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Abstract We have investigated new samples from th®iO,), characterized by high AD; (ca. 18 wt%). The
Gees mantle xenolith suite (West Eifel), for which metabtained composition is very similar to high-alumina,
somatism by carbonatite melt has been suggested. Tadc-alkaline melts that should form by AFC-type reac-
major metasomatic change is transformation of harzbuiens between basalt and harzburgite wall rock according
gites into phlogopite-rich wehrlites. Silicate glasses ate the model of Kelemen (1990). Thus, we suggest that
associated with all stages of transformation, and can the Si-Al-enriched glasses of Gees, and possibly of other
resolved into two major groups: a strongly undersaturagdites as well, are remnants of upper mantle hybrid
ed alkaline basanite similar to the host magma whichelts, and that the Gees suite was metasomatized by
infiltrated the xenoliths during ascent, and Si-Al-ensilicate and not carbonatite melts. High-Mg, high-Ca
riched, variably alkaline glass present exclusively withicomposition of metasomatic olivine and clinopyroxene
the xenoliths. Si-Al-rich glasses (up to 72 wt% S$iOin mantle xenoliths have been explained by carbonatite
when associated with orthopyroxene (Opx) are usuallyetasomatism. As these features are also present in the
interpreted in mantle xenoliths as products of decorfbees suite, we have calculated the equilibrium Ca con-
pressional breakdown of hydrous phases like amphibdlents of olivine and clinopyroxene using the QUI1F ther-
In the Gees suite, however, amphibole is not present, nnodynamical model, to show that they are a simple func-
can the glass be related to phlogopite breakdown. Ttien of silica activity. High-Ca compositions are attained
Si-Al-rich glass is compositionally similar to glasses oat low a SiO, and can thus be produced during metaso-
curring in many other xenolith suites including thoseatism by any meltthat is Opx-undersaturated, irrespec-
related to carbonatite metasomatism. Petrographicatiye of whether it is a carbonatite or a silicate melt. Such
the silicate glass is intimately associated with the metlaw a SiO, is recorded by the microlites in the Gees
somatic reactions in Gees, mainly conversion of harzb8iAl-rich glasses. Our results imply that xenolith suites
gite orthopyroxene to olivinet clinopyroxene. Both cannot confidently be related to carbonatite metasoma-
phases crystallize as microlites from the glass. Thiem if the significance of silicate glasses, when present,
chemical composition of the Si-Al-enriched glass shovis not investigated.

that it cannot be derived from decompressional melting

of the Gees xenoliths, but must have been present priorte

their entrainment in the host magma. Simple mass-bhitroduction

ance calculations, based on modal analyses, yield a pos-

sible composition of the melt prior to ascent of the xenddetasomatism by percolating melts has long been recog-
liths, during which glass- microlite patches were mod-nized as a key process in the evolution of upper mantle
ified by dissolution of olivine, orthopyroxene and spinekocks, yet the nature of the melts responsible for metaso-
This parental meltis a calc-alkaline andesite (55—60 wtPtatism is a matter of considerable uncertainty. In recent
time, much emphasis has been put on carbonatitic melts,
as they were found experimentally to coexist stably with

E. Zinngrebé ([]) - S. F. Foley peridotite parageneses at approprid@ndT (e.g. Wal-
Mineralogisch-Pewlogisches Institut, Universitat Gottingen,  lace and Green 1988; Dalton and Wood 1993) and appear
Goldschmidstrasse 1, D-37077 Géttingen, Germany suitable as metasomatic agents due to their low viscosity
1 Present addressEG Petrologie, and low dihedral angle with mantle phases (Watson et al.
Institut fur angewandte Geophysik, Tu Berlin, EB 310, 1990). Mantle metasomatism by carbonatite melt has
Strasse des 17. Juni 135, D-10623 Berlin, Germany been postulated in a variety of geodynamic environ-

Editorial responsibility: J. Hoefs ments and inferred in a number of different spinel Iherzo-
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Table 1 Modal composition of xenoliths rich in clear glass and of clear glass patches (vol. %)

Sample Bulk xenoliths Sample Clear glass patches
Phase Phase

Gl12 G22 G77 G39 G112 G22 G77 G39

Type lla Typellb Typella Typellb Typell Typell

Olivine 704 59.1 59.1 73.3 Olvine 13 24 20 26 29 31
Orthopyroxene 17.4 19.7 29.9 Trace Opx O 1 0 3 0 0
Clinopyroxene 0.0 4.6 6.6 13.3 Cpx 24 31 31 33 41 25
Spinel Trace 1.8 0.5 0.5 Spinel 5 1 3 2 Trace  Trace
Phlogopite 0.0 0.0 0.0 0.4 Glass 59 43 46 35 30 45
Clear glasst+ microlites 10.7 121 3.6 7.2
Brown glass+ microlites 1.6 2.6 0.3 5.2
Sum 100 100 100 100
Points 2000 2087 2216 2165

lite xenolith suites (Yaxley etal. 1991; Dautria et al(<1 mm) glass layer, termed “jacket glass” by Edgar et al. (1989).

