuN/EuN* = 6.6–

10.2). As shown in Fig. 4b, they display overall higher

LREE concentrations (up to 3–4 · C1) with respect to the

composition of computed plagioclase in equilibrium with

an average MORB. Data reported in eTable 3 and Fig. 4b

refer to the compositions of crystal cores. In a few larger

grains, core–rim analyses have been performed, and no

systematic trace element zonation has been observed.

Amphiboles are mostly pargasites to pargasitic hornb-

lendes (according to Leake classification 1997), with rela-

tively high-Mg values (Mg# = 0.86–0.89) and Ti content

(TiO2 = 3.17–4.06 wt.%). They display LREE-depleted

REE spectra (LaN/SmN = 0.11–0.15) with negative Eu

anomalies (EuN/EuN* = 0.61–0.77), similar in shape to

those of clinopyroxenes at higher concentrations (up to 50–

60 · C1) (Figs. 5b, 6b). The trace element compositions of

amphiboles in the ET troctolites are compared, in Fig. 6b,

with interstitial amphiboles in the Northern Apennine

olivine gabbros (Tribuzio et al. 2000); noteworthy

ET amphiboles exhibit much lower Nb, LREE and Zr

concentrations, although having similar low Ba, K and Sr

(52.9–89.4 ppm) abundances.

Discussion

Textural and chemical evidence of postcumulus

crystallization

The postcumulus interstitial liquid crystallization in the

troctolites is indicated by the occurrence of: (1) accessory

interstitial minerals (as amphibole, orthopyroxene and Fe–

Ti oxides), which are not in textural and chemical equi-

librium with cumulus olivine and cores of plagioclase and

clinopyroxene, (2) systematic chemical zoning of clino-

pyroxene in different microstructural sites (coarse anhedral

crystals versus thin vermicular grains), (3) low anorthite

and high LREE contents in plagioclase.

The crystallization of evolved mineral phases in

primitive cumulates (troctolites and olivine gabbros) has

been previously documented in both oceanic and ophio-

litic settings. Tribuzio et al. (1999) reported the occur-

rence of minor orthopyroxene, Fe–Ti oxides, brown

Fig. 4 Chondrite-normalized REE abundances of selected clinopy-

roxenes (a) and plagioclase (b) from the ET troctolites. Computed

REE concentrations in clinopyroxene (a) and plagioclase (b) in

equilibrium with average N-MORB (from Hofmann 1988; DREE in

clinopyroxene from Suhr et al. 1998) are also shown (dashed spectra).

Normalization factors as in Fig. 2. Symbols as in Fig. 3

Fig. 5 a Chondrite-normalized REE abundances of representative

core–intermediate–rim large grain profile and interstitial grains of

clinopyroxenes from sample MF21. b Chondrite-normalized REE

abundances of representative core–intermediate–rim profile of large

clinopyroxene, interstitial clinopyroxene and amphibole from sample

MF8. Normalization factors as in Fig. 2. Symbols as in Fig. 3
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amphibole and apatite in olivine-bearing gabbros from the

Northern Apennine ophiolites, whereas accessory zirconia

and sulfide minerals have been documented in oceanic

olivine gabbros (Ross and Elthon 1997). Such textural

features are commonly associated to trace element

enrichment of intercumulus and cumulus minerals, and

have been interpreted as resulting by late-stage crystalli-

zation of interstitial melts (Bedard 1994; Cawthorn 1996;

Ross and Elthon 1997; Tribuzio et al. 1999; Charlier et al.

2005; Bernstein 2006). As described by Barnes (1986),

the solidification of trapped intercumulus liquid in or-

thocumulates is a process leading to both postcumulus

overgrowths on cumulus crystals and late crystallization

of additional interstitial minerals enriched in component

excluded from the cumulus phases. Specifically, postcu-

mulus crystal overgrowth can result in marked chemical

zoning of mineral phases (Tribuzio et al. 1999; Ross and

Elthon 1997; Coogan et al. 2000a, b; Gao et al. 2007;

Bernstein 2006), or in complete re-equilibration of min-

erals (with significant enrichment of many incompatible

elements) by subsequent diffusion (Barnes 1986; Meyer

et al. 1989; Bedard 1994; Charlier et al. 2005).

In the ET troctolites, the main compositional evidence

of postcumulus crystallization is the systematic chemical

zoning in clinopyroxene related to its textural occurrence;

such compositional variation consists of marked incom-

patible trace element enrichment (e.g. Ti, Zr and REE)

coupled with compatible elements decrease (e.g. Cr) at

constant high Mg-numbers (Mg# = 88–91), from cores to

rims of larger crystals, to interstitial and vermicular grains

(Figs. 3, 4a, 6a). These chemical features are evident in the

Mg# versus TiO2 diagram of Fig. 3a, where clinopyroxene

compositions are compared with postcumulus trends docu-

mented in oceanic (Meyer et al. 1989; Ross and Elthon

1997) and ophiolitic (Tribuzio et al. 1999) olivine cumu-

lates. These trends are quite different from a typical dif-

ferentiation trend characterized by Ti increase at

progressively lower Mg-numbers. The Mg#–TiO2 trend

defined by ET clinopyroxenes is much steeper than the

postcumulus trends previously documented in oceanic and

ophiolitic cumulates. The strong incompatibile element

enrichment in vermicular clinopyroxene at constant Mg# is

likely explained by the high modal contents of olivine (72–

80 wt.%), relative to clinopyroxene (2–4 wt.%, eTable 1).

