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We report petrographic, major and trace element data for xenoliths
Jrom the andesitic Avacha volcano ( Kamchatka ), which host ortho-
pyroxene (opx)-rich veins of mantle origin formed either by rapid
crystallization of intruded melts or by their interaction with the host
harzburgite. Studies of such veins may give better insights into sub-
arc mantle processes (in particular on a millimetre to centimetre
scale) than those of (1) arc xenoliths that do not preserve solidified
initial metasomatizing agents, (2) massif peridotites, probably mod-
ified during their emplacement, or (3) arc magmatic rocks, which
provide indirect information. We seek to trace the evolution of these
agents as they react with the host peridotite and to assess their
impact on the wall-rocks. The veins cross-cut spinel harzburgite and
consist mainly of opx with minor olivine, clinopyroxene (cpx) and/
or amphibole. We identify ‘rapidly crystallized’ veins that cut wall-
rock olivine without petrographic evidence of reaction, and ‘reactive’
veins subdivided into ‘thick’ (0-5—1mm) and ‘thin’ (<0-5mm).
Manerals in the rapidly crystallized veins are depleted in rare earth
elements (REE) and high field strength elements ( HFSE) and en-
riched in_fluid-mobile elements relative to REE. Minerals in the re-
active veins have higher Ti, Al, Cr and alkalis than minerals in the
rapidly crystallized veins, as well as highly variable trace element
abundances, especially in reaction zones, thin veins and related meta-
somatic pockets in the host peridotite. They commonly show
U-shaped REE patterns and positive {r and Hf spikes in normal-
1zed trace element patterns. Our data, supported by recent reports,
show that the rapidly crystallized veins formed between 1200°C and
900°C from a liguid derived by fluid~fluxed melting of a refractory
(‘harzburgitic) mantle source depleted in heavy REE. The reactive
veins formed via ‘fractionation—reactive percolation’ from fractio-
nated hydrous derivatives of the melts that precipitated the rapidly
crystallized veins. These liquids re-equilibrated with the host through
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diffusion and fluid-assisted dissolution—precipitation reactions,
whose end-products are thin reactive veins and metasomatic pockets
with distinctive U-shaped REE patterns and r—Hf spikes. Some
Avacha xenoliths contain veins of Fe-rich amphibole deposited from
the host magma that penetrated fractures in the peridotite fragments
during their transport to the surface. These products of contamination
were mistakenly attributed to mantle metasomatism in previous stu-
dies of other suites of Avacha mantle xenoliths. Trace element abun-
dances in such veins are higher than for reactive veins of mantle
origin, but both have similar trace element patterns (U-shaped
REE patterns and {r—Hf spikes) suggesting that fractionation—
reactive percolation’ also took place during thewr formation and is
common during interaction of refractory peridotites with percolating
melts and fluids. Metasomatic pockets of cpx and amphibole repla-
cing coarse opx and spinel in the host peridotites commonly occur in
the vicinity of fractures that lead to reactive opx-rich veins. The cpx
and amphiboles in the pockets show progressive depletion in middle
REE and HESE at constant light REE and/or large ion lithophile
elements away from the veins towards the host. This indicales that
residual hydrous fluids expelled from the source veins enriched the
wall-rock peridotites in incompatible elements but were progressively
modified by reaction with the host with increasing percolation dis-
tance. This process produces disseminated pockets of metasomatic
minerals with a broad range of compositions from a single initial
liquid and strongly affects the trace element budgets of the harzburg-
ite xenoliths from Avacha. We show that melts and fluids are likely
to undergo profound transformation as they travel through and react
wilh the refractory host mantle, even on a mullimetre to centimetre
scale. The composition of the initial metasomatizing agents can only
be inferred from the composition of the metasomatic phases in
mantle rocks combined with appropriate partition coefficients if
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these phases come from well-equilibrated mineral assemblages
located close to melt and/or fluid sources.

KEY WORDS: melt—rock interaction; fluid—rock interaction; subduction
zone; mantle xenolith; vein; Avacha

INTRODUCTION

Large amounts of melts are produced in subduction zones
as fluids expelled from the dehydrating slab trigger partial
melting in the mantle wedge. An essential task of geochem-
ical studies in subduction zones is to elucidate the compos-
itions of the slab-derived components and of primary
mantle wedge melts. These are commonly inferred from
studies of arc-related rocks (e.g. Nakamura et al., 1985;
Defant & Drummond, 1990; Ishikawa & Nakamura, 1994)
and melt inclusions (e.g. Schiano et al., 2001). The initial
compositions of both slab-derived components and pri-
mary arc melts, however, remain elusive because arc
magmas are affected by fractional crystallization or con-
tamination during ascent in the crust, as well as by melt—
rock interaction in the mantle wedge above the melting
zone (Kelemen et al., 1990, 1993). The latter process may
also profoundly affect the composition of the lithospheric
mantle (Hawkesworth et al., 1993). Thus, knowledge of the
interaction processes of migrating melts and fluids with
their host mantle may provide better insights into the
origin and evolution of arc lithosphere and magmatism.
This can be addressed by studies of direct samples of sub-
arc mantle (i.e. xenoliths in volcanic rocks from active
arcs) to (1) determine the composition of the initial melts
or fluids that percolated through them and (2) explore the
interaction of these melts or fluids with the host peridotite.

A relatively large amount of data has been reported on
mantle rocks from presumed ancient arcs (Varfalvy et al.,
1996; Bédard, 1999; Santos et al., 2002; Berly et al., 2006;
Bali et al., 2007; Dhuime et al., 2007, Garrido et al., 2007,
Ackerman et al., 2008), as well as xenoliths from modern
back-arc (Franz et al., 2002; Arai et al., 2006) and fore-arc
(Parkinson & Pearce, 1998) settings. These samples, how-
ever, may have been affected by processes independent of
the arc setting such as metamorphism, non-arc magma-
tism and alteration. Arc-related signatures in xenoliths
from continental margins (e.g. Lee et al., 2001; Peslier
et al., 2002; Mukasa et al., 2007, Wang et al., 2008; Chin
et al., 2012) may be hard to differentiate from those pro-
duced in intra-continental settings. Overall, mantle xeno-
liths from oceanic arcs are thought to give the most
reliable insights into sub-arc processes, but these samples
are rare.

The majority of mantle xenoliths from modern arcs re-
ported in the literature are from the northern and western
Pacific (e.g. Takahashi, 1980, 1986; Vidal et al., 1989; Maury
et al., 1992; Kepezhinskas et al., 1995; Arai et al., 2004).

These samples commonly show evidence for reaction with
the host magma (e.g. Parkinson et al., 2003; Ionov et al.,
2013), contamination by arc crust material (e.g. Fourcade
et al., 1994), recrystallization (Arai et al., 2004; Bryant
et al., 2007) and surface alteration, which affect the signa-
tures of earlier processes. Because of these overprinting
processes, such samples may not be ideal to explore melt—
rock interaction in the mantle.

Models of melt—rock reaction in the mantle are difficult
to constrain because, in most cases, the initial compositions
of the percolating melt and the wall-rock matrix are un-
known (Nielson & Wilshire, 1993). Pyroxenitic veins in
peridotite xenoliths may be very useful in constraining
the compositions of migrating melts and fluids and their
evolution in the mantle. Specifically, pyroxene-rich veins
in sub-arc xenoliths have been interpreted as resulting
from the crystallization of Mg- and Sirich primary
magmas (Halama et al., 2009), slab melts (Kepezhinskas
et al., 1996; Ishimaru et al., 2007; Ishimaru & Arai, 2008)
or from interaction of mantle rocks with water-rich fluids
(Grégotre et al., 2001; McInnes et al., 2001).

Veined sub-arc mantle xenoliths have previously been
reported from the Kamchatka peninsula, Russia (e.g.
Kepezhinskas et al., 1995; Kepezhinskas & Defant, 1996;
Bryant et al., 2007), but most of these samples come from
the currently inactive subduction of the Komandorsky
plate in northern Kamchatka. Recently published data on
xenoliths from the active andesitic Avacha volcano in
southern Kamchatka suggest that veining may play an im-
portant role in the evolution of arc mantle lithosphere.
Halama et al. (2009) reported coarse-grained websteritic
veins re-equilibrated with host peridotites, whereas
Ishimaru et al. (2007) and Ishimaru & Arai (2008) studied
metasomatized peridotites containing fine-grained ortho-
pyroxene-rich materials.

More recently Ionov (2010) characterized the petrology
and geochemistry of the lithospheric mantle beneath
Avacha based on a suite of large, fresh and mainly coarse-
grained harzburgite xenoliths. Further work on the same
suite explored microstructures, crystal preferred orienta-
tions and water contents in the peridotites (Soustelle et al.,
2010), studied the micro-textures of their sulfide inclusions
(Bénard et al., 20115), defined their noble gas compositions
and showed that they contained slab-derived components
(Hopp & Ionov, 2011), described glass-bearing inclusions
in spinel, which provide a record of melting and meta-
somatism in the mantle and reaction with the host
magma (lonov et al., 2011), and reported metasomatic
products produced by low-Ca boninitic melts (Bénard &
Tonov, 2012).

This study presents detailed petrographic, and major
and trace element data for 11 veined peridotite xenoliths
from Avacha collected together with those described by
Tonov (2010). In particular, these xenoliths contain two
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major types of veins formed by the crystallization of fluid-
rich and silicic melts, which intruded and reacted with the
peridotites. Using this new dataset, our major objectives
are to (1) establish the initial compositions and origins of
the melts that formed the veins, (2) document the evolution
of the melt during its percolation in the host harzburgitic
mantle on a millimetre to centimetre scale, based on com-
parisons of the two major vein types, (3) explore the
impact of veining and melt-rock interaction on the com-
position of refractory mantle peridotite xenoliths and (4)
discuss the results of previous studies of the Avacha
mantle xenoliths. Overall, we identify processes that pro-
foundly transform the initial signatures of both percolating
melts and fluids and the host peridotite in the shallow
mantle lithosphere above subduction zones.

GEOLOGICAL SETTING AND
SAMPLES

The Kamchatka peninsula has three sub-parallel volcanic
chains located respectively at 200, 320 and 400 km NE of
the Kuril-Kamchatka trench (Fig. 1) (Tatsumi et al., 1994).
In the southern part of the Kamchatka arc, the Pacific
plate (~80Ma) is subducting almost orthogonally at a
rate of 7-9 cm a”' and dipping at 55°.

The Avacha strato-volcano (53°15°N, 158°51’E; summit
elevation 2741 m) is located near the east coast of the south-
ern Kamchatka peninsula, in the centre of the Eastern
Volcanic Belt (EVB, Fig. 1). Avacha is one of Kamchatka’s
most active volcanoes; it formed in late Pleistocene times
and most recently erupted in 1991 and 2001. Its Holocene
eruptions produced ash-falls and pyroclastic flows with re-
ported compositions ranging from picritic to dacitic,
mainly from low-K andesite (72503500 *C years Bp) to
basaltic andesite (Braitseva et al., 1998). Seismic data indi-
cate a crustal thickness of ~37 km (Levin et al., 2002) and
show low P-wave velocity domains beneath the Moho con-
sistent with the presence of melt (Gorbatov et al., 1999).
The depth to the slab’s upper surface is ~120 km and the
slab thickness is ~70 km (Gorbatov et al., 1997, 1999; Jiang
et al., 2009).

The xenoliths from this study [seven veined samples
10-15 cm in size (Av18, Av19, Av27, Av49, Av52, Avb3 and
Av54)] were collected from volcanic ash and scoria to-
gether with those reported by Tonov (2010). We also report
new data on veined samples Av9 and AvI2 from lonov
(2010) and Av20 and Av2l from Bénard & Ionov (2012).
All the samples contain orthopyroxene (opx)-rich and
amphibole (amph)-opx veins (Fig. 2).

ANALYTICAL METHODS

Major elements in minerals were determined in polished
thin sections by wavelength-dispersive (WD) electron
probe micro-analysis (EPMA) on CAMECA SX100

PERIDOTITE XENOLITHS, AVACHA

instruments at ‘Service Microsonde Sud’, Université
Montpellier I and at the Laboratoire Magmas et Volcans
(Clermont-Ferrand). Analyses in Montpellier were per-
formed at an accelerating voltage of 15kV and a sample
current of 10nA. Counting times were 15-20s on back-
ground and 30 s (Cr and Ni) and 20 s for all other elements
on peaks. The computer correction program of Merlet
(1994) was applied for data reduction. Analyses in
Clermont-Ferrand were performed at 20kV and 15 nA.
Glass analyses were carried out with a defocused beam
(5—-10 pm) and at a reduced sample current of 2nA to
avoid Na loss and/or migration. Counting times were
5-10s on background and 20s (Ni), 15s (Ca and T1) and
10s for all other elements on peaks. Matrix effects were
corrected using Phi (r) z modelling available on Peak
Sight“ software from CAMECA™ Typical standard devi-
ations (30) on signal peaks for those setups are 0-3% for
St and Mg, 0-2% for Fe, 0-1-0-3% for Ca, 0-05-0-1% for
Na, Al and Cr, and 0:05% for K, Ni, Ti and Mn.
Standards were reanalysed either daily or after each ana-
lytical session to estimate analytical drift, which was negli-
gible. There are no significant differences between the
data from the two laboratories.

Trace element concentrations in minerals were deter-
mined in 120 pm thick sections by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at
Université Montpellier 1T with a THERMO-Finnigan"™
Element2 ICP-MS system coupled to a Microlas (Geolas
Q+) platform using an UV (193 nm) Excimer CompEx
102 laser operating under helium flux. Laser power was at
8Hz and 12 ] cm ™2 and the laser beam was 51 and 77 pm
in diameter for amphibole or clinopyroxene (cpx), and 51,
102 and 122 pm for opx. For each laser ablation run, count
time was 90-120s on the carrier gas (background) fol-
lowed by 60 s for signal and 30 s for fallout to drop to back-
ground level. NIST 612 glass standards were used for
calibration. Standards and sample surfaces were cleaned
up with 6-7 laser pulses of a 122 um beam before analysis.
Ca and Si were used as internal standards. Typical stand-
ard deviations (16) are derived from repeated BCR-2g ref-
erence material analyses during runs and are given in
Supplementary Data (SD) Table 1 (available for down-
loading at http://www.petrology.oxfordjournals.org).

For each analysis, especially for opx grains with chemical
zoning indicated in back-scattered electron (BSE) images,
we used the smallest suitable spot size (e.g. 51 pm for the
opx); the presence of inclusions and cracks was checked
optically and the signal was filtered during processing to
eliminate inclusion-related spikes. Elements strongly en-
riched in fluid or melt inclusions relative to the host mineral
(e.g. Rb and Pb for opx) are not included in plots and sub-
sequent discussion. As a further proof of the reliability of
our data set, we provide raw (unfiltered) signal records
(SD Fig. 1) for trace element zoning in vein opx.
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Fig. 1. Location map of the Avacha volcano in the Kamchatka peninsula, NE Russia [modified after Portnyagin et al. (2007)]. Major tectono-
volcanic zones are shown by the light grey fill (SD, Sredinny Range; CKD, Central Kamchatka Depression; EVB, Eastern Volcanic Belt), and
Quaternary volcanic rocks by the dark grey fill. The Avacha volcano is located near the city of Petropavlosk-Kamchatsky (PET). Dashed lines

show the depth to the Wadati—Benioff zone after Gorbatov et al. (1997).