. ; . ; . ; hey can be divided into two major groups: a harzburgite — lherzo-
1992; Rudnick etal. 1993; Hauri etal. 1994; Thlbau|| e — wehrlite — dunite series representing upper mantle with a

etal. 1992; lonov et al. 1993). A problem with metasgsetamorphic and variable metasomatic history (group | xenoliths
matism by carbonatite melts is that the metasomatiziinghe classification of Frey and Prinz 1978), and clinopyroxenites,
agent is inherently ephemeral due to the extreme mobilogopite clinopyroxenites and orthopyroxenites (group I1) that

ndr iVi f carbon melts in peri i Wa#fre interpreted as products of high-pressure crystallization within
ty and reactivity of carbonate melts in peridotites (Waf agmatic veins. We have collected about 150 fresh xenoliths in

son et.al' 1990). Only one StL_de has reporte_d direct ees and selected 26 representative nodules for detailed petrogra-
servation of carbonate melt in mantle xenoliths (IonQyhy. A general feature of the Gees suite is the high amount of
etal. 1993). composite xenoliths and the complexity of veining relationships

In contrast, silicate glasses are very frequently oBithinthem. Of 22 group I xenaliths, only 8 are homogeneous, the
served in xenoliths but have received decreasing attﬂr_nalnder shows highly variable layering and magmatic veining.

. - . . wever, a detailed study of the vein-wallrock relationships is
tion as metasomatizing agents, being frequently discafdyond the scope of this paper (see Lloyd etal. 1991). In the

ed as post-entrainment alteration features (decompres-
sional melting). One of the xenolith suites cited as being -
related to carbonatite metasomatism (e.g. Dalton agg

. . 1d. la—f Metasomatic textures in the Gees xenoliths. Long side
Wood 1993; Thibault et al. 1992) is that from Gees, Wegttigure is 6 mm in &), (b), (©); 1.5 mm in €)—(f) and 75Qum in

Eifel, Germany (Duren 1984; Lloyd et al. 1991), whiclig) and f). a Harzburgite G22, crossed polars. Fine-grained ag-
at the same time is notable for the occurrence of silicageegates of oliviner clinopyroxene microlites in glass matrix at

glass (Edgar etal. 1989) in the xenoliths. Here wge rims of strained, undulose orthopyroxene porphyroclasts.
) ’ lass in these fine-grained aggregates is termed type Ilb glass in

presentan investigation of new samp_les from_this locatfyis work. b Wehrlite G39, single polar. In theght-hand side,
ty, in which we show that (1) there is no evidence faarge clinopyroxene crystals with melt-inclusion-rich rinheft, a
carbonatite metasomatism judging from petrograplfiyie-grained olivinet clinopyroxene microcumulate area, the ma-

it . i i of which consists of clear glass. Glass also coates most grain
and phase compositions; (2) that a specific variety of ﬂggl(mdaries of large clinopyroxenes.Cpx dunite G109, single

S”'(.:ate glasses, WhICh_IS S'm'lar_ to 9'3339_5 often eﬁ(’)lar. Phlogopite+ clinopyroxene stringers along the grain
plained by decompressional melting, is derived fromgundaries of olivine porphyroclasts. Note that inclusion-dusted
melt present within the xenoliths prior to their ascent; (3)ivine cores are discordantly cut by metasomatic veinlétSpx
that this melt can be explained by silicate melt —wallrockunite part, G5, single polar. Unstrained, inclusion-free olivine

; P blet grains replace a strained, inclusion-dusted olivine porphyro-
reactions similar to those modelled by Kelemen (199(}551 t. Note that tablet grains grow from metasomatic phlogopite-