As described by Barnes (1986) and Meyer et al. (1989), an

olivine-rich cumulate matrix is able to buffer the major

element composition (e.g. the Mg-number) of the intercu-

mulus melt, but it cannot host most incompatible elements

(e.g. Ti and REE), which are thus concentrated in the

evolving interstitial melt. Mafic minerals (e.g. clinopy-

roxene and amphibole) crystallizing from the intercumulus

melt will thus acquire ‘‘decoupled’’ compositional fea-

tures, i.e. primitive Mg# coupled with incompatible ele-

ment enrichment; this effect will be stronger at lower

trapped melt volumes.

Postcumulus crystallization in the troctolites is also

indicated by ‘‘anomalous’’ compositional features in pla-

gioclase. Anorthite contents are variable, mostly An58–

An66. Such values are lower than expected for plagioclase

in equilibrium with olivine Fo88–89. Bender et al. (1978)

documented high anorthite contents (An � 80) in plagio-

clase crystallizing from the FAMOUS basalts at moderate

pressurs, and experimental studies on low pressure peri-

dotite partial melting have inferred that plagioclase coex-

isting with liquid + lherzolite at 1 GPa is An75 (Walter and

Presnall 1994; Green et al. 2001). This suggests that pla-

gioclase in the ET troctolites equilibrated with a variably

evolved intercumulus melt during crystallization, and it is

consistent with the rather high LREE concentrations in

plagioclase (up to 3–4 · C1), relative to the inferred

composition of plagioclase in equilibrium with an average

MORB (Fig. 4b).

It is remarkable that plagioclase, although displaying

overall more ‘‘evolved’’ (anorthite-poor and LREE-

enriched) compositions than expected in primitive MORB-

type cumulates, has not preserved the systematic chemical

zoning observed in clinopyroxene. This could be due to

different diffusivity rates, especially for the LREE,

Fig. 6 a Chondrite-normalized spiderdiagrams of selected clinopy-

roxenes. Symbols as in Fig. 3. b Chondrite-normalized spiderdia-

grams of amphiboles. The grey field refers to the amphiboles in

Northern Apennine olivine-bearing gabbros (Tribuzio et al. 2000).

Normalization factors as in Fig. 2
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between plagioclase and clinopyroxene. A recent study on

REE diffusion coefficients in clinopyroxene (Van Orman

et al. 2001) has documented that overall REE mobility in

clinopyroxene is low enough to preserve chemical zoning

in clinopyroxene phenocrysts under natural conditions of

basalt crystallization. On the other hand, Cherniak (2003)

measured REE diffusion coefficients in different plagio-

clase compositions, and found that LREE diffuse two-order

of magnitude faster in labradorite than in diopside. Thus, at

similar time-temperature conditions, clinopyroxene is the

likely mineral to preserve REE chemical zoning; this could

explain the decoupled behaviour of plagioclase and clino-

pyroxene observed in the ET troctolites.

In summary, textural and chemical features of intercu-

mulus minerals indicate that they crystallized from an

evolved interstitial melt. We will show in the following

section that the origin of such evolved melt was dominantly

controlled by a process of in situ, closed-system fractional

crystallization of small amounts of trapped intercumulus

melt.

In situ trapped melt crystallization: constraints

from the REE

The origin of evolved intercumulus liquid in primitive

cumulates has been variably attributed to in situ fractional

crystallization of indigenous melts or to porous flow

migration of ‘‘exotic’’ liquids. Insights into these processes

can result by coupled trace element bulk-rock and detailed

in situ mineral investigations. Ross and Elthon (1997) in-

ferred from REE mass balance calculations that HREE-

enriched material was added to the cumulus matrix in LEG

153 gabbroic rocks. Tribuzio et al. (1999) argued, on the

basis of LREE/HREE fractionation changes in clinopy-

roxenes from Northern Apennine olivine gabbros, that

migration of an exotic component, rather than in situ

trapped melt crystallization, was involved in the postcu-

mulus process. Furthermore, recent papers inferred that

reactive porous flow migration of melts within a crystal

mush is the most likely process to explain HFSE/REE

fractionation coupled to decreasing Mg# observed in core–

rim profiles of clinopyroxenes from oceanic gabbros

(Coogan et al. 2000b; Gao et al. 2007).