PETROGRAPHY

Host peridotites

Petrological data for representative xenoliths from our
sample suite are summarized in Table 1. All the veined
xenoliths are spinel (sp) harzburgites. At the contacts
with the host magma they are coated with thin (<5mm)
dark selvages of euhedral amphibole (<I mm) with glass,
minor cuhedral cpx and oxides and rounded olivine
(Fig. 3). Under the microscope, the veined Avacha perido-
tites resemble the samples described by Tonov (2010). They
are fine- to coarse-grained, with a protogranular micro-
structure and kink-banded olivine and opx (Fig. 4a and b
and SD TFig. 2). The coarse opx commonly have cpx and

spinel exsolution lamellae in the cores and are rimmed
with fine-grained opx (see also Ionov, 2010); the latter is
referred to here as ‘opx II’ Fine-grained opx pockets inter-
preted as resulting from late-stage recrystallization by
Tonov (2010), or by replacement of olivine by Ishimaru
et al. (2007), are not common (SD Fig. 3). Rare coarse cpx
and amphibole, referred to here as ‘I, may occur next to
coarse spinel (e.g. cpx I; Fig. 4a). Spinel occurs as coarse
(up to Imm) anhedral (sp I} Fig. 4a) or as fine-grained
(~10 um) euhedral grains (‘sp II; Fig. 4c and SD Fig. 2).
The veined harzburgites are cut by networks of sealed,
sub-parallel micro-fractures (Fig. 3b). The fractures may
contain discontinuous trails of metasomatic minerals (cpx

IT +amphibole II opx II £sulfides) as well as tiny
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: Host rock = :

> Fi-rained
AV 21 ___ opx-rich vein
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Fig. 2. A hand specimen photograph of harzburgite xenolith Av2l
cross-cut by an orthopyroxene-rich magmatic vein (Type 1A). opx,
orthopyroxene. A noteworthy feature is the straight and clear-cut
margins of the vein, which in this case, can also be referred to as a
‘dyke’ according to Harte et al. (1993).

(~1 pm) grains of euhedral spinel (sp II), together with
small (<10 pm) fluid inclusions and empty vesicles (Fig. 4c
and SD Fig. 2). When veins cut them, such fractures are
referred to below as ‘veins filling fractures’ (vff; Fig. 4b
and c).

The harzburgites contain disseminated fine-grained
pockets, which we group into two types. (1) “Type I’ (I
stands for fluid) pockets are exclusively located near
coarse opx I or spinel I and along veins filling fractures
(Fig. 4c); they contain fine-grained (~10pum) anhedral
cpx (cpx II) and amphibole (amph II) overgrowing opx I
(or spinel I) and opx II, which replace host olivine
(Fig. 4c and SD Fig. 2). Sulfides and euhedral spinel (sp
II) may also be present (Fig. 4c). (2) “Type I’ (L for
liquid) pockets are exclusively located between olivine
and may contain glass films. They consist of subhedral to
prismatic cpx II and amph II (<100 pm), abundant empty
vesicles and anhedral opx II overgrowing host olivine
(Fig. 4d).

Vein types and vein—rock relations

The xenoliths in this study contain two major vein types,
both 0-1-2 mm in thickness. The opx-rich Type 1 veins are
of mantle origin (Figs 5 and 6). The amphibole-rich Type
2 veins are connected to dark materials on the surface of
the xenoliths and formed from the host magma (Fig. 7
and SD Fig. 3). The Type 1 (opx-rich) veins are divided
into two sub-groups based on their relations with the
host peridotite and mineralogy. (1) Type 1A (or ‘rapidly
crystallized’) veins have straight, crosscutting contacts
with the host olivine; they are >500 um thick, low in
olivine and rich in sulfides (Fig. 3a). (2) Type 1B (or ‘react-
ive’) veins have irregular contacts and usually contain

PERIDOTITE XENOLITHS, AVACHA

olivine; they may be ‘thick’ (>500 pm; Fig. 3b) or ‘thin’
(<500 pm; Fig. 3b).

‘Rapidly crystallized’ opx-rich veins ( Iype 14)

Type 1A veins have well-defined, straight or slightly curved
margins at the scale of tens of microns and contain no or
very little interstitial glass. The central parts of Type 1A
veins mainly consist of prismatic opx (<500 pm) oriented
obliquely to the vein axis, with abundant empty vesicles,
small amounts (<5%) of anhedral to subhedral cpx and
amphibole, rare (<1%) and small (~10 pm) olivine and
spinel and sulfides (5—40 pm) (Fig. 6a). The vein margins
are made up of fine-grained (~10 pm), elongated to acicu-
lar opx branching towards the vein center (Fig. 5a) and
contain abundant tiny sulfide globules (5-10 pm) (Fig. 6a).
BSE images show strong zoning in all vein minerals but
none in the adjacent host-rock olivines (Fig. 6a).

When aType 1A vein cuts a host opx I, it may be con-
nected by filled fractures to Type F pockets and/or may
contain subhedral amphibole and cpx (<I00pum), and
trails of opx II and anhedral cpx Il £amph II (up to
100 um) follow fractures in the host opx I (Figs 5b and 6b).

‘Reactive’ opx-rich veins ( Type 1B)

Type 1B thick veins (>500 pm) have more irregular mar-
gins when cutting host olivine (Figs 5¢ and 6¢) and usually
contain more olivine, cpx and amphibole (5-10%) than
Type 1A veins. They contain prismatic opx (<300 pm;
Fig. 6¢), subhedral cpx and amphibole (50-100 um) and
sulfide globules (5-10 pm) near vein margins (Fig. 5¢ and
6¢). BSE images show strong zoning in all vein minerals
and only minor zoning in the adjacent host olivine
(Fig. 6¢).

Margins of Type 1B thick veins commonly show reaction
zones (~lmm), with relict (<10 pum) host olivine and
spinel and more abundant cpx and amphibole (usually
replacing host spinel) than in the central parts of the
veins (Fig. 6¢). The contacts of Type 1B thick veins with
the host opx are similar in form and mineralogy to those
of Type 1A veins; abundant filled fractures connect Type
1B thick veins to Type F pockets in the host-rock (Figs 3b
and 6d).

Type 1B thin veins (<500 pm; Fig. 5d) have irregular
margins and commonly form discontinuous trails of min-
erals accompanied by abundant empty vesicles and melt
inclusions in the host olivine; they are made up of anhedral
opx, rare cpx or amphibole and sulfide globules (Fig. 6e).
Type 1B thin veins may be linked to Type L pockets.

Selvage-related amphibole-rich veins ( Iype 2)

Type 2 veins originate from selvages at xenolith rims and
follow straight fractures in the host harzburgite (Fig. 7a
and SD Fig. 3). They are dominantly (60-70%) made up
of euhedral amphibole (<250 pum) with minor opx in their
central parts and fine-grained (~10um), anhedral to
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Table I: Summary of petrological data for representative Avacha xenoliths in this study

Sample  Specimen shape, appearance Mg# in Vein types
no. and texture host-rock
coarse T (°C)* fO,*
olivine
cpx-opx Ca-opx ol-sp BBG Wood
(BK) (BK)
Av9 Angular, solid, coarse-grained 0-910 923 964 -0-27 0-09 Type 1B thin vein
Avi12 Angular, solid to medium, coarse- 0-911 917 978 -0-11 0-36 Type 1B vein with branching veins filling fractures
to fine-grained
Av18 Angular with amph selvage, solid, 0-901 969 1044 930 042 071 Type 1B vein with branching veins filling fractures
coarse-grained
Av19 Angular with amph selvage, solid, 0-907 940 963 919 0-67 091 Type 1B thick and thin veins with branching
coarse-grained veins filling fractures
Av20 Angular, medium, coarse-grained 0-905 937 908 0-05 043 Type 1A vein with branching veins filling fractures
Av21 Angular, medium, coarse- to 0-902 947 920 Type 1A vein with branching veins filling fractures
fine-grained
Av27 Angular with amph selvage, medium,  0-905 824 -1:06  -0-61 Type 2 vein with branching Type 2 veinlets

coarse-grained

*Calculated in host-rock minerals.

Mg# = Mg/(Mg + Fe),; (averages for host-rock coarse olivine). ol, olivine; opx, orthopyroxene; cpx, clinopyroxene. Temperature esti-
mates after cpx-opx equilibrium of Brey & Kohler (1990) (BK) are based on average of cores for cpx-opx pairs. Temperature estimates
after the Ca-opx method of Brey & Kohler (1990) are based on average CaO in cores of coarse opx grains. Also reported are temperature
approximations after the ol-sp method of Ballhaus et a/. (1991) using average of cores for ol-sp pairs. In all temperature estimates,
P=15GPa. fO, [oxygen fugacity relative to fayalite-magnetite-quartz (FMQ) buffer] values are estimated after Ballhaus et a/. (1991)
(BBG) and Wood (1991) using average of cores for host-rock coarse grains, stoichiometry to estimate Fe** and Fe?" in spinel (AB,0,4
stoichiometry), and temperature values estimated from the ol-sp method of Ballhaus et a/. (1991) at P=1-5 GPa.

acicular opx oriented at right angles to the host olivine at
vein margins (Fig. 7b and SD Fig. 3). Type 2 veins contain
abundant vesicles and rare sulfide globules (10-20 pm).
BSE images reveal strong zoning in the vein amphibole
and opx, as well as in the host olivine at vein contacts.
Textures and relations with the host of Type 2 veins are
very similar to those of Type 1A veins.

Veinlets with irregular contacts may originate from
Type 2 veins (Fig. 7a and SD Fig. 3). The veinlets consist
of anhedral opx and subhedral amphibole with size and
abundances similar to those in Type 2 veins (Fig. 7c).
Coarse opx I is overgrown with opx II and cpx whereas
coarse spinel I is overgrown with amphibole when these
minerals are cut by Type 2 veinlets (Fig. 7¢). Textures and
relations with the host for Type 2 veinlets are very similar
to those of Type 1B thick and thin veins.

CHEMICAL COMPOSITIONS

Major elements

Representative major element analyses of minerals are
given in Tables 2 and 3 and illustrated in Figs 8-12.
Olivine in Type 1B veins has lower Mg## (0-89-0-90) and
NiO (down to 0-21wt %) than in the host-rocks (Fig. 8a).

Compositional profiles in olivine cut by Type 1A veins
show no Mg# variation, whereas those hosting Type 1B
veins show an Mg#f decrease towards the vein margins
(Tig. 8b).

The cores of opx in'Type 1A, thick Type 1B veins and host
harzburgites have similar CaO contents, but the rims of
opx in the veins contain more CaO than the cores (Fig. 9a
and SD Tig 1). Orthopyroxene in Type 1B veins shows
greater Mg## variations (e.g. Avl8) than inType 1A veins
and host-rocks (Fig. 9a). Orthopyroxene in Type 1A veins
has much lower CryOs (<0-:06 wt %) than in Type 1B
veins; the latter plot along the trend for host-rock opx
(Fig. 9b). Orthopyroxene in Type 1B thin veins has a
broad Mg# range and intermediate CroOs; contents
(Fig. 9c and d).

Spinel in the central parts of Type 1A and 1B veins (i.e.
not in reaction zones) commonly has lower Mg# and
higher TiOy than spinel in the host-rocks (Fig. 10a and b).
The Mg#—Cr# variation range of spinel (Fig. 10a) in
Type 1B veins filling fractures and related Type F pockets
(sp II) is similar to that of fine-grained spinel from Ionov
(2010), whereas TiOy contents are lower than in Type 1B
veins (Fig. 10b). Sulfide globules in the central parts of
Type 1A veins are pentlandite, whereas those at the vein
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Fig. 3. Photomicrographs in transmitted light of 120 pm thick sections of harzburgite xenoliths from Avacha cut by opx-rich veins of mantle
origin (Type 1). Ol, olivine; opx, orthopyroxene; amph, amphibole; sp, spinel. (a) Sample Av2] contains: (1) a thick (>0-5mm) opx-rich vein
(or dyke, Harte et al.,1993) with straight and fine-grained margins (‘fringe’) (Type 1A, ‘rapidly crystallized’) and (2) a coarse, irregular webster-
ite vein. (b) Sample Av19 is cut by (3) a thick (>0-5mm) opx-rich vein with irregular margins (Type 1B, ‘reactive’), (4) thin (<0-5mm) Type
1B veins, (5) fractures partly filled with vein material (‘veins filling fractures’, v{f) and has (6) an amphibole-rich selvage at the contact with
the host magma. Photomicrographs of other veined xenoliths from this study are shown in Supplementary Data (SD) Fig. 1.

margins are pyrrhotite (Bénard & Ionov, 2010; Bénard
et al., 20116). Additional data for cpx (diopside) in Type 1
veins and host-rocks are given in SD Iig. 4; in particular,
cpx in Type 1B vein in sample Avl8 has relatively low
Mg## in line with opx compositions (Fig. 9a).

The amphiboles in the veined harzburgites are typically
Mg-hornblendes. Ion microprobe measurements yield
2:1-2-5wt % of HyO in amphiboles in all Type 1 veins
(Bénard et al., 2011a), in line with their low total oxide con-
tents (<97 wt %, Table 2). Amphibole from Type 1A veins
has higher Mg## (0-92-0-93) and lower NayO and Al,Os3
(6-4-8-4wt %) than in Type 1B veins (Fig 1lla—c).
Amphibole in Type 1B veins shows a relatively wide range
of CroO3 (025wt %) and TiOy (0-0-35wt %) at high
and almost constant NaoO (>2wt %) and AlyO5 (>10 wt
%) (Fig. 11b and ¢). Amphibole II in Type 1A veins filling
fractures and related Type F pockets has lower TiO, than
in'Type 1A veins (Fig. 11b). Amphibole II in Type 1B veins
filling fractures and related Type I pockets shows some
fine chemical variations resembling those of amphibole

and pyroxenes in related Type 1B veins (e.g. distinctively
lower Mg## and higher TiO, in sample Avl8, Fig. 1la, b
and d). Importantly, all the distinct compositional fields
for amph II in Type F and L pockets match those of the
chemical end-members identified by Ionov (2010) in
unveined Avacha harzburgites (Fig. 11a—d).

Representative major element analyses of minerals and
glass in selvages and related Type 2 veins are given in
Table 3 and shown in Fig. 12. All minerals in the selvages
have much lower Mg## (0-:08-0-10 for spinel, ~0-82 for
cpx and 0:69-0-73 for amphibole, which is tschermakite
containing 2-2-5wt % HyO; Bénard et al.,, 201la) than
those in the xenoliths. The glass in selvages is similar in
composition to the typical Avacha andesite (e.g. Ishimaru
et al., 2007). Orthopyroxene cores in the central parts of
Type 2 veins have lower Mg# (0-88-0-91) and higher
AlyOgs (15-4wt %) than in the xenoliths, but show CaO
zoning and low CryOs contents, which mirror those of
opx in Type 1A veins (Fig. 12a and b and SD Fig. 1).
Amphiboles in'Type 2 veins and veinlets have intermediate
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Fig. 4. Photomicrographs in plane-polarized (PPTL) and cross-polarized transmitted light (CPTL) and back-scattered electron (BSE) images
of 120 pm thick sections of harzburgites from Avacha showing some key petrographical features of xenoliths hosting veins. cpx, clinopyroxene;
other symbols are as in Figs 2 and 3. (a) Coarse cpx (‘cpx I') adjacent to a coarse spinel (sp I') (PPTL). (b) A vein cutting a harzburgite
with abundant disseminated metasomatic pockets (Type F), some of them are connected by veins filling fractures (CPTL). (¢) A BSE image
of a'Type I pocket crosscut by veins filling a fracture containing fine-grained cuhedral spinel (‘sp II’). The pocket is made up of host opx I
that have darker rims (‘opx II’) than their cores and of anhedral and fine-grained second-generation clinopyroxene (‘cpx II’) overgrowing lo-
cally host opx I. (d) A BSE image of a Type L melt pocket made up of subhedral to euhedral second-generation amphibole (‘amph II’), sur-
rounded by abundant vesicles and anhedral opx II and cpx II overgrowing host-rock olivine.