Thus, the Gees suite may be interpreted as the resulg@fopyroxene patch, and thin melt film on tablet grain surface
silicate melt metasomatism only. (at 1). e Harzburgite G22, single polar. Discordant type | glass
veinlet (1), originating at the xenolith surface. Type lla, clear glass
coating olivine grain boundarie®)( Note rapid change of glass
. i colour at cotact between both types of glasy),(and clinopyrox-
The Gees xenolith suite ene crystallizing from Ila glass coating)( f Harzburgite G112,
single polar. Type lla glas$ microlite patch exclusively bounded
The Gees xenoliths occur in scoria associated with a maar-tyipg olivine crystals. Most microlites are clinopyroxene. Note their
volcanic structure situated in the centre of the West Eifel volcangkeletal habits and spinel microlites on resorbed olivine surfaces.
province, a tight cluster of continental alkaline intraplate volcanioslso, note continuous glass films on olivine surfaces extending
containing widely known xenolith localities (e.g. Dreiser Weihefrom the patchl). g Wehrlite G39, crossed polars. Orthopyroxene
and Meerfeld: Witt-Eickschen et al. 1993; Stosch and Seck 198@glict enclosed in olivine crystal. A silicate melt inclusion trdk) (
The Gees suite is unique within the West Eifel province in thatrossedeftto right. Note replacement rim of clinopyroxene devel-
phlogopite is the only hydrous phase occurring, whereas ampbping on orthopyroxene where this is touched by the melt inclu-
bole is present in other Eifel suites. The xenolith-entraining magion array(2, bright). h Wehrlite G39, crossed polars. Orthopyrox-
ma is a highly undersaturated alkaline basanite belonging to teee relict (in extinction), enclosed in olivine, but completely
Foidite group of Mertes and Schmincke (1985). The xenoliths aemcapsulated by a clinopyroxene rim. Compare BidNote radial
centimetre to decimetre sized and frequently coated with a thénacks in olivine possibly due to decompression.
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following petrography, we will use Opx and Cpx for orthopyrox-Orthopyroxenites and olivine websterites

ene and clinopyroxene for brevity.

Three samples (G24, G33, G91) contain orthopyroxenite and one
(G55) olivine websterite, always as a part of a composite xenolith.
Veining relationships within individual xenoliths are very com-

Petrography plex. One of them (G91, Table 1) contains an irregular area of
orthopyroxenite with Cpx dunite, phlogopite wehrlite and
Harzburgites quenched OI-Cpx-glass cumulate as wallrock alternating within

few centimeters. The orthopyroxenites are made up of mm sized,
Six of the studied samples are harzburgites, three of which aquant grains forming a cumulus texture, and are essentially
homogeneous (G19, G22, G112). One sample contains a harzbmonomineralic apart from opaque spinel and a few possibly pri-
gite-orthopyroxenite contact (G33), one is interlayered witmary olivines. As they show signs of Opx recrystallization and
olivine websterite and dunite (G24), and one shows a contacthave irregular, recrystallized borders against their wall rocks, they
olivine clinopyroxenite (G77). In general, the harzburgites ar&re interpreted as high-pressure cumulates. No primary phlogopite
characterized by a coarse granular fabric of interlocking olivine or Cpx has been observed. The olivine websterite sample (G55)
orthopyroxene, with grain sizes of 1-5 mm. All have primaryhas a recrystallized equilibrium texture of interlocking, irregular
opaque (Cr-rich) or brown — translucent (Al-rich) spinel. In mostlivine + Cpx + Opx grains of several 100m size.
harzburgites, large grains of Cpx (up to 1 mm in size) have been
observed that appear to be in textural equilibrium with other
phases and are judged to be “primary” (that is, older than metagdlinopyroxenites, olivine clinopyroxenites,
matic assemblages in the respective xenoliths; see Table 1 fidogopite clinopyroxenites
modal analyses of three samples). The xenolith G112 does not
contain any primary Cpx and is the most refractory of the investirour xenoliths are composed entirely of clinopyroxenite, and five
gated harzburgites. The textures of the harzburgites vary frarontain clinopyroxenite parts as veins within mantle wallrock.
equigranular to a sheared, strongly foliated texture (e.g. Fig. 1d@wo different types of clinopyroxenite exist: (1) dark-green
In sheared xenoliths, Opx forms elongated porphyroclasts withinopyroxene cumulates; (2) ophitic clinopyroxenites with light-
frequent kink bands and recrystallized rims. Olivine displays (10@yeen Cpx that reseblesthat within Cpx+ phlogopite+ granular
deformation banding and signs of dynamic recrystallization. Hylivine stringers in the Cpx-dunites and wehrlites. Within the first
drous phases (phlogopite) are very rare in harzburgite and alwgglark-green) group, which is interpreted as magmatic cumulate,
associated with infiltrated glasses (see below). variation is present: Whereas some are essentially monomineralic
with minor opaque spinel, one has a significant proportion of in-
tergranular, apparently primary olivine and in another early cumu-
Clinopyroxene dunites and wehrlites lus Cpx is replaced by large poikilitic crystals of strongblaured
biotite. Magmatic zoning is preserved in this group. In contrast,
With 13 samples, Cpx-rich dunites and wehrlites make up the butke second (light-green) type of clinopyroxenite invariably is in
of the Gees xenolith suite. Six of these (G5, G14, G18, G32, G4&ntact with Cpx dunite or wehrlite within composite xenoliths.
G60) are veined by phlogopite-rich olivine clinopyroxenite, th&@here are no sharp velwallrock contacts, but smooth transitions
others (G13, G20, G38, G39, G71, G108, G109) are more or ldago clinopyroxene-phlogopite stringers within the host rock. The
homogeneous. In general, recrystallized and highly deformed tégxture is comparatively fine grained<( mm), with Cpx and
tures can be distinguished. Large, up to 2 mm sized olivine crystaklogopite either poikilitically enclosing granular olivine, or re-
dominate the texture, and in the deformed samples these showstallized to a granular fabric of all three minerals. The modal
evidence of dynamic recrystallization. A distinct class of largeontent of olivine varies but generally is low (see Table 1).
texturally old olivine grains is cut by numerous fluid and melt
inclusion trails giving them a dusty appearance. These grains,
which range in size from 100m to more than 1 mm, are replace : ; ;
by tablet olivine grains which are nearly free of inclusiondgla‘ss'xenOIIth relationships
(Fig. 1d). In fully recrystallized samples, tablet grains make up the ) ] )
bulk of the xenolith volume. As noted in the Introduction and described by Edgar