Tribuzio et al. (1999) invoked an exotic component by

the observation that clinopyroxene rims and interstitial

amphiboles have systematically higher LaN/SmN than the

clinopyroxene cores (Fig. 7), and amphiboles also exhibit

very high REE absolute concentrations (up to 80–

100 · C1) and lower Mg# values (Mg# � 73) relative to

clinopyroxenes (Mg# = 76–82). On this basis, they con-

cluded that the interstitial liquid was an LREE-enriched

evolved exotic agent. Clinopyroxenes in the ET troctolites,

in spite of marked chemical zoning from core to rim of

large crystals, to interstitial and vermicular grains, are

characterized by almost constant Mg# (0.88–0.91) and

similar LREE fractionation (LaN/SmN = 0.09–0.17;

Fig. 7). Also, unlike the data in Tribuzio et al. (1999),

interstitial amphiboles in the ET troctolites exhibit quite

similar LREE depletion (LaN/SmN = 0.11–0.15) at slightly

higher absolute concentrations, relative to vermicular

clinopyroxenes (Figs. 5, 7), and they preserve high-Mg

values (Mg# = 86–88). These chemical characteristics ar-

gue against significant infiltration of exotic highly evolved

melts, rather they suggest that postcumulus crystallization

in the ET troctolites was dominantly controlled by closed-

system trapped melt fractionation. Geochemical models

have been developed to reproduce mineral compositional

variations induced by the closed-system crystallization of

trapped intercumulus liquids within a cumulate matrix

(Bedard 1994; Cawthorn 1996) and to estimate the com-

position of primary liquids in equilibrium with cumulus

minerals. Bedard (1994), proposed a mass balance model

Equilibrium Distribution Method (EDM) assuming that,

during postcumulus crystallization, the assemblage of

‘‘cumulus mineral + some trapped melt’’ (this latter in-

ferred to be initially in equilibrium with the cumulus

minerals) acts as a closed system. A useful application of

the EDM method is that, if the composition of liquid in

equilibrium with cumulates is known, it is possible to

constrain the trapped melt fraction (TMF).

We have thus applied the Bedard’s method to estimate

the TMF crystallized within the cumulus matrix and to

check whether the observed mineral compositional varia-

tions are consistent with a closed-system trapped melt

crystallization. Modelling results for troctolite MF21 are

shown in Fig. 8, where we report the REE patterns of

clinopyroxene calculated assuming various amounts of

TMF (0, 2, 5 and 7%) (see caption of Fig. 8 for more

Fig. 7 DyN versus LaN/SmN variation in clinopyroxenes and

amphiboles from the ET troctolites. Symbols as in Fig. 3. Also

shown are the compositions of clinopyroxenes and amphiboles from

the Northern Apennine (NA) olivine gabbros (data from Tribuzio et al.

1999, 2000)
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details). Computed clinopyroxene compositions are com-

pared with those of clinopyroxene core in sample MF21

and the overall variation range defined by interstitial and

vermicular clinopyroxenes. Also reported is the represen-

tative REE pattern of clinopyroxene cores in olivine gab-

bros associated with the troctolites, which is considered to

reflect the composition of the cumulate parental liquid

(Borghini et al. 2007). In other words, we assume that the

composition of the liquid in equilibrium with the gabbro

clinopyroxene reasonably represents the initial composition

of potential liquid entrapped in the troctolites (‘‘initial

cpx’’ in Fig. 8). The composition of calculated clinopy-

roxene is extremely sensitive to the TMF, and REE

enrichment in clinopyroxene tends to decrease at increas-

ing amount of trapped melt. Moreover, it is remarkable that

the REE spectra of clinopyroxene computed assuming 5%

of TMF is very similar to that of clinopyroxene in equi-

librium with the parental liquid (initial cpx). This indicates

that a small (<5%) TMF amount is sufficient to remove the

trapped melt effect. Similar calculations were done for

sample MF8 and MF15 and we obtained consistent results

(TMF estimate ranging 3–5%). A low TMF amount is also

suggested by the low modal clinopyroxene in the troctolites

(2–4%) and by the evidence that the cores of larger poi-

kilitic clinopyroxene grains still record REE concentrations

resembling those of the ‘‘initial cpx’’ (Fig. 8). This indi-

cates that clinopyroxene cores in the ET troctolites begin to

crystallize when the trapped melt is not yet significantly

evolved. Small amounts of trapped melt are also consistent

with the lack of a significant compositional shift in the Mg-

number of olivine, as described by Barnes (1986). Further

evidence of low TMF is provided by estimates of the

residual melt porosity (RMP) (according to the procedure

and parameters proposed by Natland et al. 1991), which

yielded percentage of final interstitial melt ranging

2–3 wt.%.

The EDM model also shows that clinopyroxene calcu-

lated assuming TMF = 0%, i.e. using the real bulk-rock

mode and without removing the trapped melt effect, has

absolute REE concentrations comparable to those of less

enriched vermicular clinopyroxenes. Computed clinopy-

roxene at TMF = 0 represents the hypothetical ‘‘average’’

composition of clinopyroxene (modified by trapped melt),

that would be observed in case of complete re-equilibration

by subsequent diffusion. In contrast, we observed that

clinopyroxene preserves a systematic chemical zoning: this

points to progressive evolution of the interstitial trapped

melt, according to a process of ‘‘in situ’’ fractional crys-

tallization by incomplete mineral-liquid chemical reaction.