Mg#£, TiOo, AlyO3 and CryOj3 contents between those in
the selvages and in the xenoliths (Fig. 12¢—f).

Trace elements

Host peridotites and opx-rich veins ( Type 1)
Representative LA-ICP-MS analyses of opx inType 1 veins
and host harzburgites (as well as typical errors and detec-
tion limits) are given inTable 4 and illustrated using aver-
aged analyses in Fig. 13. REE abundances in opx I cut by
Type 1 veins and veins filling fractures are typically
higher than in coarse opx from the host-rocks or from
unveined harzburgites reported by Ionov (2010) (Fig. 13a
and b). A remarkable feature of opx in Type 1A veins is

that it has higher REE in the rims than in the cores, in
particular for light and middle REE (LREE and MREE)
(Fig. 13c). Orthopyroxene in Type 1A veins also shows en-
richment inTh and U with [U/Th]x >1 [subscript N indi-
cates element abundances normalized to primitive mantle
(PM) after McDonough & Sun (1995)] (Fig. 13d and SD
Fig. 1). Importantly, opx in Type 1B thick veins has trace
element patterns very similar to those of opx cores in
Type 1A veins (Fig. 13e and f). By contrast, opx in Type 1B
thin veins has lower MREE and positive Zr—Hf anomalies
(Fig. 13¢ and f).

Representative trace element analyses of cpx and amphi-
bole in Type 1 veins and host harzburgites are given in
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R

opx marging

Fig. 5. Photomicrographs in CPTL of Type 1A and 1B veins, showing their relations with the host, textures and mineral associations. sulf; sul-
fide; other symbols are as in Figs 2-4. (a) A thick (>0-5mm) rapidly crystallized (Type 1A) vein with clear-cut, reaction-free contacts with
the host olivine; the vein has fine-grained opx (‘skeletal’ grains) at its margins (fringe) and much larger sub-prismatic opx oriented obliquely
to the vein axis in the centre. (b) Type 1A vein material embays a fracture in coarse opx to produce a metasomatic opx II 4+cpx II 2amph II
assemblage. (c) A thick (>0-5mm) reactive opx-rich vein (Type 1B) showing irregular contacts with the host olivine. The vein is made up of sub-
hedral opx with sulfides. (d) A reactive (Type 1B) opx-rich thin (<0-5mm) vein has relations with host, texture and mineralogy similar to

those of Type 1B thick (>0-5 mm) veins.

Tables 5 and 6 and illustrated using averaged analyses in
Figs 14 and 15 respectively. Clinopyroxene in Type 1A veins
shows a gradual decrease from heavy REE (HREE) to
LREE (Table 4) and thus may be out of equilibrium with
vein opx, in contrast to cpx in Type 1B thick veins, which
has nearly flat REE patterns and slight negative Zr—Hf
anomalies (Fig. 14a and b). Clinopyroxene in Type 1B
thick vein reaction zones has slightly U-shaped REE pat-
terns ([Th/Lu]x ~0-3), and slight Eu ([Eu/Eu*|xy=14)
and positive Zr-Hf anomalies ([Zr/Sm]yx ~2-3) (Fig. 14a
and b). A crucial observation is that the trace element pat-
terns of cpx in Type 1B thin veins and Type L pockets
share common features (U-shaped REE with positive
Zr—Hf spikes) with those of cpx in Type 1B thick vein

reaction zones, although these are strongly accentuated in
Type 1B thin veins and Type L pockets, where [Th/Lu]x
~0-10, [Eu/Eu*]x=13-16 and [Zr/Sm|y ~4 (Fig. 14a
and b). Clinopyroxene I in the host harzburgites differs
from all Type 1 vein cpx in that it has pronounced negative
Zr—Hf anomalies ([Zr/Sm]y = 0-26-0-45), but the gradual
decrease from HREE to MREE mimics those of Type 1B
thin veins and Type L pockets.

Amphiboles in Type 1A and thick 1B veins both have
mildly sinusoidal REE patterns, but the former has lower
REE and high field strength element (HFSE) abundances
([Zr/Sm]x=0-12-015, [Ta/La]x=012-0-21; Fig. l4c
and d). Importantly, amphiboles in'Type 1B thin veins and
Type L pockets have strongly U-shaped REE patterns
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thin vein

Fig. 6. BSE images of Type 1 veins (sub-types A and B) of mantle origin, showing their relations with the host, textures and mineral associ-
ations. Symbols are as in Figs 2-5. (a) A'Type 1A vein with abundant sulfides at its margins (fringe); the absence of reaction with the host olivine
owing to the presence of these insulating and rapidly crystallized margins should be noted. (b) A section of a Type 1A vein containing empty ves-
icles as well as cpx and amphibole precipitated from late-stage volatile-rich melts. The absence of sulfide in the zones with abundant cpx and
amphibole in veins as well as the metasomatic assemblages (cpx II +amph II) in fractures in adjoining host opx I and pockets should be
noted. (c) A sulfide-bearing, Type 1B vein with a sulfide-free reaction zone made up of opx and abundant anhedral cpx and amphibole neoblasts
growing upon the host olivine (reacted host ol) and spinel relics (reacted sp I). (d) A sulfide-free reaction zone of a reactive (Type 1B) thick
vein with host opx I and a branching fracture filled with cpx II and sulfide (veins filling a fracture). (e) A network of sub-parallel reactive,
opx-rich thin veins (Type 1B) with sulfide globules and vesicles.
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Fig. 7. Amphibole-rich veins related to selvages on xenolith rims (Type 2). Symbols are as in Figs 2-6. (a) A photomicrograph in transmitted
light of sample Av27 cut by selvage-connected (1), amphibole-rich, rapidly crystallized veins with straight margins and (2) associated veinlets
with irregular margins. (b) A rapidly crystallized Type 2 vein made up of fine-grained acicular opx (skeletal grains) at the margins (fringe)
and euhedral and prismatic opx 4+ amphibole in the centre (CPTL). It should be noted that this mineralogical zoning and texture are very simi-
lar to those of Type 1A veins. (c) BSE image of a Type 2 veinlet made of subhedral opx + amphibole originating from a Type 2 rapidly crystal-
lized vein and irregularly cutting the host olivine along reactive margins (similar to those of Type 1B veins). The Type 2 veinlet reacts with
host spinel I (reacted sp I) to form opx II and amphibole at spinel I rims.

and positive Zr—Hf spikes; that is, the same signatures as
coexisting pyroxenes (Fig. 14c and d).

A trace element profile in minerals in Type F pockets
located along a Type 1B vein filling a fracture (Fig. 15a) is
illustrated using averaged analyses in Fig. 15b—h. Clinopyr-
oxenes along the profile are characterized by a progressive
depletion in LREE, MREE and Nb—Zr—Hf towards the
host-rock (i.e. from cpx in Type 1B thick vein to cpx II in
Type F pockets, Fig. 15b and ¢). Depletions in MREE and
Zr—Hf are also observed in amph II along the profile
(Fig. 15d and e) with [La/Tbh]x increasing from 0-78 to
4-08 (Iig. 15f), [Zr/La]x decreasing from 0-96 to 0-64
(Fig. 15g) and [Zr/Hf]x becoming >1 (Fig. 15h) towards

the host-rock. LREE and large ion lithophile element
(LILE) abundances are roughly constant in amph II
along the profile (Fig. 15d and e).

Selvages and selvage-related amphibole-rich veins ("Iype 2)
Representative trace element analyses of minerals and glass
in selvages and related Type 2 veins are given in Table 7
and illustrated using averaged analyses in Figs 16-18. The
opx in Type 2 veins are strongly zoned in LREE and
MRELE, as in'Iype 1A veins (Fig. 16a and b). Figure 17 illus-
trates the trace element evolution of amphiboles from
selvages to Type 2 wveinlets, using averaged analyses.
Amphibole in selvages has slightly convex upward REE
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Table 2:  Representative major element compositions of minerals in host-rocks and Iype I veins determined by EPMA

Olivine

Host-rocks Type 1 veins

Sample: Av9 Avi8  Avi9  Av19 Av20  Av20 Av21 Av21 Av27  Av27  Avi8  Av19  Av27  Av27 Avi8 Avi8 Av19 Avi9

Position: core core core rim core  rim core rim core rim rim rim core  rim core  rim core  rim

coarse coarse coarse coarse coarse coarse coarse coarse coarse coarse /1B /1B /2 /2 1B 1B 1B 1B
Si0, 4134 41110 4130 4147 4120 411 4115 4082 4092 4080 4097 4143 4121 40-67 4092 4069 4082 4122
Al,03 0-01 0-00 b.d. 004 000 002 0-01 0-01 b.d. b.d. 0-05 002 002 000 002 001 0-03 b.d.
Cr,03 0-02 b.d. 0-07 003 b.d. b.d. 0-00 b.d. b.d. 0-03 b.d. 0-01 0-00 002 000 003 002 0-02
FeO 877 974 883 895 849 857 9-80 960 887 929 10-18 994 905 1123 1040 1072 10-09 10-36
MnO 0-13 0-10 0-15 009 009 011 0-15 012 015 022 0-13 013 016 027 016 015 013 0-16
MgO 4991 4886 4929 4944 4975 4928 4884 4896 4891 4886 4853 4827 4890 4737 4801 4793 4843 4880
Ca0 0-07 0-05 0-03 008 000 003 0-02 004 002 002 0-04 007  0-00 002 008 009 007 0-08
NiO 0-41 0-34 0-34 028 031 0-28 0-42 0-41 030 032 0-29 023 036 045 028 027 021 0-22
Total 10069 100-22 100-07 100-39 9990 9941 10046 100-01 9917 9966 10020 100-11 9972 100-07 99-87 9988 99-80 100-89
Mg# 0910 0899 0909 0908 0913 0911 0899 0901 0908 0904 0-8% 0896 0906 0883 0892 0839 08% 089

Orthopyroxene

Host-rocks Type 1 veins

Sample: Av18 Avi8 Av20 Av20 Avi9 Avi9 Avi8 Avi8 AwW Av20  Av20 Avi8 Avi9 Avi9 Avi9 Av19 AW Av9

Position: core rim core  core core core core rim core core rim core core rim core rim core rim

| | | 1A-vff  1B-vff  1B-vff 1B-vff 1B-vff L 1A 1A 1B 1B 1B t-1B t-1B t-1B t-1B
Si0, 5679 5718 5686 5803 5763 5726 5706 5694 5813 5817 5717 5718 5885 5769 59:04 5720 5870 5665
TiO, b.d. 003 001 0-01 b.d. 0-03 004 001 0-03 0-03 0-01 0-06 b.d. b.d. 0-04 0-01 b.d. b.d.
Al,03 187 161 160 102 137 182 137 151 1-00 131 111 177 0-46 127 0-58 178 0-85 308
Cr,03 0-54 047 056 0-28 0-31 0-44 036 035 0-31 0-02 0-10 0-23 b.d. 0-06 0-08 0-29 0-02 0-10
FeO 6-15 609 605 5-39 5-83 582 616 610 5-65 576 6-83 6-64 4-09 6-:02 459 5-92 525 584
MnO 0-17 023 0N 0-14 0-09 0-15 017 013 0-17 0-08 0-14 0-14 0-22 0-16 0-16 0-18 0-11 0-10
MgO 3332 3371 3393 3533 3420 3400 3424 3414 3483 3459 3436 3302 3668 3435 3647 3434 3541 3430
CaO 110 061 050 0-15 0-56 0-74 060 064 0-45 0-65 078 0-93 0-03 0-89 0-07 0-84 0-39 0-31
Na,0 b.d. 003  b.d. 0-00 b.d. 0-01 000 003 0-02 0-02 0-05 0-00 0-01 0-01 0-02 b.d. 0-01 b.d.
NiO 0-09 005 002 0-03 0-11 0-08 009 010 0-10 0-13 0-04 0-06 0-02 0-05 0-03 0-05 0-04 0-05
Total 100-03 100-01 99-64 100-37 100-10 100-34 100-10 99-94 100-69 100-78 10059 100-03 100-35 100-40 101-06 100-61 10079 100-44
Mg# 0906 0908 0909 0-921 0913 0912 0908 0909 0917 0915 0900 0899 0941 0910 0934 0912 0923 0913

Clinopyroxene Spinel

Host-rocks Type 1 veins Host-rocks Type 1 veins

Sample: Av18 Av20 Av20 Avi18 Av19 Av9 Av20 Av20 Avi8 AvW Av27  Av27  Av19  Avi9 Av21  Av21 Avi8 Avi8

Position: core core core core core core core rim core core core rim core rim core rim core rim

| 1A-vff  1A-vff 1B-vff  1B-vff L 1A 1A 1B t-1B | | 1B-vff 1B-vff 1A 1A 1B 1B
Si0, 54-14 5473 5377 5474 5456 5415 5363 5321 5394 54-48 0-00 0-00 0-03 0-01 0-01 0-01 0-03 0-06
TiO, 0-03 0-00 b.d. 0-03 0-03 0-00 0-02 0-01 0-01 0-08 0-07 0-06 0-03 0-10 0-10 0-02 017 0-12
Al,03 149 0-82 159 127 117 129 115 215 1-46 132 2241 2031 2391 2193 1991 1944 2098 1611
Cr,03 072 0-33 055 0-45 0-41 0-66 0-87 1-07 075 052 4682 47116 4108 4326 48300 4709 43:04 49-08
FeO 2:69 2:30 2:37 2:43 2:09 198 2:26 226 273 233 1674 1876 1963 1995 1739 1847 2147 2153

(continued)
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Table 2: Continued

BENARD & IONOV

PERIDOTITE XENOLITHS, AVACHA

Clinopyroxene Spinel

Host-rocks Type 1 veins Host-rocks Type 1 veins
Sample: Av18 Av20 Av20 Av18 Av19 Av9 Av20 Av20 Av1i8 AV Av27  Av27 Av19 Av19 Av21 Av21 Avi8 Avi8
Position: core core core core core core core rim core core core rim core rim core rim core rim

| 1A-vff  1A-vff 1B-vff  1B-vff L 1A 1A 1B t-1B | | 1B-vff 1B-vff 1A 1A 1B 1B
MnO 0-09 0-06 0-11 012 0-08 0-07 0-04 0-09 0-11 0-11 0-24 0-38 0-24 0-25 0-27 022 0-19 027
MgO 17-84 1789 1757 17-61 1796 1784 1852 1710 1776 1772 1353 1198 1390 1388 1281 1274 1262 1174
Ca0 22-85 2413 2385 23-89 2431 2371 2314 2388 2283 23-35 0-00 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Na,O 0-24 0-08 0-09 012 0-14 0-09 026 012 019 0-15 0-00 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NiO 004 0-06 0-08 0-04 0-00 0-08 0-07 0-04 0-04 0-05 0-12 0-10 0-12 0-10 0-05 0-05 0-14 0-09
Total 100-13  100-40 9998 10070 100-75 99-88 9999 9994 99-83 100-10 9992 9881 9896 9949 9854 9808 9867 9903
Mg# 0-922 0933 0-930 0-928 0939 0941 0936 0931 0921 0931 0590 05632 0558 0554 0568 0551 0512 0-493
Cr# 0-245 0214 0190 0-194 0189 02556 0337 0251 0257 0208 0584 0609 053 0570 0618 0619 0579 0671