In most samples Cpx- phlogopite occur as 0.1-1 mm thicket al. (1989), many of the Gees xenoliths contain signifi-

stringers outlining the large olivines (Fig. 1c). There is a.gradué'a\nt guantitites of glasses (see Table 1). These glasses
transition between these intergranular stringers and discordan :

phlogopite clinopyroxenite veins. In most cases, small (502Nd their significance are the main object of this study
100um) round or idiomorphic olivine grains occur within theseand are therefore described in detail. Two types of glass
stringers and are sometimes embedded in poikilitic Cpx. Thgre discriminated according t@lour andmode of oc-

phlogopites occur as large hypidiomorphic flakes, and sometim

cut discordantly through old olivine grains (Fig. 1c). Spinel igarrence as described in the following sections: type I,

presentin all Cpx dunite and wehrlite samples as rounded, opaq@éow_n glasses_ (SUbd'V'deq into la: JaCkets_ around

grains mantled by Cpx and less frequently by phlogopite, and ¥6noliths; Ib: discordant veins through xenoliths; Ic:

inclusions within olivine. glasses associated with phlogopite decomposition,
Several samples have conspicuous, millimetre sized sympleqﬁifhimy in cumulate clinopyroxenites) and type Il, “clear

intergrowths of Cpx+ spinel surrounded by thick margins of » g ; s _alivi
phlogopite. These symplectites are often deformed, but in ofeasses (subdivided into lla: inter-olivine glass patches

sample, the outlines of a Cpx spinel intergrowth perfectly mim- IN_harzburgites; llb: orthopyroxene-associated glass

ick idiomorphic amphibole. This may indicate the former presenq@gatchest+ inclusions in Opx; llc: clear glass in dunites

of arpphikt)ﬁle WhiChdpossilble(ga? beentﬁorgumed in Ftﬁub_stolidwswehrlites). At numerous terminations of clear glass-

r on roviain n ween xenoli | H H : H

O?ﬁgrcl)fifel gﬁi?eg Whicghahave aempﬁ(iabolee(Stgiih ?inc()j Se?:lf( fga vated gra”.‘ boundaries against discordant br.own (type

Witt 1989). ) glass veins, thealour change occurs over distances
of tens of microns, indicating only very limited interdif-
fusion between the two types of glass (Fig. 1e). In gener-
al, colourchange can be used as a criterion to delimit