A similar process has been inferred by Meurer and Claeson

(2002) to explain the chemical heterogeneity of amphibole

oikocrysts in arc-related cumulates.

To simulate the ‘‘in situ fractionation’’ of TMF, we

performed a simplified model, which assumes various steps

of equilibrium crystallization starting from a liquid in

equilibrium with the ‘‘initial cpx’’ of Fig. 8, and changing

the initial melt composition in each step. The fundamental

assumption is that, as expected in a closed-system crys-

tallization process, there is chemical exchange between

liquid and crystallizing phases during the single steps of

trapped melt crystallization, but such exchange was overall

incomplete, thus causing interstitial melt fractionation and

chemical zoning in clinopyroxene. The progressive TMF

fractionation can be checked calculating trace element

concentrations of clinopyroxene in equilibrium with the

final residual liquid in each crystallization step, and using

this latter as starting liquid in the following step. In each

step, we arbitrarily fixed the remaining liquid fraction F

and the proportion of crystallizing minerals, in order to

account for the observed modal amounts of interstitial

phases (see caption of Fig. 9 for modelling details). We

thus assumed that 5% of trapped melt is definitely

entrapped within the [cumulus olivine + interstitial pla-

gioclase] framework, and that such TMF is initially in

equilibrium with the mineral matrix. The 5% TMF crys-

tallizes in four steps up to 90% crystallization and the

overall crystallized solid is constituted by 70% clinopy-

roxene and 30% plagioclase. This implies about 3% clin-

Fig. 8 Chondrite-normalized REE abundances of clinopyroxenes

calculated with the EDM method (Equilibrium Distribution Method;

from Bedard 1994) assuming TMFs of 0, 2, 5 and 7%. We used

whole-rock REE abundances and modal composition of sample MF21

(see eTable 1), and trace element crystal/liquid partition coefficients

from Suhr et al. (1998). Trapped melt modes have been assumed in

order to account for the bulk-rock modal composition (eTable 1): cpx

: plag = 0.5:0.5 for TMF = 2%, cpx : plag = 0.4:0.6 for TMF

= 5%, cpx : plag = 0.3:0.7 for TMF = 7%. ‘‘Initial cpx’’ refers to

the representative REE pattern of clinoyroxene in equilibrium with

the potential liquid entrapped in the troctolites (see text for
explanation). Representative REE abundances of clinopyroxene core

in sample MF21 and the overall variation range defined by interstitial

and vermicular clinopyroxenes (grey field) are also reported for

comparison. Normalization factors as in Fig. 2
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opyroxene crystallized from the TMF, in agreement with

the observed clinopyroxene modal amounts.

Modelling results are reported in Fig. 9a, which shows

the trace element compositions of: (1) clinopyroxenes

computed in equilibrium with the residual liquid of each

crystallization step, (2) the ‘‘initial clinopyroxene’’, i.e.

that in equilibrium with the starting liquid, (3) a repre-

sentative core–intermediate–rim clinopyroxene profile

from sample MF8 (Fig. 5), and (4) the variation range

defined by interstitial and vermicular clinopyroxenes (grey

field). This in situ fractional crystallization model reason-

ably simulates the progressive REE enrichment observed in

ET clinopyroxenes. The composition of clinopyroxene core

resembles computed clinopyroxene after 20% TM crys-

tallization (F = 0.8, step 1), whereas clinopyroxenes cal-

culated in step 2 and step 3 (up to 75% TMF

crystallization) simulate REE, Zr and Ti concentrations of

intermediate and rim analyses respectively, thus accounting

for REE–Zr–Ti zoning observed in core–intermediate–rim

profile. The REE enrichment recorded by the interstitial

and vermicular clinopyroxenes is obtained after about 90%

of (clinopyroxene + plagioclase) crystallization (step 4,

see Fig. 9 caption). Step 4 clinopyroxene, in spite of sim-

ilar M-HREE absolute concentrations, displays less marked

LREE fractionation relative to vermicular clinopyroxenes.

It is worth noting that step 4 clinopyroxene has been cal-

culated assuming a bulk clinopyroxene-dominated crys-

tallizing solid (70% cpx + 30% plag), and modelling

results show that the trace element enrichment and LREE

fractionation vary depending on the plagioclase/clinopy-

roxene proportions crystallizing during the single steps.

Therefore, higher trace element enrichment coupled to

lower LaN/SmN and pronounced EuN negative anomalies

recorded by the vermicular grains could be related to a

local fractionation effect resulting by a bulk plagioclase-

dominated crystallizing solid.