Amphibole

Host-rocks Type 1 veins
Sample: Avi8 Avi8 Av20 Av20 Avi8 Avi8 Avi9 Avi9 Av9 Av9 Av20  Av20 Av20 Av20 Avi8 Avi8 Avd Av9
Position:  core rim core core core rim core rim core rim core rim core rim core rim core rim

| | 1A-vff  1A-vff 1B-vff 1B-vff 1B-vff 1B-vff L L 1A 1A 1A-rz  1Arz 1B 1B t-1B t-1B
SiO, 46:80 47560 52444 4970 4660 4610 4724 4678 4758 4706 5181 5008 5476 4839 4761 4609 4625 46:15
TiOy 0-00 0-10 017 0-00 018 021 0-12 0-09 004 008 011 0-20 0-06 0-18 0-05 024 0-06 0-07
AlLO3 1148 1125 5-87 813 1142 1179 1144 1114 996 10-28 663 800 371 874 108 11656 1116 1081
Cry03 0-67 071 075 128 1-40 1-66 0-69 144 1-95 179 0-47 0-47 0-65 0-69 0-38 0-80 2:30 2:30
FeO 414 429 278 321 4-35 425 378 387 367 346 2:95 3-:06 2:59 327 4-43 4-59 370 363
MnO 0-09 0-02 0-02 0-06 0-04 0-07 0-04 0-10 0-06 0-06 0-00 0-01 0-05 0-04 003 0-04 0-09 0-04
MgO 1918 1941 2144 2020 1892 1873 1930 1943 1930 1913 2112 2071 2263 2065 1969 1896 1889 1855
Ca0 19 1173 1232 1243 11779 1171 1213 1199 1178 1179 12447 1244 1201 1243 1165 1175 1186 1167
Na,O 215 217 1-06 127 219 222 222 2:25 2:04 2:00 11 137 0-87 152 215 213 2:36 2:31
K;0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 025 0-30 n.d. n.d. 0-22 0-93 n.d. n.d. 0-31 0-28
NiO 0-09 0-09 013 0-07 0-07 0-08 0-10 0-05 0-11 0-09 0-05 011 0-13 0-10 0-07 0-09 0-11 0-15
Total 9666 9727 9699 9636 9695 9683 9706 9714 9673 96:04 9672 9644 9769 9693 9662 9634 9710 9596
Mg# 0892 0890 0932 0918 0836 0837 0901 0900 0904 0908 0927 0924 0940 0918 0838 08380 0-901 0-901
Cr# 0038 0040 0079 0096 0076 0086 0-039 008 0116 01056 0045 0038 0105 0050 0023 0044 0122 0125

b.d., below detection limit; n.d., no data; coarse, coarse mineral in host-rock; /1B, coarse host mineral against Type 1B
vein; /2, coarse host mineral against Type 2 vein; 1B, mineral in thick Type 1B vein. |, coarse first generation (‘') host
mineral; 1A-vff, second generation (‘ll’) host mineral in Type F pocket along Type 1A veins filling fractures; 1B-vff,
second generation (‘Il’) host mineral in Type F pocket along Type 1B veins filling fractures; L, second generation (‘II) host
mineral in Type L pocket; 1A, mineral in Type 1A vein central part; t-1B, mineral in thin Type 1B vein.
Cr# =Cr/(Cr+ Al)4. 1A-rz, mineral in Type 1A vein reaction zone in host opx.

patterns ([La/Tbh]x=0-02-0-08) at much higher MREE
abundances than in Type 1 veins (~5 x PM abundance for
Tb), strong Zr—Hf negative anomalies ([Zr/Sm]x=
019-0-24), high [Ba/Rb]x (~7) and positive Sr anomalies
(Fig. 17a—d). Amphibole in Type 2 veins has trace element

in Type 2 veinlets has higher LREE, lower MREE and
HREE ([Pr/Tb]x=2-61-5-68, Fig. 17¢), and higher Nb, Ta,
Zr, Th and U than in Type 2 veins (Fig. 17d). Importantly,
amphibole in Type 2 veinlets has U-shaped REE patterns
with positive Zr—Hf spikes, similar to amphibole and cpx

patterns similar to those in the selvages but at 3—4 times
higher REE and HFSE levels (Fig. 17¢ and d). Amphibole

in Type 1B thin veins and Type L pockets. As for minerals
in Type 1B thick vein reaction zones, Type 1B thin veins and
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Table 3: Representative major element compositions of minerals and glass in selvages and pe 2 veins determined

by EPMA

Sample: Av18 Avi9 Av19 Avi9 Avi9 Avi8 Avi9 Avi9 Avi8
Phase: olivine spinel spinel spinel spinel cpx amph amph glass
Position: core core rim core rim core core rim core

selv. selv  selv  selv selv selv selv selv selv

Av18 Av19 Av19 Av27 Av28 Av27  Av27 Av27 Av27 Av27

glass glass glass opx opx opx amph amph amph amph
core core core core rim core core rim core rim
selv.  selv  selv 2 2 2’ 2 2 2' 2'

SiO, 3881 007 008 006 007 5111 4150 4125 57-60
TiO, nd. 639 646 729 727 044 191 202 052
Al,03 b.d. 78 782 836 838 317 1401 1395 1968
Cr,03 b.d. 008 011 018 013 012 019 006 000
FeO 20-32 7517 7565 7418 7370 586 949 1114 577
MnO 027 027 016 026 030 014 009 011 017
MgO 40-34 396 389 472 460 1524 1511 1400 314

Ca0 0009 nd. nd. nd nd 2284 1211 1217 773
Na,O nd. nd. nd. nd nd 028 256 248 393
K,0 nd. nd. nd. nd. nd nd 025 024 068
NiO 010 005 004 007 005 002 bd. 000 n.d

Total 99-99 93-81 9422 9521 9456 9921 9722 9743 99-29

5743 5842 5737 5616 5524 55:84 4705 4615 4793 4514
049 051 054 0-07 0-26 026 09 073 011 021
1963 1962 1945 334 4-02 360 1047 1156 11-03 13:86
008 000 007 0-03 0-02 b.d. 030 000 000 053
593 598 597 7-19 7-26 631 535 593 415 450
009 005 017 0-30 0-27 011 017 021 010 005
303 302 263 3313 3228 3305 1900 1865 19:97 1862
812 727 776 0-31 1-03 095 1097 1120 1161 11:69
414 395 400 0-03 0-01 002 213 204 210 237
068 072 062 n.d. 0-00 nd. nd. nd nd nd
nd. nd.  nd 0-11 013 016 010 012 016 017
99-62 9962 9865 10064 10052 10029 9647 9660 9716 97-14

Mg# 0780 0-086 0084 0-102 0-100 0-823 0739 0-691 0766 0-777 0779 0-802 0892 0-888 0-903 0-864 0-849 0896 0-881

Cr# nd. 0007 0009 0-014 0011 0-025 0-009 0-003 n.d

n.d n.d n.d n.d. n.d. nd. 0019 0000 0-000 0-025

b.d., below detection limit; n.d., no data; cpx, clinopyroxene; amph, amphibole; opx, orthopyroxene; selv, mineral in
selvages coating the xenoliths; 2, mineral in Type 2 vein central part; 2’, mineral in Type 2 veinlet.

Type L pockets, amphibole in Type 2 veinlets has relatively
low [U/Th]x (Fig. 17¢), [Zr/Hf]x >1 and a broad range of
LREE/MREE and Zr/MREE ratios (Fig. 17f and g). Glass
in the selvages has a trace element signature similar to that

of typical Avacha andesites (Fig. 18).

DISCUSSION

Melt types and sources

Before discussing the nature and the sources of the initial
liquids which intruded the Avacha harzburgite and
formed the Type 1A and Type 2 veins, we examine the key
observations on the crystallization histories of the veins
and the absence of melt-rock interaction.

(I) The straight margins of Type 1A and Type 2 veins
(Figs 2, 3a, 7a and SD Fig. 3) suggest that their parental li-
quids intruded the host harzburgites by hydraulic fractur-
ing. In this regard, the veins can be classified as ‘dykes’
after Harte et al. (1993), which implies little interaction
with the host compared with percolation during pervasive
metasomatism.

(2) The margins of the veins are made up of fine-grained
minerals (mostly opx), which branch inward (Figs 3a, 7
and SD Fig. 3). Similar textures are commonly found at
the margins of pegmatitic dykes (referred to as ‘fringes’),
which contain, as for the Type 1A and Type 2 veins, fine

acicular or skeletal crystals. The fringes form almost in-
stantly as a result of ‘undercooling’ of the intruding liquids
and effectively prevent chemical exchange between the re-
maining liquid and the host (Cerny et al., 2012; London &
Morgan, 2012, and references therein).

(3) Zoned mineral assemblages [e.g. pyrrhotite at mar-
gins vs pentlandite in the central parts of Type 1A veins
(Bénard & Ionov, 2010; Bénard et al., 20115)], inwardly
coarsening crystals, crystal orientation (e.g. Fig. 5a) and
the near-absence of glass in Type 1A and Type 2 veins
imply the complete crystallization of their parental liquids
in closed systems, as in pegmatitic dykes (London &
Morgan, 2012, and references therein).

(4) Our chemical dataset is consistent with the textural
evidence. Ca and Fe zoning in prismatic opx crystals from
the central parts of the Type 1A and Type 2 veins (Iigs 6a,
9a, 12a and 17b) indicates that their parental liquids crys-
tallized very rapidly. This rapid crystallization, together
with the sealing of contacts by the fringes, must have
strongly limited the interaction of the solidifying liquids
with the host peridotite.

(5) Aremarkable feature of the chemical zoning inType 1A
and'Type 2 veins is the core to rim LREE and MREE enrich-
ment in opx from their central parts (Figs 13d and 16b).
Because LREE and MREE are highly incompatible in opx
(e.g. McDade et al., 2003), these elements are enriched in
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narrow boundary layers of liquid at the crystallization front
(‘constitutional zone refining’; London, 2009), which implies
rapid closed-system crystallization.

(6) Major element compositions of opx (Figs 9b and 12b)
and amphibole (Figs 11 and 12¢—f) inType 1A and Type 2
veins are distinct from those in the host peridotites and
other vein types, suggesting an origin from liquids that
preserved their chemical signatures owing to rapid crystal-
lization with little reaction with host peridotites.

Initial melt of "Dpe 1 veins

Recently, Bénard & Ionov (2012) published a major and
trace element model supporting the origin of Type 1 veins
from a high-temperature (>1300°C) low-Ca boninitic melt
with low trace element abundances. In this section, we
review new evidence for the origin of the Type 1 veins ob-
tained in this study in relation to the conclusions of
Bénard & Ionov (2012).

The textures of Type 1A veins, especially the presence of
fine-grained fringes, indicate that they crystallized from a
viscous fluid, probably a Si-rich melt experiencing under-
cooling (London & Morgan, 2012). Because the tempera-
tures calculated from the host xenolith mineral
assemblages in this (Table 1) and previous studies (Halama
et al., 2009; Tonov, 2010) range between 900 and 1050°C,
the initial melt must have intruded at a much higher tem-
perature. Both'Type 1A and thick Type 1B veins contain oliv-
ine and have opx-rich modal compositions with
particularly Mg-rich minerals compared with pyroxenite
veins reported from mantle sections in subduction-related

settings (e.g. Varfalvy et al., 1996; Garrido et al., 2007). In
addition, incompatible major elements (e.g. Al Ti and Na)
are particularly low in all Type 1A vein minerals (Figs 9b,
10b and llc, d). The abundance of vesicles in Type 1A and
thick Type 1B veins suggests that a fluid phase exsolved
during crystallization, and the presence of amphibole indi-
cates that the initial melt contained water. Crystallization
experiments on refractory, HoO-rich, Mg-rich silicic melts
at 2:5 GPa (Stalder, 2002), in line with other phase equilib-
rium data on (HyO)-MgO-SiOy systems at 15-2GPa
(e.g. Inoue, 1994; Thompson et al., 2007), show that enstatite
may be the major phase to crystallize from 1200 to 900°C
at mantle wedge pressures; the opx forms after olivine,
which is dominant between 1400 and 1200°C. It follows
that cpx and amphibole in Type 1A and thick Type 1B veins
must have crystallized during late-stage evolution of the re-
sidual melt at 1000-900°C. To sum up, our data indicate
that Type 1A and thick 1B veins formed from a high-tem-
perature, Mg- and Si-rich mantle melt low in Al, Ca and
Na, in line with the low-Ca boninitic composition suggested
by Bénard & Ionov (2012). The melt may have formed by
fluxed-melting of a harzburgitic source at relatively low
pressure (<15 GPa) (Gaetani & Grove, 1998; Falloon &
Danyushevsky, 2000; Ulmer, 2001; Parman & Grove, 2004).

The low abundances of moderately incompatible litho-
phile trace elements in opx, cpx and amphibole in
Type 1A and thick Type 1B veins (Figs 13 and 14) relative
to those minerals in common magmatic rocks and most
mantle xenoliths (e.g. Ionov et al., 2002; Coltorti et al.,
2007) indicate that the melt source was highly depleted.
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burgites from Tonov (2010) (light grey field for opx cores and dashed-outline light grey field for opx rims). Noteworthy features are the Ca
zoning in all opx, the Mg## variability in the Type 1B opx from one sample to another, and that these opx tend to lic along the Cr—Al host
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We estimated the trace element abundances in the parental
melt assuming it was in equilibrium with opx cores in
Type 1A veins, whereas cpx and amphibole may have crys-
tallized from late-stage, residual melts. The calculated
melt is very low in HREE (e.g. ~0-5 x PM for Lu), which
supports its generation from a highly depleted mantle
source, and has a flat HREE-MREE pattern very similar
to the high-Ca boninitic parental melt modelled at 1200°C
for Type 1 veins by Bénard & Tonov (2012) (Fig. 18). Minor
discrepancies for LREE between our calculations and the
modelled melt from Bénard & Ionov (2012) are due to

much higher abundances of cpx (which buffers LREE) in
the experiments from which the D™ partition coeffi-
cients we used were derived (Green et al., 2000; McDade
et al., 2003) than in the veins.

Initial melt of "pe 2 veins

Because the selvage and Type 2 vein minerals have much
lower Mg#£, higher Ti and Al (Fig. 12) and higher REE
(Fig. 17) than those in'Type 1 veins, they must have crystal-
lized from much more evolved, amphibole-saturated
melts. The slightly convex upward REE patterns, negative
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HFSE anomalies and LILE enrichments in their amphi-
bole (Fig. 17¢, d and Table 3) indicate that the selvages are
crystal segregates from evolved hydrous arc-type magmas.
Pressures and temperatures estimated after Ridolfi et al.
(2010) from the composition of the amphibole in the selv-
ages yield 0-4—0-6 GPa and 925-1050°C, suggesting their
formation in the lower to mid-crust. The glass coexisting
with the amphibole in the selvages is similar in major and
trace element composition to the Avacha andesite (Fig. 18
and Tables 3 and 7), and partition coefficients between
calc-alkaline melt and amphibole determined at high pres-
sure (DMPPOlmE S Penolo et al., 2007) show that the
amphibole and glass in the selvages are in equilibrium. The
similarity between the REE patterns and Rb/Ba ratios of
the amphiboles in the selvages and in Type 2 veins, the
latter with REE abundances 3—4 times higher than the
former, lead us to conclude that the parental melt of Type 2
veins is a fractionation product of the andesitic melt that
crystallized the selvages. Crystallization of the selvages at
depth must have produced residual volatile-rich liquids that
filled fractures in the xenoliths during their ascent or storage
in crustal magma chambers to form Type 2 veins.

Melt-rock interaction processes
(‘fractionation—reactive percolation’)

In the following section, we examine the key topic of this
study—the modifications suffered by percolating melts in
sub-arc mantle rocks. To characterize these processes, we
use the inferences on the initial liquids from the previous

section and from Bénard & Ionov (2012), as well as our
new data on Type 1B veins and Type 2 veinlets, to argue
that the percolating melts show a combination of (1) differ-
entiation caused by crystal fractionation and (2) reactions
to achieve equilibrium with the host-rocks. We show that
the overall process, referred to here as ‘fractionation—react-
ive percolation’ (see Harte et al., 1993), profoundly trans-
forms the geochemical characteristics of the percolating
liquids.