areas of melt mixing in individual xenoliths.
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a) Type | (brown) glasses ever, there are samples (e.g. wehrlite G39) where
phlogopite shows no signs of incipient melting.
Thin layers of dark-brown glass enclose virtually all
Gees xenoliths, being termed “jacket glass” following
Edgar et al. (1989). It contains a high proportion of phd») Type Il (clear) glasses
nocrysts of greenaloured clinopyroxene and leucite of
several 10@um size. Additionally, there is a populationThe second main type of glass in the Gees xenolith suite
of very small €10um) skeletal microlites of clinopy- occurs exclusively in the interior of xenoliths. It is con-
roxene, leucite+ spinel in the groundmass. With thespicuously associated with metasomatic reactions, and it
exception of clinopyroxenites, all xenoliths are coatedbes not occur in clinopyroxenites (high-pressure mag-
by a 100-20Qum thick continuous rim of clinopyroxenematic cumulates). Thisatourless glass is most abundant
against this jacket glass. This rim discordantly replace@sthe harzburgites, a significant volume of which can
all xenolith phases and is stronglplour-zoned. The consist of glasst olivine + Cpx patches, although es-
jacket glass itself is compositionally different from theentially identical patches also occur in Cpx dunites and
scoria of the Gees maar (see Edgar et al. 1989). wehrlites (see Table 1). In the harzburgites, the glass
The brown glass infiltrates the harzburgite, duniteatches occur interstitially at the junctions of olivine
and wehrlite xenoliths along discordant cracks (Fig. 1gyains (type lla, Fig. 1f) or are situated at the margins of
starting at xenolith surfaces. The glass within the€@px porphyroclasts (type llb; see Fig. 1a). The patches
cracks is petrographically identical to the jacket glasse&ry in size from several hundreun to several mm and
containing numerous large vesicles as well as soraee filled with aggregates of perfectly idiomorphic
large, idiomorphic clinopyroxene crystals. The surfacedivine + Cpx forming blocky intergrowths or a micro-
of brown glass against olivine are highly ragged armtumulate texture, with individual crystals varying in size
consist of numerous idiomorphic pits and grooves of from tens to hundreds qfm. Within the glass patches,
5um size, which often are lined with tiny spinel crysiarge vesicles occur indicating that a significant amount
tals. Where brown glass is in contact with Cpx originabf volatiles was dissolved in the melt prior to decompres-
ly crystallized from type Il glass as microlites (see besion. Typically the glass patches are connected by thin
low), the Cpx is invariably strongly zoned (becomin@l10um orless) channels of interstitial clear glass coating
Ti-, Al-enriched) and sometimes resorbed. The infiltrathe grain boundaries of olivine. The surfaces of these
ing brown glass veins contain a specific association gfain boundary channels are gently curved and smooth,
very small €5um) quench crystals (Cpx, leucite,ndicating no obvious reaction relationship. The Opx in-
spinel) that can be distinguished by size and habit frovariably has ragged margins against glass patches and its
the larger microlites (phenocrysts). A characteristic glurface is lined with newly formed olivingé clinopyrox-
the brown glass is the frequent occurrence of sulfidme crystals. Typically, this Opx decomposition extends
globules. into the interior of Opx porphyroclasts along kink
Within harzburgites and orthopyroxenites, type houndaries or along lamellar planes. Exclusively in these
brown glass occurs frequently in the form of pseudose®px-associated glass patches, orthopyroxene has been
ondary melt inclusion trails or single melt inclusions obbserved as a rare microlite phase. Pseudosecondary
up to 20um size in all minerals. Minute ilmenite andtrails of glass inclusions that cut through Opx contain
sulfide have been identified in these inclusions. THarge olivine + clinopyroxene crystals, and skeletal
“dusty” appearance of old olivine grains in Cpx-duniteslivine lamellae with thin coatings of clear glass are also
(see above) also is caused by many small inclusiopgesent within Opx. Primary lobate spinel grains in the
which however, due to their small siz&% um) and ap- harzburgites are invariably embedded in glass pools and
parent reactions with the host, cannot unequivocally bave thick margins consisting of spinelglass symplec-
identified as melt or fluid inclusions in most cases. Sigies.
nificantly, brown melt inclusions within accessory In the dunites and wehrlites, clear glass lines many
clinopyroxene in one harzburgite and within olivine imlivine-olivine grain boundaries (type lic) and in de-
one wehrlite (G39) contained phlogopite crystals. In orfermed dunites with strong deformation textures, disag-
inclusion in wehrlite G39, a tiny hexagonal daughtagregation of strained olivine into small<@00um)
crystal, possibly apatite, occurs. neoblasts with interstitial glass has been observed. Glass
Within the clinopyroxenite xenoliths (or xenolithinclusions and coatings of 10um thickness also deco-
parts), intergranular brown glass sometimes is preseate high-angle subgrain boundaries separating (100)
on grain boundaries and as somewhat larger melt potdmella fans within olivine cores. Small Cpx crystals
around phlogopites. If glass is present in the clinopyroxaay be associated with these glasses within olivine por-
enites, paragenetically identical stringers in dunite waglhyroclasts, implying that the wetting of subgrain
rock in the same xenolith can be glass-free (e.g. GHoundaries by glass was not merely caused by grain-
Phlogopite flakes in some Cpx-dunites and wehrlites abeundary dilatation during pressure decrease, but in-
lined by thin glass rims and display rounded dissolutiorolved some metasomatic reaction. An origin of the Cpx
morphologies. Theurrounding glass (type Ic) is browndunites and wehrlites by metasomatic transformation
and contains frequent small spinel quench crystals. Hofvem Opx-bearing samples (lherzolites or harzburgites)
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is further indicated by small relic Opx inclusions imgites (G112, G22, G77 in order of increasing metaso-
olivine porphyroclasts in many samples, which frequentiatic overprint), a wehrlite (G39), 3 composite xenoliths
ly are rimmed by thin margins of Cpx (Fig. 1g, h). In(G5: Cpx dunite with phlogopite clinopyroxenite vein;
wehrlite G39, direct evidence for the conversion of aB91: orthopyroxenite with wehrlite wall rock; G97:
Opx relic in olivine into Cpx by reaction with melt hasclinopyroxenite with wehrlite-lherzolite wall rock; see
been observed (see Fig. 1g). Further, large Cpx crysta&ble 1). Modal analyses of the four homogeneous xeno-
in the wehrlites have rims dusted with clear glass inclliths, which are the most glass-rich, are given in Table 1
sions, and olivine-Cpx microcumulate areas with intetegether with estimates of the modal composition of the
stitial clear glass similar to the type lla harzburgite glasdear glass patches.

patches occur (see Fig. 1b).