The step crystallization model of Fig. 9 shows that the

large part of clinopyroxene crystallization (core–rim pro-

files of large grains) can be explained in terms of in situ

crystal fractionation. On the other hand, the proposed

model, although reproducing the REE composition of

interstitial and vermicular clinopyroxenes, fails to account

for their Ti/REE and Zr/REE. More pronounced Ti nega-

tive anomalies in vermicular clinopyroxene, relative to

computed step 3 and step 4 clinopyroxenes, are likely due

to the concomitant precipitation of Fe–Ti oxides, which

was not considered in the modelling. We will show in the

following section that progressive Zr enrichment in inter-

stitial and vermicular clinopyroxenes was presumably

related to a melt/rock interaction process.

Melt/rock interaction: constraints from HFSE/REE

fractionation

Zr enrichment relative to the REEs has been documented in

zoned clinopyroxenes from both ophiolitic (Tribuzio et al.

1999) and oceanic (Ross and Elthon 1997; Coogan et al.

2000a, b; Gao et al. 2007) cumulates. Tribuzio et al. (1999)

Fig. 9 a Chondrite-normalized REE abundances in clinopyroxenes

calculated simulating an ‘‘in situ fractionation’’ process. The model

consists of four steps of equilibrium cristallization [CL = C0
L/

(F + D–FD)], where CL and C0
L are the concentrations of a trace

element in the final and original liquid respectively, F is the

remaining liquid fraction and D is the bulk distribution coefficient of

crystallizing solid. As starting original liquid (C0
L) in the first step

(step 1) we have used the composition of liquid in equilibrium with

the ‘‘initial cpx’’ (Fig. 8). Trace element crystal/liquid partition

coefficients of clinopyroxene and plagioclase are from Suhr et al.

(1998), crystal/liquid partition coefficients of amphibole are from

Ionov et al. (2002). In all step we assume a crystallizing 70% cpx

+ 30% plag solid. Details about the single crystallization steps are:

step 1, 20% of initial liquid (F = 0.8); step 2, 50% of remaining liquid

(F = 0.5; i.e. 40% of the total liquid); step 3, 40% of remaining liquid

(F = 0.6; i.e. �15% of the total liquid); step 4, 60% of remaining

liquid (F = 0.4; i.e. 15% of the total liquid). After step 4, 90% of the

total liquid has crystallized and the resulting bulk solid is constituted

by 70% cpx + 30% plag; this implies about 3% crystallizing

clinopyroxene, if 5% TMF is assumed. Computed clinopyroxenes

have been calculated in equilibrium with the residual liquids of each

step. Modelling results are compared with a representative core–

intermediate–rim clinopyroxene profile from sample MF8. The grey
field refers to the overall variation range defined by interstitial and

vermicular clinopyroxenes. b Computed clinopyroxenes and ‘‘initial

cpx’’ as in Fig. 9a. Computed amphibole has been calculated in

equilibrium with the residual liquid of step 4. The grey field refers to

the overall variation range defined by interstitial amphiboles from this

study
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found an extreme Zr enrichment in clinopyroxene rims and

inferred that this was caused by the early precipitation of

Zr-poor phases (i.e. clinopyroxene, plagioclase, apatite and

Fe–Ti oxides), which increased Zr concentration in the

residual liquid. Coogan et al. (2000a) showed that different

processes can be invoked to explain positive Zr anomalies

in clinopyroxene rims from oceanic gabbros, making a

unique interpretation impossible. Zr enrichment beyond

that expected by fractional crystallization was also docu-

mented in clinopyroxene rims from a Greenland gabbron-

orite (Bernstein 2006). Bernstein (2006) ascribed this

geochemical signature to disequilibrium partitioning of Zr

during rapid crystal growth (Shimizu 1981). In the ET

troctolites, the evidence of very low TMF indicates rather

slow cooling rate and efficient compaction and this argues

against disequilibrium partitioning.

Coogan et al. (2000b), based on the evidence that ZrN/

NdN increase coupled to Mg# decrease occurs in a large

part of intercumulus clinopyroxenes from MAR gabbros,

inferred that the crystallization was largely controlled by

metasomatism of exotic evolved melt migrating via reac-

tive porous flow through the crystal mush. They used the

assimilation and fractional crystallization equations (AFC;

DePaolo 1981) to test that ‘‘magmatic metasomatism’’ is

capable to produce the observed ZrN/NdN zoning profile in

clinopyroxenes. A similar approach was proposed by Gao

et al. (2007) in a study on SWIR gabbros; they inferred that

high ZrN/LaN ratios in clinopyroxene rims can be simulated

by an AFC process driven by clinopyroxene assimilation,

with a variable modal proportion of crystallizing plagio-

clase and clinopyroxene.

Figure 10 shows the covariation of ZrN and NdN in all

clinopyroxenes from the ET troctolites together with

computed clinopyroxene trends for fractional crystalliza-

tion, equilibrium crystallization and the in situ fraction-

ation model discussed above (details of modelling

parameters are explained in Fig. 10 caption). As stated

already, the in situ fractionation model match the compo-

sitional data for clinopyroxene core–rim profiles suggesting

that this is the dominant mechanism (at least until 75% of

TMF crystallization) to produce the observed REE and Zr

variations (Figs. 9a, 10), whereas interstitial and vermicu-

lar grains diverge towards significant Zr enrichment.