Melt fractionation

Whereas similar mineralogy and mineral chemistry in
Type 1A and Type 1B thick veins indicate that these two
vein types formed from similar liquids (e.g. Bénard &
Ionov, 2012), several lines of evidence suggest that Type 1B
veins record higher degrees of fractionation of their paren-
tal melt during percolation. Spinel in thick Type 1B veins
has much lower Mg# and higher TiO, than in Type 1A
veins (Fig. 10). Thick Type 1B veins are opx-rich like Type
1A veins but contain more abundant accessory cpx and
amphibole; the latter crystallize at lower temperatures
than opx and have lower Mg## and higher Na, Ti and Al
in Type 1B than in Type 1A veins (Fig. 1la—c). The higher
amphibole abundances in Type 1B thick veins are of par-
ticular interest as they suggest increasing HoO activity as
the parental melt of the Type 1 veins evolved during perco-
lation. These results are in line with recent experiments,
which show that continuous differentiation of a melt in
channels at decreasing temperature and high pressure can
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related veins filling fractures (amph II) are the highest in Fe, Na and Al (See Table 2 for representative analyses.)

lead to mineral assemblages evolving from almost anhyd-
rous to hydrous (Pilet et al., 2010). Pronounced positive
Sr anomalies in Type 1B vein amphibole and cpx
(Fig. 14d), together with negative Ti anomalies, are consist-
ent with crystallization of Type 1B amphibole from residual
liquids produced by massive fractionation of opx, which
has negative Sr anomalies and positive Ti anomalies
(Fig. 13). Thus, if the similar trace element patterns of
opx in thick Type 1B and Type 1A veins (Fig. 13c and d)
are consistent with similar origins of their initial melts,

greater REE abundances in Type 1B cpx and amphibole
than in Type 1A indicate that the residual liquid
from which they crystallized was produced by advanced
crystal fractionation (Fig. 14a and c). These distinctive
chemical features of Type 1B thick veins are consistent
with their textural differences from Type 1A veins and are
most probably due to slower cooling and crystallization,
with a greater amount of HyO-rich residual liquid pro-
duction during melt percolation that proceeds to lower
temperatures.
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Table 4: Representative trace element abundances in orthopyroxene in host-rocks and “Iype 1 veins determined by

LA-ICP-MS, as well as typical errors (1) and minimum detection limils for these analyses

Host-rocks Type 1 veins Typical Minimum
Sample: Av18 Av18 Av20 Av20 Av19 Av19  Av20 Av20 Av20 Av20 Av19 Av18 Av18 Av9 Av9 errors d.l.
Position: core rim core rim core rim core rim core rim core  core rim core rim (10)

| | 1/1A I/1A 1/1B 1/1B 1/1B-vff I/1B-vff 1A 1A 1B 1B 1B t-1B t-1B
Ca0 121 0-66 1-20 0-60 077 056 0-63 0-60 0-17 015 018 0-92 0-35 0-50 0-560 0003  0-0007
TiO, 0-010 0008 0009 0011 0009 0008 0008 0009 0-013 0014 0009 0022 0-005 0004 0-006 0-0001 0-00003
\ 120 83 102 102 101 73 101 93 105 100 64 74 23 61 68 0-160  0-005
Co 55 68 n.d. n.d. nd. nd. n.d. n.d. n.d. nd. nd. 60 169 56 70 1-33 0-009
Ni 580 872 n.d. n.d. nd. nd. n.d. n.d. n.d. nd.  nd. 641 3101 622 982 665 0-07
Sr b.d. 0196 0904 0254 0095 0067 0288 0:056 0-007 0011 0-004 0-095 0-043 0026 0-112 0003  0-002
Y 0093 0077 0161 0318 0107 0120 008 0125 0-044 0077 0072 0193 0-079 0026 0050 0002  0-0004
Zr b.d. 0102 0294 0046 0019 0088 0011 0055 0-149 0024 0055 0220 0136 0499  0-864 0001  0-002
Nb b.d. 0-002 0010 0-008 0003 0004 0005 0-005 b.d. 0-001 0-002 0004 0-008 0004 b.d. 00004 0-0005
Ba 0-007 0148 144 312 0159 0-069 0378  0-029 0-010 0007 0-006  0-009 0-036 0040  0-137 0003  0-002
La 0-001 0005 0029 0023 0009 0006 0-003 0003 0-003 0011 0002 b.d. 0-003  0-001  0-006 0-0002 0-0002
Ce b.d. 0-010 0073 0082 0017 0014 0017 0025 0-0056 0032 0-006 0-005 0-0175 0004  0-022 0-0002 0-0001
Pr b.d. b.d. 0015 0019 0004 0006 0-003 0007 0-037 0005 0002 0-001 0-003 0001  0-003 0-0001 0-00006
Nd b.d. 0-012 0029 0106 0010 0018 0009 0014 0-004 0023 0022 0006 0-005 0005 0-023 0:0005 0-0002
Sm b.d. b.d. 0008 0038 b.d. 0008 0009 0010 0-003 0007 b.d. 0-007 0-010 0006  0-006 0-0006 0-001
Eu b.d. b.d. 00056 0009 b.d. 0002 0-003 0002 0-001 0003 0-002  0-002 0-002  b.d. b.d.  0:0001 0-0002
Gd b.d. 0-008 0014 0038 0002 0009 0002 0010 b.d. 0-008 0-008  0-007 0-012  b.d. 0-005 0-0004 0-0005
Tb b.d. 0-002 0004 0-008 0001 0002 0001 0002 b.d. 0-002 0-001 0002 0-002 0001 b.d. 0:00008 0-00009
Dy 0-006 0009 0021 0055 0007 0023 0006 0014 0-004 0014 0011 0021 0-014 0001  0-009 0-0005 0-0003
Ho 0-004 0005 0006 0014 0003 0004 0004 0006 0-001 0004 0-003  0-009 0-003  b.d. 0-003 00001  0-00005
Er 0020 0016 0027 0053 0022 0019 0021 0024 0-008 0014 0014 0026 0-011 0004 0-011 0:001  0-0002
Tm 0-006 0005 0007 0009 0006 0008 0006 0-006 0-002 0003 0-004 0-009 0-003 0002  0-003 0-0003 0-0001
Yb 0-064 0054 0071 0099 0078 0051 0074 0057 0-013 0023 0029 0076 0-021 0024 0041 0002  0-0004
Lu 0-014 0007 0015 0018 0014 0009 0015 0015 0-003 0005 0007 0012 0-007 0006 0-009 0-0004 0-00006
Hf b.d. b.d. 0003 0002 b.d. 0001 b.d 0-005 0-001  b.d. 0002 0-008 0-006 0016  0-018 0:0003 0-0005
Ta b.d. b.d. 0001 0002 0001 b.d. b.d. 0-001 b.d. 0-001 b.d. b.d. 0-003  b.d. b.d. 00001 0-0002
Pb 0-0056 0017 0121 0044 0035 0027 0055 0035 0-013 0032 0056 0011 0-009 0006 0-016 0-002  0-0007
Th b.d. 0-003 0019 0-006 0001 0002 00003 0-010 0-014 0096 0047  0-0002 0-001 0004  0-033 0-0001 0-00006
U b.d. 0-007 0022 0007 0007 0008 0005 0005 0-005 0050 0013 b.d. b.d. b.d. 0-002 00001 0-00004

All values are in ppm (except for CaO and TiO,, wt %). d.l., detection limits; b.d., below detection limit; n.d., no data;
I/1A, first generation (‘') host mineral cut by a Type 1A vein; I/1B, first generation (‘') host mineral cut by a Type 1B
vein; |/1B-vff, first generation (‘l’) host mineral cut by Type 1B veins filling fractures. All other Abbreviations are the same

as in Table 2.

Reactive melt percolation

Assimilation and re-equilibration reactions with the host-
rock phases played a significant role in the origin of Type
1B veins, unlike for Type 1A veins. Clinopyroxene in the re-
action zones of thick 1B veins has U-shaped REE patterns
with positive Zr—HTf spikes, with much lower MREE than
in cpx from the vein centres (Fig. 14a). REE patterns of
opx, cpx and amphibole from thinType 1B veins and related
Type L pockets are also U-shaped and have even lower

MREE anomalies with marked positive Zr—Hf spikes
(Figs 13e and 14a, c). This systematic chemical evolution of
mineral trace element compositions from the central parts
of the reactive 1B veins across their contacts to the vein-
related metasomatic minerals in the host peridotites is one
of the most remarkable findings in this study. We envisage
that residual Si- and volatile-rich melts formed in thick
Type 1B veins were expelled to the host-rocks through frac-
tures, cracks and possibly grain boundaries at the outer
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Fig. 13. Primitive mantle-normalized (McDonough & Sun, 1993) trace element abundances in opx from host-rocks (opx I) and veins of mantle
origin (Types 1A and 1B). (a, b, ¢, ) REE plus Y patterns of averaged analyses of opx compared with data for opx in Avacha harzburgites
from Ionov (2010) (light grey outline field) and (d, f) extended trace element patterns for mean analyses of opx. (a) Host-rock opx I. (b) Host-
rock opx I cut by veins and veins filling fractures, (c, d) opx from Type 1A veins and (e, f) opx from Type 1B thick and thin veins. Noteworthy
features are the LREE-MREE enrichment in host-rock opx I cut by veins, the strong REE zoning in opx from Type 1A veins and the Zr—Hf
spikes in opx from Type 1B thin veins. In this diagram and the following ones reporting trace element data, typical errors calculated by propa-
gating those derived from LA-ICP-MS analyses (16) on averaging are covered by the symbol size. (See Table 4 for representative analyses,
their typical errors and minimum detection limits, and SD Fig. 1 for LA-ICP-MS review of zoned opx in Type 1A veins,)

limits of the percolation front (i.e. reaction zone) to produce  respective controls on the distinctive REEN patterns of
thinType 1B veins and disseminated Type L melt pockets. Type 1B thin veins and Type L melt pockets.

In the following sub-section we discuss the evidence for The irregular margins of thick Type 1B veins enclose an-
assimilation and other re-equilibration reactions and their  hedral olivine and spinel in reaction zones (Fig. 6¢) that
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Table 5: Representative trace element abundances in clino-
pyroxene (cpx) in host-rocks and Type 1 veins determined
by LA-ICP-MS

Table 6: Representative trace element abundances in
amphibole in host-rocks and Type 1 veins determined by
LA-ICP-MS

Host-rocks Type 1 veins Host-rocks Type 1 veins
Sample: Av18 Av18 Av9 Av20  Av20 Avi8 Av18 Av9 Sample: Av18 Av18 Av9 Av20 Av20 Av20 Av18
Position: core core core core core rim core core Position: core core core core core core core
| 1B-vff L 1A 1A-rz 1B 1B-rz t-1B | 1B-vff L 1A 1A 1A-rz 1B

TiO, 0017 0-014 0019 0-019 0015 0-060 0-065 0-009  TiOy 0-169 0-104 0-050 0-154 0-133 0-164 0-208
\Y 190 164 251 145 197 263 274 153 \ 545 434 486 361 323 395 386

Co nd. 22 47 n.d. n.d. 100 13 29 Co 43 51 67 46 43 n.d. 44

Ni n.d. 548 998 n.d. n.d. 2335 2728 520 Ni 1299 1631 1624 568 598 n.d. 1760

Sr 1" 707 34 374 4-99 27 25 20 Sr 79 114 61 20 17 22 116

Y 0671 0-393 0546 0-809 0826 194 162 0378 Y 307 266 0-86 272 260 383 492
Zr 0419  0-159 597 0607 0-245 3-880 692 474 Zr 7-09 851 16 1-09 096 1-31 16

Nb 0004 b.d. 0063 b.d. 0013 0-016 0-050  0-002 Nb 0-274 0-393 0-335 0-242 0-225 0-330 0-459
Ba 122 b.d. 1" 0073 4-36 393 6-40 0-014 Ba 20 38 52 65 48 118 35

La 0096  0-042 0612 0-025 0-093 0-234 0321 0416 La 0-494 0-779 125 0-586 0-502 0-899 0-895
Ce 0238  0-099 158 0-308 0-308 0-823 1-05 113 Ce 1-88 249 316 196 174 3-09 320
Pr 0037 0-0144 0189 0-026 0-031 0-138 0-153  0-151 Pr 0-358 0-396 0-381 0-290 0-264 0-478 0-553
Nd 0-163  0-071 0572 0141 0118 0751 0718  0-456 Nd 1-87 173 118 1-31 117 2:03 281
Sm 0-063  0-038 0-076 0-062 0-026 0-280 0159  0-048 Sm 0-524 0-361 0-149 0-323 0-315 0-588 0-792
Eu 0019  0-008 0030 0-024 0022 0-097 0-062 0-017 Eu 0-229 0-131 0-050 0-192 0-155 0-267 0-296
Gd 0033 0-017 0040 0-077 0-044 0-272 0195  0-025 Gd 0-510 0-282 0-068 0-290 0-260 0-563 0-805
Tb 0-011  0-005 0-007 0-023 0-011 0-043 0-027 0005 Tb 0-071 0-053 0-0119 0-054 0-058 0-109 0-131
Dy 0-081 0-054 0059 0-140 0111 0-332 0-244  0-040 Dy 0-504 0-401 0-087 0-457 0-422 0-831 0-898
Ho 0020 0-017 0022 0-037 0:029 0-075 0-061 0-012 Ho 0-116 0-089 0-029 0-104 0-095 0-182 0-196
Er 0105  0-062 0-105 0-103 0-098 0-222 0-227  0-068 Er 0-410 0-322 0-146 0-313 0-304 0-532 0-580
Tm 0023 0-013 0026 0-034 0024 0-040 0039 0016 Tm 0-068 0-053 0-033 0-058 0-052 0-086 0-092
Yb 0178 0-142 0248 0182 0-193 0279 0286 0-128 Yb 0523 0-457 0-314 0-495 0-426 0-684 0-667
Lu 0-037  0-020 0052 0-041 0032 0-054 0-052  0-031 Lu 0-076 0-091 0-063 0-076 0-063 0-098 0-102
Hf 0-005  0-005 0155 0-034 0:017 0-137 0220 0-148 Hf 0-246 0-241 0-413 0-052 0-050 0-084 0-611
Ta b.d. b.d. 0-003 0009 0-002 b.d. b.d. b.d. Ta 0-020 0-016 0-030 0-007 0-006 0-012 0-027
Pb 0-109  0-109 0-164 0139 0135 0-128 0-089 0-114 Pb 0-153 0-192 0-284 0-128 0-127 0-330 0-195
Th 0009 0-003 0015 0-029 0038 0-016 0028 0-007 Th 0-014 0-011 0-057 0-050 0-075 0-087 0-015
U 0-008  0-004 b.d. 0-180  0-030 0-006 0-039 b.d. u 0-002 0-005 0-006 0-035 0-037 0-091 0-014

All values are in ppm (except for TiO,, wt %). b.d., below de-
tection limit; n.d., no data; 1B-rz, mineral in Type 1B vein reac-
tion zone. All other Abbreviations are the same as in Table 2.

are host-rock relics partly assimilated by the melt during
percolation. The assimilation rate by a dissolution—precipi-
tation reaction depends on under-saturation of the melt in
host-rock components (e.g. olivine in the case of the
Avacha peridotite), as well as on the temperature of the
melt and its host-rocks, and may be assisted by the build-
up of volatile components in the residual melts (Bédard,
1989; Vasseur et al., 1991; Van Den Bleeken et al., 2010).
Liquidus phase relationships up to 3 GPa (e.g. Milholland
& Presnall, 1998) show that Cr-spinel and olivine are out
of equilibrium with SiOs-rich melts, similar to the initial

All values are in ppm (except for TiO,, wt %). n.d., no
data. All abbreviations are the same as in Table 2.

melt inferred for Type 1A and thick Type 1B veins (see
above). In this context, higher Cr in opx and amphibole
in Type 1B veins than in Type 1A veins (Figs 9b, 10a and
llc) may be linked to reaction with host Cr-spinel
(Fig. 6¢). The large Mg## variation range in the Type 1B
vein minerals (Figs 8a, 9a, 1la, d and SD Fig. 4) can be
due to a greater degree of fractionation of the percolating
melt and/or to different degrees of reaction with the host
(e.g. olivine and Cr-spinel assimilation).