L Analytical methods
Implications from petrography

for the genesis of the glasses Electron microprobe analyses of minerals and glasses concentrat-
ed on the relations between the various glasses and primary and
Important conclusions about the reaction relationshif ';gggc\;ghPahnazta%mgﬁgg'%g%ﬁhé%iggerﬁicvr% Er‘ggéyztjisth\évﬁ%i?ﬁr'
visible in the Gee_s xenollths_can be deduced from tﬁgrAardwetenschappen, University of Utrec%t. Operating condi-
above petrographic observations. The enclosure of s were an accelerating voltage of 25 kV, a beam current of
xenoliths in type | (brown) glasses, in contrast to th& nA and peak counting times of 30 seconds per element for most
purely intraxenolithic occurrence of type Il (clear) glasgnalyses. An additional session on sample G97 used JB®A

; nds. Natural and synthetic minerals were used as standards.
demonstrates that the clear glass must either have bé& T)%ated analyses of diopside and forsterite revealed no systemat-

present before entrainment of the xenoliths in the hQgl ors with the exception of somewhat high analytical totals for
magma, or be the product of decompressional meltingfofsterite. Precision of analysesis0.5% (relative) for major ele-

the xenolith’s interior, or a combination of both. Diirements and better tham 10% (relative) for most minor elements.
(1984) has argued that the clear glasses were the resulft (20 1 B [ heeh anebscd WG O sheonte
_amph|bole_ meltl_ng, based on teXt_ural S'm'l,a”ty togla ove conditions with a defocused bean%/(mfrﬁwhere possible.
in other Eifel suites where amphibole melting has be@e to the small size of interstitial glasses many analyses could
demonstrated. However, amphibole is completely absenty be performed with fully focussed beam(&). Analytical
from the Gees xenoliths, and nearly glass-free and Cﬁgtals of focussed analyses are not systematically lowered, and
poor harzburgites show no trace of amphibole, argui | g(l)lgg observation of sodium count rates revealed only minor alka-
against a role of decompressional amphibole breakdown ™
in the genesis of clear glasses. The same is indicated by
our observation of conversion of Opx to Cpx by reaction
with type Il melt and precipitation of Cpx within olivine Results
porphyroclasts during type Il meltinfiltration along sub-
grain boundaries. Thus the abundance of Cpx phdineral compositions
nocrysts in type Il glass patches in harzburgites as well
as the coexistence of Cpx olivine in asingletype Il  Our microprobe analyses concentrate on the relationship
melt inclusion in Opx demonstrates that there is a trimetween the xenolith phases and the intraxenolith glass-
metasomatic component to these patches which canast they are given xenolith by xenolith in Tables 2 to 7.
be derived internally from the xenoliths. Therefore, thEor general data on the primary phase compositions of
melt variety represented by the type Il glasses must hdale Gees suite the reader is referred to Lloyd et al. (1991)
been present within the xenoliths at mantle depth, althose results are summarized here. Within the harzbur-
though the melt composition may have been changgiles, a positive correlation exists between modal olivine
during subsequent eruption. content and Mg# [=Mg/(Mg+Fe)] of olivine, which

In agreement with the results of Lloyd et al. (1991)ange from 0.88 to 0.92. The M#- of phases in the
our petrographic observations suggest that the essen@tak-enriched Iherzolites and of the dunite-wehrlite
metasomatic change displayed by the Gees suite is greup tend to be lower, with minimum values of 0.82.
transformation from harzburgite to wehrlf@unite. An Silicates in Cpx-bearing dunites can have Mgs high
intimate association betweesilicate glasses (type IlI) as 0.90. In general, Opx, olivine and Cpx have equilibrat-
and modal metasomatism is apparent which was not @d according to their MgF (Ol ~ Opx<Cpx). Edgar
plained by Thibault et al. (1992) in their proposal of &t al. (1989) and Lloyd et al. (1991) found that stringer-
carbonatite-related genesis for the Gees suite. To inve$birming, metasomatic Cpx and phlogopite in the lherzo-
gate further the connection between silicate glasses aitels and wehrlites are also in Fe-Mg exchange equilibri-
metasomatism and to elucidate possible roles of post-e&m with their hosts, and lower in Mg- in the wehrlites
trainment decompressional overprint, we selected sewure to the generally lower Mg of phases in these xeno-
xenoliths, representing different stages of the conversibiths. They distinguished different generations of Cpx
and displaying all essential glass textures, for detailadcording to their Ti and Al contents: The cumulate
microprobe analysis. These xenoliths are three harzbalinopyroxenites show a strong, the wehrlite clinopyrox-
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Table 6 Composition of phases in xenoliths G5 and G&&Q; total iron as FeO)