Following Coogan et al. (2000b) and Gao et al. (2007),

we used the AFC modelling to test whether a process of

fractional crystallization and simultaneous assimilation is

capable to produce the observed Zr enrichment in inter-

stitial-vermicular clinopyroxenes. Input parameters are the

initial melt composition, the ratio of the mass assimilated

to the mass crystallized (Ma/Mc), the melt fraction

remaining and the composition of the material assimilated

(see Fig. 11 caption for modelling details). Results in terms

of YbN and CeN/SmN versus ZrN/NdN covariation trends in

clinopyroxene are given in Fig. 11, which also reports the

ET clinopyroxene data. Calculations were performed

assuming: (1) the initial melt as in the in situ fractionation

model of Fig. 9, (2) different Ma/Mc (0.7, 0.9 and 0.95),

(3) variable mode proportions of the crystallized minerals

(see Fig. 11 caption). As discussed by Coogan et al.

(2000b), the composition of assimilated material (Ma) is

difficult to constrain and can be variable. Therefore, we

used two different Ma compositions, i.e. 100% clinopy-

roxene (as proposed by Coogan et al. 2000b; Gao et al.

2007) and 100% olivine, this latter being the dominant

cumulus minerals in the studied rocks.

Modelling results assuming clinopyroxene assimilation

show that the crystallization trends fitting the observed YbN

versus ZrN/NdN variations (trend2 and trend3; Fig. 11a)

fail to preserve the LREE fractionation, resulting in much

higher CeN/SmN ratios (Fig. 11b). On the other hand, if

olivine assimilation is considered, the REE-Zr composi-

tions of interstitial and vermicular clinopyroxenes can be

reproduced assuming high Ma/Mc ratios (ranging 0.9–0.95,

trend7 and trend8 of Fig. 11c, d) and a plagioclase-domi-

nated mode of bulk crystallizing solid.

Coogan et al. (2000b) and Gao et al. (2007) used the

AFC model to simulate the reactive porous flow migration

of interstitial melt through a crystal mush. In the ET

troctolites, anomalous Zr enrichments are only observed in

very small (<400 lm) interstitial and vermicular clinopy-

Fig. 10 Modelled covariation of ZrN and NdN in clinopyroxene

using: (1) fractional crystallization (FC), (2) equilibrium crystalliza-

tion (EC), and (3) the in situ fractional crystallization step model of

Fig. 9. Model trends were calculated assuming the initial melt as in

the step model of Fig. 9, crystal/liquid partition coefficients from

Suhr et al. (1998), and a bulk crystallized solid of 70% cpx + 30%

plag. ET clinopyroxenes data are also reported (symbols as Fig. 3).

The grey field is defined by AFC modelling trends computed

assuming as starting liquid the evolved residual liquid after step 3

of in situ fractionation modelling, Ma = 100% olivine, a crystallizing

bulk solid consisting of (10% cpx + 90% plag), and Ma/Mc = 0.9

and 0.95, respectively
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roxene grains which represent a very low late-stage melt

fraction (reasonably <2%). At this final crystallization

stage, it is likely that the low residual porosity inhibited

large-scale melt migration. This suggests that other pro-

cesses, rather than significant porous melt flux through the

crystal mush, must be invoked to explain the observed Zr

enrichment in clinopyroxene.

Textural observations show that interstitial and ver-

micular clinopyroxenes often display lobate contacts

against cumulus olivine, indicative of interaction and par-

tial dissolution by late stage interstitial liquids. Thus, a

melt-rock interaction process involving olivine resorption

could have occurred during the crystallization of final

evolved liquid fractions (as inferred in AFC modelling of

Fig. 11c, d), causing the observed Zr/REE fractionation.

Moreover, we have shown in the previous paragraph that

the crystallization of large clinopyroxene grains is ac-

counted by in situ fractional crystallization of about 75%

TMF. Based on these observations, we refined the AFC

modelling of Fig. 11 using as starting melt the evolved

residual liquid after step 3 of in situ fractionational crys-

tallization, and again assuming high-Ma/Mc ratios and a

plagioclase-dominated crystallizing mode (similar to

trend7 and trend8 of Fig. 11c, d). Figure 10 shows that the

Zr–Nd covariation of interstitial and vermicular clino-

pyroxenes plots within the compositional field defined by

computed AFC trends at Ma/Mc ranging 0.9–0.95. Similar

high Ma/Mc ratios were inferred by Coogan et al. (2000b),

and could be related to slow cooling rates and/or limited

melt migration through the crystal mush.