Olivine and spinel assimilation may have a diluting
effect for elements such as the MREE-HREE in the
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Fig. 14. Primitive mantle-normalized (McDonough & Sun, 1993) trace element abundances in cpx and amphibole from host-rocks and veins of
mantle origin (Types 1A and 1B). (a) REE plus Y patterns and (b) extended patterns of mean analyses of cpx. (¢) REE plus Yand (d) extended
patterns of mean analyses of amphibole. REE and Sr abundances are higher in amphibole from Type 1B thick veins than those in Type 1A
veins. It should be noted that the REE patterns inTypes 1A and 1B thick vein minerals are nearly flat, whereas those inType 1B thin veins and
Type L pockets (cpx IT and amph II) have U-shaped REE patterns with positive Zr—Hf spikes. (See Tables 5 and 6 for representative analyses.)

reacted silicic melt, but the observed large magnitude of
the MREE depletion in the reaction end-products (thin
Type 1B veins and Type L pockets, Fig. 14a and ¢) would
require unreasonably high proportions of assimilated ma-
terial. Furthermore, host olivine and spinel assimilation
may not produce positive Zr—Hf spikes in the reacted
melt, as these two elements, similar to the MREE, are
very low (below LA-ICP-MS detection limits) in olivine
and spinel from the Avacha harzburgites (Ionov, 2010).
Therefore, a combination of assimilation and continuous
re-equilibration of the melt with the host minerals is a
more likely explanation for the observed variations of
lithophile trace elements abundances.

We propose that the Si- and volatile-rich residual melts
expelled from thick Type 1B veins first exchanged by diffu-
sion with the olivine-opx peridotite matrix (‘diffusive
flux’} McPherson et al., 1996) and, second, brought about
partial fluid-assisted dissolution of host olivine, opx I and

spinel I (and possibly cpx I, Fig. 4a), followed by precipita-
tion of opx and amphibole to form the veins according to
reaction (1) or (2):

olivine 4+ (Mg, Si, HyO)-rich melt I = opx +melt IT (1)

olivine 4 spinel I +opx I & cpx I + (Mg, Si, HQO)

2
-rich melt I = opx + amphibole + melt II. )

The relative role of reactions (1) and (2) depends on the
mineral assemblage in the host. Reaction (1) has been re-
ported for various mantle xenoliths suites (e.g. Kelemen
et al., 1998), whereas reaction (2) is similar to that observed
in melt—peridotite interaction experiments (e.g. Sen &
Dunn, 1994). If the MREE-HREE depletion can be ex-
plained by host-buffering, the high LREE abundances
that are maintained in the reaction zones (Fig. 14a)
must result from the continuing ingress of the residual
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fractures) deriving from veins of mantle origin (Type 1B). (a) Photomicrograph in transmitted light of a 120 pm thick polished section of an
Avacha harzburgite xenolith (sample AvI8) cut by a vein of mantle origin (Type 1B) and a related filled fracture. PM-normalized
(McDonough & Sun, 1995) (b) REE plus Yand (c) extended trace element patterns of mean analyses of cpx II in metasomatic Type F pockets
along Type 1B veins filling a fracture in sample Avl8. (d) REE plus Yand (e) extended patterns of mean analyses of amph II in metasomatic
Type F pockets along Type 1B veins filling a fracture in sample Avl8. (f-h) Trace element ratio covariation plots for amphibole from the Type
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somatic pockets from the Type 1B vein towards the host-rock should be noted. (See Tables 5 and 6 for representative analyses.)
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Table 7: Representative trace element abundances in selvages and Iype 2 vein minerals and glass deter-

muned by LA-ICP-MS

Sample:  Av18 Av19 Av18 AV19 Av18 AV19

Av27 Av27 Av27 Av27 Av27 Av27

Phase: cpx cpx amph amph glass glass opx opx amph amph amph amph
Position:  core core core core n.d. n.d. core rim core core core core
selv selv selv selv selv selv 2 2 2 2 2 2’

Ca0 n.d. n.d. n.d. n.d. n.d. n.d. 0-52 072 n.d. n.d. n.d. n.d.
TiO, 0-423 0-010 1-49 212 n.d. n.d. 0-566 102 0-933 0-505 0-233 0-541
\Y 263 336 536 683 160 149 488 405 119 128 80 98

Co n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 53 n.d. n.d. n.d.
Ni n.d. n.d. n.d. n.d. 29 12 n.d. n.d. 1813 n.d. n.d. n.d.
Sr 19 19 113 169 455 448 12 41 75 255 115 124

Y 7-84 1 1" 17 12 12 1" 38 70 14 9 12

Zr 4-83 10 7-66 9-36 83 77 36 74 38 121 163 m

Nb 0-008 b.d. 0-103 0-152 125 1-08 0-200 0-447 0-749 301 2:09 161
Ba 0-02 0026 26 39 288 280 18 23 1" 92 33 48

La 0-181 0-266 0-051 0-254 6-54 6-24 0618 164 1-69 6-44 666 4-45
Ce 0-87 152 122 154 15 15 421 6-18 1" 16 24 17

Pr 0-261 0-381 0-373 0-433 1-98 197 0-469 1-38 2:84 213 325 2:96
Nd 181 2:82 2:39 331 925 834 241 9-26 21 9-04 1" 14

Sm 0-925 1-49 124 1-81 2:09 276 0-654 324 885 214 192 291
Eu 0-358 0-444 0-504 0-725 0-687 0-540 0-369 120 269 0-739 0-736 0-902
Gd 1-36 210 1-96 2:93 197 1-41 0-808 401 1 1-84 1-61 21
Tb 0-250 0-369 0-326 0-516 0-328 0-270 0-194 0-814 178 0-317 0-222 0-316
Dy 174 250 2:37 348 2:31 269 1-45 6-03 13 225 147 184
Ho 0-345 0-478 0-480 0-769 0-433 0-394 0-353 1-40 265 0-454 0-339 0-360
Er 0-929 129 129 1-90 133 1-83 1-35 4-82 802 162 0-962 1-05
Tm 0-118 0-197 0-166 0-279 0-179 0-172 0-310 0-911 120 0-306 0-164 0-156
Yb 0-739 1-03 101 1-48 1-38 123 320 7562 848 2-:00 127 117
Lu 0-101 0-149 0-132 0-196 0-124 0-295 0-628 128 120 0-369 0-272 0-189
Hf 0-329 0-681 0-460 05617 194 173 126 364 21 295 362 343
Ta 0-007 0-002 0-007 0-015 0-181 0-110 0-028 0-064 0-056 0-241 0-156 0-121
Pb 0-057 0-091 0-202 0-287 n.d. n.d. 1-46 0-829 0-270 0-962 0-576 0-670
Th 0-059 0-004 0-007 0-051 0-937 1-01 0-235 0-453 0-014 0-542 0-202 0-127
U 0-016 0-001 0-015 0-053 0-470 0-360 0-162 0-427 b.d. 0-238 0-050 0-104

All values are in ppm (except for CaO and TiO,, wt %). b.d., below detection limit; n.d., no data. All

abbreviations are the same as in Table 3.

volatile-rich melt at the percolation front (‘advective chem-
ical flux’} McPherson et al., 1996).

A similar record of melt—rock interaction processes in Type 2
veinlets

Comparison of data for Type 1 and Type 2 veins suggests
that melts with significantly different initial trace element
signatures can follow very similar fractionation trends,
probably controlled by the same reaction processes with
the host peridotites. The petrographic evidence for a link
between the rapidly crystallized Type 2 veins and reactive

Type 2 veinlets strongly supports our melt-rock interaction
model (Fig. 17b and SD Fig. 3).

We argue, based on textural (Fig. 7c¢) and chemical evi-
dence, that Type 2 veinlets formed through reaction of an
andesitic magma originating from the host selvages with
olivine, opx I and spinel I (and possibly cpx I) in the harz-
burgites to produce amphibole and opx according to reac-
tion (3) or (4):

olivine + (Ca, Si, HyO)-rich melt I = opx

. (&)
+ amphibole 4+ melt II
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Fig. 16. Primitive mantle-normalized (McDonough & Sun, 1995) (a) REE plus Y patterns and (b) extended trace element patterns for mean
analyses of opx in veins related to host selvages (Type 2). REE are nearly 10 times enriched in the core of opx inType 2 veins than in typical
opx I and in the core of opx in'lype 1A veins. Mirroring those in'Type 1A veins, opx in'lype 2 veins show a strong LREE-MREE zoning but
much less for HREE and Zr—Hf. (See Table 7 for representative analyses and SD Fig. 1 for LA-ICP-MS signal review of zoned opx in Type 2

veins.)

olivine + spinel I + opx [ £ cpx I + (Ca, Si, HyO) @)
—richmelt I = opx+ amphibole 4+ melt IT.

Amphiboles in Type 2 veinlets have slightly U-shaped
REE patterns, with LREE and HFSE abundances similar
to or a little higher than for amphiboles in Type 2 veins
(Fig. 17d). We conclude that a process similar to that pro-
posed for Type 1B veins; that is, a combination of fraction-
ation and diffusive re-equilibration with (and partial
assimilation of) the host-rock, took place during the forma-
tion of Type 2 veinlets. The broad MREE-HREE vari-
ation range in adjacent (sub-millimetre scale) amphibole
grains inType 2 veinlets (Fig. 17f) suggests that the inferred
melt-rock interaction depends on the local availability of
reacted volatile-rich melt and on the local permeabilty of
the host-rock. This agrees well with our hypothesis of a
diffusive flux process triggered by the ingress of a volatile-
rich melt and leading finally to partial dissolution and
assimilation of minerals from the host.

In summary, thin Type 1B veins, Type L pockets and
Type 2 veinlets appear to be the end-products of a multi-
stage melt-host interaction process characterized by (1)
strong fractionation of the initial melt, (2) re-equilibration
of the melt with the host and its fluid-assisted assimilation
at percolation fronts, (3) injection of residual, HoO- and
Si-rich liquids into the host and (4) continuous re-equili-
bration of the ejected liquids with the host-rocks (and
their partial assimilation) as they percolate and crystallize
as thin Type 1B veins or Type 2 veinlets. This process also
contributes to the formation of amph II and cpx II dissemi-
nated in Type L pockets in the host peridotites. Impor-
tantly, the fractionation—reactive percolation of liquids
with distinct initial compositions ultimately produces simi-
lar inter-element fractionations.

Numerical modelling of REE and r—Hf behaviour during
reactive melt percolation in harzburgites

To test if the processes we describe in the previous section
can produce the trace element signatures observed in the
crystallization products of reacted melts (thin Type 1B
veins, Type L pockets and Type 2 veinlets), we performed
numerical simulation of REE and Zr—Hf distribution
during reactive percolation of HyO- and Si-rich liquids in-
jected into the Avacha harzburgites, inferred above for
Type 1 and Type 2 veins. For this purpose, we used the
‘plate model’ trace element numerical simulation de-
veloped by Vernieres et al. (1997) to reproduce matrix—melt
reactions through mineral dissolution and/or precipitation
and diffusive re-equilibration with adjustable modal
composition.

The principles of the plate model are illustrated in
Fig. 19a. We used reactants and products from reactions
()=4) in the models to account for dissolution—precipita-
tion of minerals. The plate model assumes instantanecous
melt equilibration as it moves from one matrix cell to an-
other. The formation of vein minerals is accounted for in
the plate model to simulate the continuous fractionation
of the percolating melt. We model a decrease of melt/rock
ratios from high values near the melt source (from the
vein centre to the reaction front, Fig. 19a) to zero far from
the melt source in the host peridotite. Because of this, the
modal proportions in the model evolve from that of the
vein in the first matrix cells (0-20) to that of the initial
peridotite host in the last cells (up to 45).

We used an initial peridotite composition (matrix) that
is close in mineral proportions and trace element abun-
dances to sample Avll from Ionov (2010), representative of
the refractory and depleted nature of the mantle litho-
sphere beneath Avacha. We used the trace element
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Fig. 17. Trace clement abundances in amphibole from selvages and related veins and veinlets (Type 2). Photomicrographs in transmitted light of
thick polished section (120 pm) of (a) an Avacha harzburgite xenolith (sample Av18) coated by a millimetre-thick amphibole selvage and (b)
an Avacha harzburgite xenolith (sample Av27) cut by Type 2 veins and related veinlets of selvage origin. PM-normalized (McDonough &
Sun, 1995) (c) REE plus Y patterns and (d) extended patterns for mean amphibole in selvages and related Type 2 veins and veinlets. (e-g)
Trace element ratio covariation plots for amphibole in selvages and related Type 2 veins and veinlets. The U-shaped REE patterns with positive
Zxr—Hf spikes in'Iype 2 veinlets should be noted. (See Table 7 for representative analyses.)

abundances in the parental melt produced at 1300°C after
Bénard & Ionov (2012) and in the selvage glass, respect-
ively, for Type 1 and Type 2 initial melts (Fig. 18). Constant
assimilation rates for host-rock olivine were generally

assumed; assimilation of spinel I and cpx I was neglected
in most calculations because of their low (<1%) modal
abundances in Avacha harzburgites (Ionov, 2010). Model-
ling parameters and initial melts and matrix compositions
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Fig. 18. Primitive mantle-normalized (McDonough & Sun, 1995) extended trace element patterns of theoretical equilibrium liquids calculated
from the trace element compositions of cores of opx inType 1A veins. Partition coefficients used for opx—melt equilibrium are from McDade
et al. (2003) and run 1802 of Green et al. (2000). Calculated liquids are compared with the modelled parental melts formed at 1200°C and
1100°C for Type 1A and thick Type 1B veins from Bénard & Ionov (2012). It should be noted that there is good agreement for HREE-MREE
between the modelled parental melt formed at 1200°C from Bénard & ITonov (2012) and our calculations, whereas LREE are not consistent
between the two (see text for details). Also shown in this diagram are liquids of interest for the Type 2 vein system, which include representative
trace element patterns of Phanerozoic adakites (Condie, 2005), Avacha basaltic andesite (Ishimaru et al., 2007) and the glass in the amphibole

selvages in this study. (See Table 7 for representative analyses.)

are given in Table 8. All modelling results are provided in
SD Table 2 (Type 1 vein models) and SD Table 3 (Type 2
vein models). They show, in particular, that adjusting the
assimilation rate has negligible effects on the modelled
trace element patterns of the reaction end-products.

We cannot directly incorporate any major element or
thermodynamic data in the plate model and reaction (2)
cannot account for the variable olivine and cpx amounts
observed in Type 1 veins or at their reactions fronts
(Fig. 6b—d). Instead, our observations and the thermo-
dynamic modelling of Bénard & Tonov (2012) suggest that
only the Type I liquid line of descent [i.e. the degree of
evolution of the reacting melt I in reactions (1) and (2)]
controls olivine and cpx saturation in the vein. Therefore,
we tested different assimilation rates and proportions of
vein-forming minerals [reaction products in reactions (1)
and (2)] to simulate separately the effects of different

degrees of evolution of the percolating melts at the time of
their intrusion.