G5 Wehrlite part G91 Orthopyroxenite part
Phase Olivine Olivine Biotite Cpx Cpx Cpx Glass Opx Opx Olivine Cpx Glass Glass
petro- dusted clear metaso- metaso- xenolith microlite jacket cores rimto microlite microlite Il, in- IlI, grain
graphy old neoblast matic matic  selvage jacket (type ) type Il typell typell clusion bounda-
grains stringer glass glass glass glass in Opx ries
No. of
analyses 14 2 2 3 1 1 2 2 1 2 2 1 1
Sio, 40.47 40.75 38.47 52.20 48.01 47.15 40.56 58.33 58.04 41.13 54.34 59.73 66.71
TiO, 0.01 0.02 2.60 0.46 2.05 2.69 251 0.06 0.07 0.01 0.34 0.53 0.86
Al O, 0.03 0.02 16.35 3.24 5.82 5.76 16.41 0.68 0.60 0.01 1.45 15.47 13.03
Cr,0, 0.01 0.01 1.51 0.79 0.70 0.01 0.01 0.27 0.34 0.04 1.76 0.01 0.01
FeO; 13.10 12.87 6.62 3.87 5.22 6.68 10.36 6.95 7.18 11.68 3.78 3.33 3.18
MnO 0.49 0.47 0.10 0.18 0.09 0.08 0.23 0.20 0.25 0.26 0.17 0.09 0.07
NiO 0.39 0.38 0.19 0.03 0.00 0.00 0.02 0.06 0.10 0.22 0.03 0.01 0.01
MgO 46.37 46.48 2159 1571 14.01 13.60 3.46 34.46 33.94 48.29 17.56 3.32 217
CaO 0.28 0.28 0.04 23.49 24.00 24.35 10.82 0.62 0.87 0.12 20.42 150 1.45
Na,O 0.01 0.00 0.25 0.54 0.36 0.26 5.84 0.10 0.11 0.00 1.32 6.19 4.00
K,O 0.00 0.00 7.26 0.00 0.00 0.00 6.85 0.00 0.00 0.00 0.00 7.01 5.36
Cl 0.00 0.00 0.02 0.00 0.01 0.00 0.40 0.00 0.00 0.00 0.00 0.16 0.11
z 101.14 101.26 94.97 100.52 101.27 100.58 97.43 101.71 101.50 101.75 101.14 97.35 96.94
Mg-# 0.863 0.866 0.853 0.879 0.827 0.784 0.373 0.898 0.894 0.881 0.892 0.640 0.549
(Na+K)/Al 1.037 1.149 0.950

enes a lesser enhancement in-All. Significantly both The Ni and Mn contents and, significantly, the Migin
have similar TfAl ratios of 1: 5. Absolute concentrationsboth does not deviate strongly from the primary olivine
of TiO, reach>2 wt% and>1 wt%, respectively. The composition. In the harzburgites, phenocrysts of olivine
maximum ALQO; is attained in the cumulate clinopyroxein type IIb (Opx-associated) and lla (inter-olivine) glass
nes (clinopyroxenites) with>8 wt%. In contrast, the patches differ significantly in Ni contents (harzburgite
harzburgite-lherzolite clinopyroxenes are low in TiOsamples): olivine microlites are significantly depleted in
(<0.2 wt%) and AJO,; (commonly<1.5 wt%). Ni when situated in llb patches. The Mg-of Ila glass
olivine microlites is usually among the highest found in
individual samples (see Tables 2—4).
Olivine

The three harzburgites we studied (G112, G22, G7@ythopyroxene
have primary olivines with Mg# of 0.92 to 0.87 and
thus span the range of Migfound by the previous inves-Orthopyroxene compositions are shown in Fig. 3 and
tigators. Sample G112, which is petrographically leagtven in Tables 2—7. The Mg of Opx porphyroclasts is
affected by metasomatism and Cpx-free apart from nsimilar to that of olivine in the relatively refractory
crolites in type Il glass patches, has the most refractongrzburgites G22 and G112, it is however significantly
olivine composition (Table 2). Harzburgite G77 is verpigher in G77 (0.90 compared to olivine: 0.87-0.88).
rich in secondary (metasomatic) Cpx, and has the m&milarly, in the Iherzolite wall rock of the clinopyroxen-
Fe-rich olivine (Table 4). The CaO-Mé¢- relations for ite G97, large Opx porphyroclasts have Mg0.87 de-
olivine in all samples are given in Fig. 2, which alse@reasing in smaller neoblasts to 0.85, whereas olivine is
shows the comparatively Fe-rich composition of thas Fe-rich as Rp;, Here, the Opx neoblasts are three
Iherzolite wallrock to clinopyroxenite in compositeimes as Ca-rich as the porphyroclasts.
xenolith G97 (Mg4# of olivine 0.83-0.85, Table 7). The In all Opx-bearing samples, Opx rims in contact with
Mg-# of silicates in the wehrlite G39 and Cpx dunite GBlear glass (type Ilb) are also Ca-enhanced with little
are intermediate between those of this lherzolite and dfiange or even an increase in Mg-Rare microphe-
the harzburgites (see Tables 5, 6). nocrysts of Opx in type llb glass patches have the highest
The Ca content of olivine rims against intergranula€aO contents£ 1.8 wt%) comparable to that of a single
type lla and against discordant type | glass is slightly, b@tpx relict in an olivine in the wehrlite G39. Further,
systematically enchanced by up to 0.2—-0.3 wt%. TheHere are notable zonations in the minor element contents
Ca-enriched rims are restricted to 2030 thickness. of Opx in contact with type Il glass, the most significant
They are interpreted to represent diffusive re-equilibraf which is a decrease of Al and Cr. Orthopyroxenes in
tion of olivine against the Ca-bearing glasses, which the two most refractory harzburgites, G22 and G112,
supported by their similarity to the compositions ofiave the highest AD; and CrO, concentrations of the
olivine microlites within the clear intergranular glassprimary Opx (see Tables 2, 3), comparable to that of
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@ Cores, harzburgites O Rims to IIb glass, harzburgites
@ Cores, orthopyroxenite G91 @ Relict Opx, wehrlite G39
© Rim, orthopyroxenite G91