Fig. 11 a ZrN/NdN versus YbN and b ZrN/NdN versus CeN/SmN

covariation in clinopyroxene computed by AFC modelling assuming

Ma = 100% clinopyroxene (sample MF21 cpx1-C of eTable 2) and

different Ma/Mc ratios (0.7, 0.9 and 0.95). Model trends were

computed using the initial liquid composition as in the step model of

Fig. 9, and partition coefficients from Suhr et al. (1998). Variable

mode proportions of crystallized minerals were assumed: 1–2: (70%

cpx, 30% plag), 3: (50% cpx, 50% plag), 4–5: (30% cpx, 70% plag),

6: (20% cpx, 80% plag), 7–8: (10% cpx, 90% plag). ET

clinopyroxenes data are also reported (symbols as Fig. 3). c ZrN/

NdN versus YbN and d ZrN/NdN versus CeN/SmN covariation in

clinopyroxene computed by AFC modelling assuming Ma = 100%

olivine. The composition of assimilated olivine was calculated in

equilibrium with the initial liquid as in the step model of Fig. 9 and

using partition coefficients from Suhr et al. (1998). Modelling

parameters are as in Fig. 11a, b
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In summary, we infer that postcumulus crystallization in

the ET troctolites was largely controlled by in situ frac-

tional crystallization of trapped interstitial liquid rather

then large-scale porous flow melt migration. Zr enrichment

in late stage interstitial and vermicular clinopyroxenes was

likely related to small-scale migration and interaction

between residual evolved low melt fractions and the olivine

cumulus matrix.

Origin of interstitial pargasitic amphibole in primitive

cumulates

The occurrence of pargasitic amphiboles is a recurrent

feature in MORB-type gabbroic rocks from oceanic ridge

environments (Gillis 1996; Cortesogno et al. 2000; Gillis

and Meyer 2001; Coogan et al. 2001) and ophiolitic set-

tings (Tribuzio et al. 2000). Two main hypotesis have been

proposed for its origin: (1) hydrothermal, resulting from

reactions between magmatic minerals (plagioclase and

clinopyroxene) and oceanic fluids (Campbell et al. 1988;

Michard 1989; Gillis and Meyer 2001), (2) magmatic, re-

lated to crystallization of enriched intercumulus melt dur-

ing final stage of cumulus body solidification (Gillis 1996;

Tribuzio et al. 2000; Gillis and Meyer 2001; Coogan et al.

2001).

In the ET troctolites, pargasitic amphiboles occur as

thin rim around spinel, and associated to vermicular

clinopyroxene. High absolute concentrations of incom-

patible elements like Nb, Zr and REE suggest that they

crystallized from igneous liquids (rather than at subsoli-

dus conditions by interaction with seawater-derived flu-

ids), similar to previous studies on Ti-rich pargasites in

olivine cumulates (Tribuzio et al. 2000; Gillis and Meyer

2001; Coogan et al. 2001). Given a magmatic origin, it is

a matter of debate whether amphibole in primitive

MORB-type cumulates can derive from closed-system

crystallization, or an external H2O-rich component needs

to be invoked (open-system crystallization). The critical

question is that MORBs have very low H2O concentra-

tions (0.1–0.4 wt.% for most MORB; Michael 1988;

Sobolev and Chaussidon 1996; Danyushevsky et al. 2000)

whereas a minimum H2O amount of 2–4 wt.% in the melt

is needed to stabilize amphibole (Rutherford et al. 1985;

Sisson and Grove 1993; Sato et al. 1999). Previous

studies inferred that assuming a starting MORB liquid

composition with a H2O content ranging 0.1–0.20 wt.%,

90–95% fractional crystallization driven by anhydrous

minerals would be required to yield a melt with enough

H2O (2–6 wt.%) to stabilize amphibole (Tribuzio et al.

2000; Gillis and Meyer 2001). Such process has been

inferred by Gillis and Meyer (2001), who proposed a

closed-system fractional crystallization model able to

obtain amphibole appearance after 90% of original melt

crystallization, and to reproduce compositions comparable

to those of amphiboles from oceanic cumulates (Hess

Deep, MARK and Hole 735B). On the other hand,

Tribuzio et al. (2000) argued that LREE enrichment in

pargasites from Northern Apennine ophiolitic gabbros

(see Figs. 6b, 7) is inconsistent with closed-system trap-

ped melt crystallization, rather it involved the percolation

of an external, highly evolved (H2O-LREE-rich), inter-

stitial melt.

Pargasitic amphiboles in the ET troctolites are charac-

terized by compositional decoupling between major and

trace element contents. They display relatively high Mg#

(0.86–0.89) in spite of high absolute Nb, Zr and REE

concentrations (50–60 · C1) (Fig. 6b). As already argued

for the interstitial clinopyroxene, this major-trace element

decoupling indicates that amphibole crystallized from an

evolved residual interstitial melt which was buffered in

terms of major elements (e.g. Mg value) by the cumulus

olivine matrix. However, in spite of marked trace element

enrichment, amphiboles, similar to vermicular clinopy-

roxenes, preserve significant LREE fractionation (LaN/

SmN = 0.11–0.15) (Fig. 7), and this argues against the

involvement of a LREE-rich externally derived component.