The results for typical models for Type 1 vein initial melt
are presented in Fig. 19b—g. Three vein-forming mineral as-
semblages are modelled (from olivine- to cpx-bearing), re-
spectively in TFig. 19b—c, d—e and f-g, to compare three
melt evolution stages consistent with our observations and
the thermodynamic model of Bénard & Ionov (2012). The
plate modelling for Type 1 vein initial melt produces
strongly LREE-enriched, U-shaped REE patterns in the
vein to the reaction front (cells 1-20) if opx and olivine
precipitate (Fig. 19b and c). Decreasing olivine and
increasing cpx fractions in the veins lead to lower MREE
abundances in the reacted melts with the appearance of
marked positive Zr—Hf anomalies (Fig. 19d—g). Another
distinctive feature of the reacted melts is positive Eu
anomalies (Figs 14a, ¢ and 17¢), which are well reproduced
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Fig. 19. A schematic illustration and primitive mantle-normalized (McDonough & Sun, 1995) REE plus Zr—Hf patterns of the numerical plate
model results of melt percolation, leading to the formation of Type 1B veins in Avacha harzburgites. The trace element composition of the initial

(continued)
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by the plate modelling for each set of conditions in
Fig. 19b—f. The plate modelling best matches the trace
element features of the thin Type IB veins if 90% opx and
10% cpx crystallize (Fig. 19f and e). Adding minor amphi-
bole to the vein assemblage [1% according to the model
in Bénard & Ionov (2012)] does not significantly change
the trace element patterns (SD Table 2). These modelling
results are consistent with the relatively high cpx abun-
dances in the thick Type 1B vein reaction zones (Fig. 6¢
and d) and with the complementary roles of melt fraction-
ation and re-equilibration with the matrix in producing
U-shaped REE patterns with positive Zr—Hf spikes. The
generally smaller Zr—Hf spikes in the model results, com-
pared with those inferred from thin Type 1B veins and
Type L pockets (Fig. 19b—f), may result from a kinetic pro-
cess during rapid melt percolation, leading to incomplete
re-equilibration with the matrix by diffusive flux for Zr—
Hf in the parental melt of the thin Type 1B veins. This is
consistent with recent experimental data at 1300°C, which
suggest lower diffusivities for Zr-Hf than for MREE in
olivine (Spandler & O’Neill, 2010).

The results of the plate modelling for Type 2 veins are
presented in Fig. 20a. The main modelling parameters are
identical to those for Type 1 veins but with constant propor-
tions of crystallized opx and amphibole [products in reac-
tion (3)] to form the veins. The plate modelling correctly
reproduces the slightly U-shaped REE patterns with
slight positive Eu anomalies and marked positive Zr—Hf
spikes observed inType 2 veinlets (Fig. 20a).

The modelling procedure and results above differ sig-
nificantly from those of previous applications of the plate
model. First, our modelling is an attempt to simulate the
evolution of both depleted (Type 1) and enriched (Type 2)
trace element patterns of arc melts during their reactive
percolation through harzburgite, whereas most previous
studies have addressed the metasomatic overprint of intra-
plate basalts on lherzolite or harzburgite bulk-rock and
mineral chemistry (e.g. Bodinier et al., 1990; Ionov et al.,
2002). Second, we used specific modelling parameters to
account for the size (e.g. trace element variations in reac-
tions zones of less than 1mm in Fig. 6¢) and the location
(e.g. vein-forming minerals) of our observations, whereas
most earlier works used large cell numbers with generally
much lower melt/rock ratios and porosity to simulate

porous flow producing disseminated modal or cryptic
metasomatism in lithospheric columns (e.g. Bedini et al.,
1997; Tonov et al., 2002). Third, there is no clear relation-
ship between melt/rock ratios, matrix porosity and the ef-
fects of the fractionation—reactive percolation process,
because these are observed in both relatively thick veinlets
(Type 2 veinlets, Fig. 7c) and disseminated minerals
(Type L pockets, Fig. 4d). Furthermore, these relationships
may be masked by the contrasting degrees of disequilib-
rium between the melts and the host harzburgite, inferred
respectively from the Type 1 and Type 2 veins in our sam-
ples. This is another reason why our modelling should be
viewed only as a test for the effects of local fractionation
and reaction with the host harzburgite on melt trace elem-
ent patterns.

To sum up, the plate modelling results strongly support
the fractionation and reaction processes we inferred from
petrographic and geochemical data for Avacha Type 1 and
Type 2 veins.

Vein-related metasomatism and its impact

on the host harzburgites

Processes of vein-related metasomatism

We find that if veins cut pre-existing fractures in the host
peridotites, these fractures may be filled with metasomatic
minerals related to Type 1A or Type 1B veins (cpx 1I and
amph II), usually located in opx-rich metasomatic pockets
(Type F, Fig. 15a). In the following sub-section we examine
the processes of trace element fractionation occurring
during pervasive vein-related metasomatism. We use the
range of processes listed below to model the reactive perco-
lation mechanism in fractures and at grain boundaries.

(1) The metasomatic agent intruding the host-rock frac-
tures was probably a volatile-rich fluid or melt. The role of
volatiles is shown by abundant fluid-inclusions along the
veins filling fractures (SD Fig. 2), the presence of amph II
inType T pockets (Fig. 15a and SD Fig. 2) and lower Ti in
spinel II and amph II inType F pockets related to Type 1
veins than in the veins themselves (Figs 10b and 11b).
Furthermore, the abundances of fluid-mobile elements
(LILE and Sr) are constantly high in minerals from Type
T pockets (e.g. increasing [U/Th]y in amph II with perco-
lation distance in Fig. 15d and e). This may indicate the

Fig. 19 Continued

melt used is the modelled parental melt formed at 1300°C in the study by Bénard & Tonov (2012), and the initial peridotitic matrix mineral pro-
portions and trace element composition correspond to those of the harzburgitic sample Avll from Ionov (2010). (a) Within each model cell,
the melt is (1) assimilating host olivine at constant rates (5% in this figure), (2) continually evolves owing to vein-forming mineral fractionation
(opx£ol+cpx) and (3) continually re-equilibrates with the overall peridotitic mineral assemblage (olivine + opx + sp 4 cpx +amph). The
melt volume and melt/rock ratio are decreasing from the melt source (i.e. inside the vein and at the reaction front) to the host peridotite. The
relative proportions of minerals produced during vein-forming reactions are kept constant within each modelling run [respectively illustrated
in (b)—(c), (d)—(e) and (f)—(g)]. The overall modelling set aims to reproduce the melt reactive percolation processes at the scale of a single xeno-
lith and uses reactions (1) and (2) in the text for Type 1B veins. Framed numbers in diagrams indicate those for model cells. (See Table 8 for a
fully referenced list of partition coefficients and the initial melt used in the modelling, SD Table 2 for all modelling results, and text for further

details,)
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Table 8: Mineral—melt and mineral—flurd partition coefficients and initial peridotite and melt compositions ( ppm ) used in

the modelling

Partition coefficients (D™nera/melt g « pmineral/fiuid)

Peridotite matrix Percolating melts

olivine opx cpx spinel amphibole Av11 (lonov, 2010) Type 1 Type 2
Sr 0-000064* 0-000064* 1-43* - 1.70* 0-160 22 —
Zr 0-004 0-005 0-13 0-005 0-156 0-098 2:33 77
Nb 0-25% 0-25% 0-172% — 1-1* 0-010 0-016 —
Ba 0-00002* 0-00002* 0-143* — 0-51* 0-26 0-693 —
La 0-0001 0-0002 0-054 (1-43*%) 0-0004 0-086 (1-43*%) 0-004 0-059 623
Ce 0-0002 0-0004 0-086 (2*) 0-0005 0-138 (2%) 0-010 0-198 14
Pr 0-0003 0-0006 0-139 (2%) 0-00065 0-222 (2%) 0-002 0-043 1-87
Nd 0-0004 0-001 0-187 (6-67%) 0-00058 0-299 (6-67%) 0-007 0-178 843
Sm 0-00044 0-003 0-291 (6-67*) 0-00048 0-466 (6-67*) 0-003 0-059 2:03
Eu 0-00056 0-004 0-35 0-00045 0-56 0-0007 0-024 0-669
Gd 0-00076 0-0128 04 0-00042 0-64 0-003 0-063 1-98
Tb 0-00104 0-0186 0-429 (13%) 0-00041 0-686 (13*) 0-0006 0-010 0-325
Dy 0-0014 0-0261 0-442 0-0004 0-707 0-005 0-088 2:18
Ho 0-00184 0-0356 0-439 0-00041 0-702 0-001 0-022 0-452
Er 0-00236 0-0474 0-436 0-00042 0-698 0-006 0-068 1-36
Tm 0-00296 0-0617 0433 0-00045 0-693 0-001 0-018 0-183
Yb 0-00364 0-0787 0-43 (7-14%) 0-00048 0-688 (7-14%) 0-014 0-128 1-39
Lu 0-0044 0-0986 0-427 (7-14%) 0-00053 0-683 (7-14%) 0-003 0-029 0-203
Hf 0-006 0-01 0-2 (1-43%) 0-01 0-24 (1-43%) 0-002 0-039 1-86
Pb 0-0012* 0-0012* 0-286* — 0-081* 0-019 0-400 —
Th 0-0072* 0-0072* 1-3* — 0-93* 0-0004 0-001 —
U 0-0077* 0-0077* 0-081* — 0-35* 0-0005 0-0004 —

opx, orthopyroxene; cpx, clinopyroxene. DMneral/melt

values used in the modelling are those compiled by lonov et al.

(2002) which include: (1) D™ from Hart & Dunn (1993), Hauri et al. (1994), Johnson (1998) and Lundstrom
et al. (1998); (2) D°P/°Px, popx/el - pepx/se from Bedini et al. (1997) and Verniéres et al. (1997); (3) D*™PM/™me't from
lonov et al. (2002). Sr, Nb, Ba, Pb, Th and U abundances were solely modelled for fluid-harzburgite reactions
(Fig. 21). pe™Vne/fluid (axtrapolated to opx) and DmPhiele/fluid 5r0 from Brenan et al. (1995); DU are from Stalder
et al. (1998) for Sr, Nb, Ba and Pb, and from Brenan et al. (1995) for Th and U. D™ (extrapolated to amphibole) for
La, Ce (extrapolated to Pr), Sm (extrapolated to Nd), Tb, Yb (extrapolated to Lu) and Hf are from Stalder et a/. (1998).
The initial peridotite matrix composition corresponds to that of sample Av11 studied by lonov (2010). The Type 1
percolating melt composition is the 1300°C modelled parental melt of Bénard & lonov (2012) (see also text and
Figs 18 and 19). The Type 2 percolating melt composition corresponds to that of the averaged glass in selvages (see

also text, Table 7 and Figs 18 and 20).

involvement of a fluid-rich component separated according
to DM (Keppler, 1996).

(2) The metasomatic cpx II and amph II may overgrow
opx I or spinel I in the Type I pockets and coexist with
opx IT and possibly with olivine neoblasts (Figs 4c¢, 8a, 15a
and SD Fig. 2), which suggests that they form from either
of the simplified reactions (5) and (6):

olivine 4+ opx I + cpx I + spinel I + volatile-rich

5
melt = opx II 4+ amph II &£ cpx II )

opx I 4 cpx I 4 spinel I 4 fluid = amph 11

- (6)
+ olivine =% cpx II.

These reactions resemble those observed in mantle meta-
somatism experiments and inferred for mantle xenoliths
or exhumed mantle sections (Sen & Dunn, 1994, and refer-
ences therein).

(3) Both cpx II and amph II inType F pockets are pro-
gressively depleted in MREE with increasing distance
from their vein source (Fig. 15b—e). We attribute this chem-
ical behaviour to the progressive re-equilibration of the
vein-derived volatile-rich agent with a MREE-depleted
peridotite with increasing percolation distance. This is
likely to be due to diffusional exchange between the meta-
somatic agent and wall-rock minerals during percolation
in fractures and at grain boundaries (e.g. Bodinier et al.,
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Fig. 20. (a) Primitive mantle-normalized (McDonough & Sun, 1995)
REE plus Zr-Hf patterns of the numerical plate model results of
melt percolation, leading to the formation of Type 2 veinlets in the
Avacha harzburgites. The trace element composition of the initial
melt used is that of the analyzed glass in the selvages (line with grey
circles; others are the same as in Fig. 19), and the initial peridotitic
matrix mineral proportions and trace element composition corres-
pond to those of the harzburgitic sample Avll from Ionov (2010). The
modelling procedure is similar to that used to model Type 1 veins
(see Fig. 19), but uses reactions (3) and (4) in the text for Type 2 vein-
lets. Framed numbers in diagrams indicate those for model cells. (b)
Primitive mantle-normalized (McDonough & Sun, 1995) extended
patterns for amphibole in Type 2 veinlets (grey field) compared with
amphibole reported by Ishimaru et al. (2007) in their ‘opx II-1° veins
(bold black line) and disseminated amphiboles reported by Ishimaru
& Arai (2008) in their “Iype I’ (dashed black lines) and “Iype C’
(fine black lines) Avacha peridotites. (See Table 8 for a fully refer-
enced list of partition coefficients and the initial melt used in the mod-
elling, SD Table 3 for all modelling results, and text for further
details,)

1990; Ionov et al., 2002). In particular, Zr and Hf are pro-
gressively depleted relative to MREE in cpx II with
increasing percolation distance (Fig. 15¢ and e). Even if
the solubility of HFSE in the metasomatic agents is low
(e.g. Keppler, 1996), some experimental data suggest no
fractionation of HFSE relative to MREE during fluid—
melt separation at shallow mantle depths (e.g. Ayers &

Eggler, 1995). The marked negative Zr—Hf anomalies in
cpx II may then result (together with the MREE deple-
tion) from complete equilibration of cpx II with opx in re-
actions (5) and (6), in line with experimental DPYP* (c.g.
Green et al., 2000). This implies that the budget in moder-
ately incompatible elements (HREE-MREE-Zr-Hf) of
metasomatizing fluids can be buffered by the harzburgite
mineralogy at very short distances (Fig. 15a).

The continuum of processes above results in the pro-
duction of a wide range of trace element patterns in
disseminated metasomatic minerals, at a small distance
(typically of the order of the size of a single xenolith)
from their original fluid.

Impact of vein-related metasomatism on host harzburgites
'To explore how the metasomatic processes examined above
may affect the chemical and modal compositions of the
Avacha mantle xenoliths, we compare our results with
published bulk-rock data on the Avacha harzburgites from
Tonov (2010).

The opx I cut by Type 1A or 1B veins show variable
LREE enrichments compared with the opx I that are not
cut by the veins (Fig. 13a and b). Coarse opx I cut by Type
1B veins filling fractures shows recrystallization at rims,
whereas fine-grained opx II forms on coarse olivine
(Fig. 4c and SD Fig. 2). REE contents of these opx rims
are similar to those in the opx with the highest REE re-
ported by Ionov (2010) (Fig. 13b). It is possible that enrich-
ments in trace elements in some Avacha mantle xenoliths
could be traced to vein sources located beyond the xeno-
liths reported by Tonov (2010). On the other hand, Si and
opx enrichment of some Avacha peridotites (Ionov, 2010)
cannot be attributed to the processes inferred in this study
because they form not only opx, but also minerals with
lower SiOy contents such as olivine, amphibole and cpx
[e.g. reaction (6), Fig. 4c and SD Fig. 2].