In Fig. 9b, we reported the REE–Zr–Ti composition of

amphibole computed after 90% crystallization (step 4) of a

small (5%) TMF (according to the in situ fractional crys-

tallization model), compared to the overall variation range

defined by ET amphiboles. As previously discussed for the

interstitial and vermicular clinopyroxenes, the in situ

fractional crystallization model can reproduce the REE

spectra of ET amphiboles, but it is unable to simulate the

Zr and Ti behaviour. As inferred for clinopyroxenes, lower

Ti content in amphiboles relative to calculated composition

are probably due to the concomitant precipitation of Fe–Ti

oxides, which was not considered in the modelling. Am-

phiboles also show variable Zr/REE fractionation, and

generally higher Zr abundances relative to computed step 4

amphibole. It is remarkable that amphiboles occurs in very

thin interstitial grains (usually <60 lm), often in textural

equilibrium with vermicular clinopyroxene, thus repre-

senting the same late crystallization stage. High Zr contents

in amphiboles could be therefore related to the Zr-enriched

signature of late-stage low melt fractions, acquired by melt/

rock interaction via olivine dissolution (see discussion

above). Amph/cpx trace element distribution coefficients

calculated for vermicular grains overall reflect equilibrium

partitioning, thus supporting this hypothesis; it is however

unclear the reason why the highest Zr enrichments are

observed in clinopyroxene, resulting in amph/cpx coeffi-

cients for Zr slightly lower than expected. The involvement

of very low melt fractions, representing the final 5–10% of

TMF crystallization, would also account for H2O satura-

tion, needed to stabilize amphibole.
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Conclusions

Combined microtextural data and in situ trace element

mineral analyses reveal that interstitial melt crystallization

occurred during the latest stages of solidification of

MORB-type primitive olivine cumulates intruded in the ET

mantle peridotites (Voltri Massif). Peculiar chemical fea-

tures in interstitial clinopyroxenes and Ti-rich pargasites,

namely their significant trace element enrichment at almost

constant LREE fractionation, argue against the infiltration

of exotic highly evolved melts and indicate that interstitial

minerals were dominantly related to closed-system trapped

melt crystallization. Geochemical modelling shows that

low amounts (<5%) of trapped melt crystallization are

sufficient to produce REE enrichments similar to those

observed in clinopyroxenes. Although the progressive in-

crease in overall trace element abundances (from core to

rim of large clinopyroxene grains) is accounted by an

‘‘in situ’’ fractional crystallization process, Zr enrichment

in thin (<400 lm) interstitial and vermicular clinopyrox-

enes was likely related to small-scale migration and

interaction between residual, evolved, low melt fractions

and the olivine cumulus matrix.

In the ET troctolites, the evidence of low TMF argue

against large-scale residual melt migration, this latter being

controlled by porosity and permeability of the crystal

mush, and indicates that the compaction was very efficient.

This could have been favoured by the interplay of different

factors, i.e. slow cooling rates and low thermal gradients

(as inferred by Meyer et al. 1989 in very slow spreading

ridge gabbros) and synkinematic deformation (Natland and

Dick 2001). Structural and petrologic investigations on the

ET cumulates have shown that they represent pre-oceanic

rift gabbroic intrusions (Sm/Nd crystallization age of

180 ± 14 Ma; Rampone et al. 2005) which crystallized at

moderate pressures (3–5 kbar) within extending subconti-

nental lithospheric mantle (Borghini et al. 2007). More-

over, field and geochemical evidence (Borghini et al. 2007)

has revealed that the host mantle peridotites experienced

diffuse impregnation by depleted melts before the intrusion

of discrete MORB-type gabbroic bodies, and this impreg-

nation stage likely caused reheating of the shallow litho-

spheric mantle. This implies that the country peridotites

were still rather hot (1,100–1,200�C) when intruded by

parental melts to the cumulate body, as suggested by the

diffuse (never sharp) style of peridotite-cumulate contacts.

Therefore, slow cooling rates in the cumulates were fa-

voured by low thermal gradients relative to the country

rocks and by rather deep-seated emplacement. Deformation

during solidification (as proposed by Natland and Dick

2001) could have further enhanced squeezing out of the

residual evolved interstitial liquids, although differentiated

veins are not observed in the field. In this context, it is

remarkable that the ET troctolites are primitive cumulates

in primary intrusive contacts with mantle peridotites, and

they could represent the base of a stack of cumulates from

which differentiated melts migrated upwards and crystal-

lized at shallower lithospheric environments (not observed

in the field). The subsequent, postmagmatic, history of the

ET cumulates was governed by extension–related cooling

and uplift (Borghini et at. 2007), and this could have pre-

vented significant postcumulus trace element redistribution

in minerals by diffusion, as testified by preservation of

systematic trace element zoning in clinopyroxene.
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