Possible links between accessory amphibole and cpx re-
ported by Tonov (2010) and those inType F pockets related
to Type 1 veins in our study are suggested by the similari-
ties of their major element compositions (Fig. 11 and SD
Fig. 4). Amphibole II and cpx II formed in reactions (5)
and (6) are likely to be the major hosts in the Avacha harz-
burgites for highly incompatible elements (Rb, Ba, U, Sr
and LREE), whose percolation front advances faster
(chromatographic fractionation) than for HFSE and
MREE (Fig. 15d and e; Bedini et al., 1997; Tonov et al.,
2002). Ionov (2010) reported positive anomalies of the
fluid-mobile elements Rb, Ba, U and Sr and flat
MREEN-LREEyN patterns in some bulk-rock xenoliths,
and found a robust positive correlation between modal
amphibole and LREE and Sr abundances in bulk-rocks.
We speculate that amphibole and cpx in the Avacha
mantle xenoliths reported by Ionov (2010) may have preci-
pitated from evolved melts and fluids at the percolation
front of the initial liquids supplied by the Type 1 veins.
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We performed reactive porous flow modelling with the
plate model (i.e. instantaneous fluid/mineral equilibration
at low porosity and fluid/rock ratio) to test if the formation
of disseminated amph II and cpx II deriving from Type 1
veins alone could produce the range of trace element con-
centrations observed in the bulk-rock xenoliths reported
by Ionov (2010). In addition to REE and Zr—Hf, we have
included Ba, Th, U, Nb, Pb and Sr in this model by using
a specific set of D™ /M yalues compiled from Brenan
et al. (1995) and Stalder et al. (1998), together with the
same initial liquid for Type 1 veins and cpx- and amphi-
bole-poor Avll initial matrix as in previous models
(Fig. 19 and Table 8). The model uses constant assimilation
rates and produces the supplementary amount of cpx and
amphibole [reactants and products are from reactions (9)
and (6)] in the initial matrix to ultimately match the
modal composition of the Avacha xenoliths with the high-
est amount of amphibole (Avl3) and cpx (Avl5) (Ionov,
2010). Modelling results are shown and compared with the
published data in Fig. 21.

The results show enrichments of REE and Sr and nega-
tive Hf anomalies in the percolated matrix close to the
melt source (cell I in Fig. 21a). With increasing percolation
distance, the modelled metasomatized harzburgites
become progressively depleted in HREE, then MREE
and LREE, and show Sr and Pb positive spikes and
increasing Ba abundances and [U/Th]yx (cells 2-10 in
Fig. 21a). These results are in good agreement with the ef-
fects of vein-related pervasive metasomatism documented
in this study for Type 1 veins (Fig. 15) and elsewhere (e.g.
Bodinier et al., 1990; Tonov et al., 2002); that is, fluid buffer-
ing for MREE-HREE through diffusional exchange at
the xenolith (centimetre) scale, and greater percolation
distances (chromatographic fractionation) for the more
incompatible LREE and fluid-mobile Ba, U, Pb and Sr
(Fig. 15).

The modelling results encompass the spectrum of whole-
rock trace element patterns reported for the Avacha xeno-
liths by Ionov (2010). We group these xenolith patterns

Fig. 21 Continued

of fluid percolation, leading to the formation of cpx and amphibole in
Type F pockets in the Avacha harzburgites. The trace element com-
position of the initial fluid-rich melt used is the modelled parental
melt formed at 1300°C in the study by Bénard & Ionov (2012), and
the initial peridotitic matrix mineral proportions and trace element
composition correspond to those of the harzburgitic sample Avll
from Ionov (2010). The modelling procedure uses reactions (5) and
(6) in the text for Type F pocket formation at low fluid/rock ratio and
porosity. Framed numbers in diagrams indicate those for the model
cells. (b—d) Primitive mantle-normalized (McDonough & Sun, 1995)
extended trace element patterns for bulk xenoliths from Ionov (2010),
classified into three groups, based on enrichment in incompatible
elements from group 1 (b) to group 2 (c) and group 3 (d). (See Table
8 for a fully referenced list of partition coefficients and the initial
melt used in the modelling, and text for further details.)
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based on increasing REE abundances (from group 1 to 3,
respectively in Fig. 21b—d); all three groups have positive
U, Pb and Sr anomalies. The group 1 patterns (with
lowest REE) are similar to those modelled in cells 10-50
in Fig. 2la, consistent with limited host-buffered enrich-
ment (Fig. 21b). The group 2 and 3 patterns are similar
to those modelled in cells 2-10 and 1-2, respectively
(Fig. 21a); that 1s, close to the melt source (I'ig. 2lc and d).
We argue that the group 2 and 3 Avacha xenoliths may
have experienced vein-related metasomatism similar to
that documented in the vicinity of the Type I veins in this
study. This inference is consistent with the presence of
Type 1 veins in xenoliths Avl, Av9 and Avl2 from these
two groups (Fig. 2lc and d). We conclude that the distribu-
tion of accessory metasomatic phases and related trace
element enrichments in the Avacha xenoliths reported by
Tonov (2010) could be largely produced by the percolation
of Type 1 mantle-derived melts and related fluids in the
shallow mantle.

Comparison with previous studies of
metasomatism in the Avacha peridotites
Recent studies (Ishimaru et al., 2007; Ishimaru & Arai,
2008; Halama et al., 2009) reported opx-rich veins and
trace element data for metasomatic minerals in other col-
lections of Avacha peridotite xenoliths. Halama et al.
(2009) focused on coarse-grained websteritic veins, which
are not considered here. Ishimaru et al. (2007) reported sul-
fide- and hornblende-bearing, opx-rich veins (‘opx II-1°)
and disseminated metasomatic minerals in peridotites
with abundant fine-grained opx, and Ishimaru & Arai
(2008) discussed the origin of opx-rich veins and the chem-
istry of disseminated amphiboles in their “Iype I’ (fine-
grained) and “Iype C’ (coarse-grained) peridotites.
Representative trace element data for amphibole in opx
II-1 veins from Ishimaru et al. (2007) and disseminated
amphiboles from Ishimaru & Arai (2008) are shown in
comparison with Type 2 veinlet amphibole in Fig. 20b.

Ishimaru & Arai (2008) inferred that a sulfide-bearing
opx-rich vein in their sample ‘#530° was produced by a
‘sulphur-bearing silicic melt derived from a slab’ The high
Mg# and very low alkalis, Al and trace element abun-
dances in the vein minerals reported by Ishimaru & Arai
(2008) are not consistent with a slab-melt affinity (e.g.
Defant & Drummond, 1990; Kepezhinskas et al., 1995,
1996; Rapp et al., 1999; Prouteau et al., 2001). By compari-
son, this vein appears to be similar to the Type 1B veins in
our study and rather shows a low-Ca boninitic affinity
(Bénard & Tonov, 2012).

The low Cr content in the opx II-] vein minerals of
Ishimaru et al. (2007) is characteristic of minerals in selv-
ages and Type 2 veins and veinlets (Fig. 12). The pro-
nounced positive Zr-Hf spikes and MREE-HREE
depletion relative to LREE (U-shaped REE patterns), as
well as trace element abundances in most hornblendes in

the opx II-1 veins from Ishimaru et al. (2007) or dissemi-
nated in Type Fand Type C peridotites from Ishimaru &
Arai (2008), are all very similar to those in amphibole
from Type 2 veinlets in this study (Fig. 20b). Furthermore,
some amphiboles reported by those researchers are lower
in MREE-HREE-Zr-Hf than those in Type 2 veinlets,
which look very much like andesite—peridotite interaction
products far from the melt source (i.e. possibly dissemi-
nated in pockets recording low melt/rock ratios and poros-
ity) obtained by modelling in this study (Fig. 20a). This
leads us to conclude that the minerals reported by
Ishimaru et al. (2007) and Ishimaru & Arai (2008) were
formed by reaction of selvage-derived andesitic melts with
their host peridotites at crustal depths. Ishimaru et al.
(2007) also interpreted the apparent replacement of olivine
by fine-grained opx in some Avacha xenoliths as reaction
with a ‘SiO-rich hydrous fluid from the slab’ Based on
our observation that this type of modal metasomatism is
common in xenoliths hosting Type 2 veins and veinlets
(SD Fig. 3), we argue that it was probably produced by hy-
drous fluid-rich derivates of melts crystallizing in Type 2
veins and veinlets or directly from the amphibole selvages;
that is, it is due to interaction of the mantle xenoliths with
their host magmas rather than to mantle processes.

Ishimaru et al. (2007) interpreted opx II-1 veins and some
disseminated metasomatic minerals as resulting from the
infiltration of ‘a hydrous melt of adakitic affinity derived
from the subducted slab’ because minerals have ‘high Sr/Y
and LREE/HREE' Recent work suggests that a variety of
petrological processes can generate high Sr/Yand La/Y in
magmatic rocks (Moyen, 2009). Here we argue that frac-
tionation—reactive percolation is an efficient way to pro-
duce high Sr/Yand LREE/MREE on a small spatial scale
(Figs 17 and 20). Importantly, the trace element signature
of the initial liquid that formed the Type 2 veins and vein-
lets, which is similar to the andesitic glass in the selvages,
cannot be reconciled with typical adakitic signatures
(Fig. 18). From a more general point of view, adakite forma-
tion is attributed to melting of subducted oceanic crust,
which is restricted to young or torn subducted oceanic
plates (Peacock et al., 1994; Yogodzinski et al., 2001). This is
unlikely to occur beneath Avacha according to geophysical
data [e.g. 120 km depth of the Pacific slab (Gorbatov et al.,
1999)] or thermal modelling, which infers a 600—700°C
slab temperature (Davaille & Lees, 2004; Manea et al.,
2005).

To sum up, many petrographic and chemical features of
the enriched Avacha mantle xenoliths reported by Ishi-
maru e/ al. (2007) and Ishimaru & Arai (2008) (fine-
grained opx, opx—amphibole veins, and disseminated
metasomatic minerals) are not related to original arc
mantle melt or fluid signatures, but rather reflect late-
stage interaction between the xenoliths and their host an-
desitic magma. The confusion may be partly due to the
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Fig. 22. Schematic illustration of the evolution (‘fractionation—reactive percolation’ process) of the mantle-derived melt crystallizing Type 1
veins that cut the Avacha harzburgite xenoliths. (a) Melts generated at high temperature in the asthenospheric mantle wedge form veins in
the sub-arc lithosphere during their ascent. (b) A high-temperature hydrous, silica-rich melt (Type 1A veins) with a flat REE-HFSE pattern
cuts the host-rock olivine by hydraulic fracturing without reaction. (c) The initial melt crystallizing Type 1A veins fractionates leading to REE
and Sr enrichment while reacting with the wall-rock peridotite through diffusive flux with the host olivine and dissolution—precipitation reac-
tions involving host olivine and spinel I, leading to U-shaped REE patterns with positive Zr—Hf spikes in all minerals from Type 1B thick vein
reaction zones (slightly U-shaped REE patterns) and Type 1B thin veins (strongly U-shaped REE patterns). The ‘modified’ melt signature is dis-
seminated in the host peridotite through Type L melt pockets (strongly U-shaped REE patterns) originating from last melt percolating in
Type 1B thin vein conduits (melt—rock interaction end-products). Residual fluid extraction occurs during Type 1B veins crystallization through
fractures (veins filling fractures). The fluids are progressively modified with increasing distance from their source in Type 1B veins towards the
host peridotites, and produce metasomatic minerals (cpx II and amph II) growing upon opx I or spinel I in disseminated pockets. The meta-
somatic pockets commonly contain amph II with slightly U-shaped REE patterns and negative HFSE anomalies. During their transport to
the surface and/or their storage in deep crustal magma chambers, the Avacha xenoliths experience further fracturing and veining triggered by
the host magma. These late-stage interactions produced the Type 2 veins and veinlets identified in this study, as well as abundant fine-grained
recrystallization in some samples (SD Fig. 3).
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effects of the fractionation—reactive percolation experi-
enced by the intruding melt in the xenoliths, which can
produce chemical signatures similar to those attributed to
slab melts.

In general, both this and previous studies demonstrate
the importance of melt-rock and fluid-rock interaction
processes in the sub-arc lithospheric mantle. These pro-
cesses, identified in the veined Avacha harzburgites, are
summarized in Fig. 22. We argue that a single liquid (e.g.
of low-Ca boninitic affinity; Bénard & Ionov, 2012) perco-
lating through the sub-arc mantle lithosphere (Fig. 22a
and b) can generate disseminated melt pockets (Type L)
with highly evolved major and trace element abundances
through fractionation and melt-rock interaction (fraction-
ation—reactive percolation, Figs 14 and 22c¢). Furthermore,
the process of metasomatic fluid extraction from the vein
conduits inferred in our study may produce both dissemi-
nated accessory minerals and metasomatic pockets (Type
F) in the host xenoliths, with a broad range of compos-
itions ultimately related to a single initial melt (Figs 10, 11,
15, 22 and SD Fig. 4). These metasomatic products may
control the budgets of incompatible trace elements in the
bulk xenoliths.

A corollary of this major inference of our study is that,
when taken out of their genetic context, the major and trace
element compositions of metasomatic minerals in xenoliths
should notbe used toinfer the chemical signature of theinitial
metasomatic agent because the latter may experience strong
local fractionation during percolation in the peridotite host.
Finally, because many Avacha xenoliths (see, for instance,
SD Fig. 3), and most probably arc xenoliths in general, canbe
contaminated during their ascent and intermittent storage
in the arc crust (Fig. 22), the fractionation—reactive percola-
tion process may lead to confusion between mantle meta-
somatism and late-stage interaction between the xenoliths
and their host magma.

CONCLUSIONS

(1) Harzburgite xenoliths from Avacha contain opx-rich,
amphibole-bearing veins resulting from recent intrusion
of mantle-derived magmas in the sub-arc lithospheric
mantle. Some veins (Type 1A) show no reaction with the
host peridotite, whereas others (Type 1B) show evidence
for re-equilibration with, and partial assimilation of host
peridotite minerals.

(2) Petrographic and major element data, as well as low
REE and HFSE contents, suggest an origin from magmas
generated by fluxed-melting of a harzburgitic source.
Minerals in the Type 1B veins have higher Al, Ti, Na and
REE, and formed from fractionated hydrous derivatives
of the melts forming the Type 1A veins. Interaction of
these fractionated liquids with depleted host harzburgites
produced U-shaped REE patterns with positive Zr—Hf

anomalies in thin veins and melt pockets associated with
Type 1B veins.

(3) This type of magma—host-rock interaction is referred
to here as ‘fractionation—reactive percolation’ and includes
the following processes: (a) diffusion of elements from the
percolating melt (‘diffusive flux’); (b) fluid-assisted dissol-
ution—precipitation reactions with the host peridotite at
the percolation front; (¢) extraction of evolved hydrous
fluids from the veins into the host harzburgites. Numerical
modelling demonstrates that these processes can produce
U-shaped REE patterns with positive Zr—Hf anomalies
from an initial melt with a flat REE-HFSE pattern.

(4) Metasomatizing fluids escaping from the veins en-
riched the host harzburgites in LREE, MREE and LILE,
and precipitated accessory cpx and amphibole; the trace
element signatures in these minerals are distinct from
those in c¢px and amphibole in the parental veins only a
few millimetres to centimetres away. Thus, a broad range
of major and trace element compositions in disseminated
metasomatic minerals in the vicinity of a melt conduit
may be produced from a single initial liquid. If this is the
case, the compositions of the initial metasomatic agents
cannot be directly assessed from those of accessory min-
erals in peridotites because the primary melt signatures in
the latter are overprinted by fractionation effects.

(5) Thin amphibole-bearing veins formed in some Avacha
harzburgites by the intrusion of the host andesitic magma
into fractures. Their trace element abundances are higher
than in veins of mantle origin but some features are similar
(e.g. U-shaped REE patterns with positive Zr—Hf spikes) be-
cause both were affected by fractionation—reactive percola-
tion processes. Crystallization products of the andesite-
related veins have been mistaken for those of mantle origin
in previous studies on Avacha mantle xenoliths.

SUPPLEMENTARY DATA

Supplementary data for this paper are available at fournal
of Petrology online.
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