2.00

1.80 +

1.60 +
1.40 1
1.20 +
1.00 +
0.80 +
060 +

0.40 T Fig. 4 Clinopyroxene compositions (Symbols as in Fig. 2, 3) plot-
0.20 + G o2 ted on an enlarged section of the Ca-Fe-Mg triangle. Note little
scatter of Cpx Mg# in various harzburgite and wehrlite xenoliths
0.00 i ; t (squares)in contrast to ok opx (Fig. 2, 3). Also, note Ca-deple-
0.84 0.86 0.88 0.90 0.92 tionin lIb-glass-associated Cpx microlites, and Ca-enrichment in
Mg-# type I glass microlites. All analyses to thight of curved lineare
from composite xenolith G97, which consists of a phlogopite
clinopyroxenite veinqotg sundered from its Iherzolite wall rock
Fig. 3 Orthopyroxene composition&ields show analyses from (diamond$ by a succession of massive phlogopitlaghe} and
individual xenoliths. Note CaO increase coupled with Mgin-  fine-grained wehrlitedrosse} zones
crease in Opx rims in contact with type Il glass in harzburgites. In
sample G97, all analyses come from the lherzolite zone of wall-
rock, being divided from a clinopyroxenite vein by an Opx-absent . . .
wehrlite zone. Here, the low-CaO analyses are coresms of respond to the Cr-diopside group inferred to be of sub-
large opx prophyroblasts, the high-CaO group represents smilbho origin.
opx neoblasts at the border to the wehrlite zone In strong compositional contrast to this group are the
clinopyroxenes from the cumulate clinopyroxenites, the
clinopyroxene microlites within type | (brown) glass and
Cpx in Eifel lavas (Duda and Schmincke 1985) estakhe clinopyroxene reaction rims around the xenoliths. All
lished a complex variability of compositions related tof these are markedly lower in M¢ enriched in CaO
different depths and environments of crystallization (prand share a high-Ti, Al and low-Cr signature. In detail,
mary xenolith and metasomatic clinopyroxene, hightowever, the clinopyroxenes associated with type | glass
pressure and low-pressure cumulates). This makes taa be distinguished from the cumulate clinopyroxenes
clinopyroxene chemistry in the Gees xenoliths particlpy differing Ti/Al ratios and particularly by a Na deple-
larly informative in assessing the genesis of the associtibn trend compared to elevated Na levels within the cu-
ed metasomatic textures and glasses. mulate clinopyroxenes. Coarse clinopyroxenes within
Cpx compositions analysed in this study are plotted the xenoliths display complex, sometimes oscillatory
the pyroxene quadrilateral in Fig. 4. There are signifgrowth zoning patterns when in contact with type | glass
cant variations between the different textural groupsgeins (see Tables 2, 5). Both clinopyroxene microlites in
Within the most primitive harzburgite sample studiethe type | glass and in the clinopyroxene reaction rims
here (G112), Cpx occurs only as microlites within tharound the xenoliths correspond chemically to the ti-
type Il (clear) glasses. It shares a common chemical stignaugite group of Duda and Schmincke 1985, which
nature with similar microlites in all xenoliths where thighey held to represent crystallization from the host mag-
glass type occurs, being enriched in Cr, Al but not in Tma during ascent through the crust.
Its Mg-4# is similar or slightly higher than those of asso-
ciated olivine microlites. As is the case with the olivine
microlites, the Mg of Cpx microlites in type Ilb glass Glass compaositions
are the highest found (0.90-0.93). A significant differ-
ence between Cpx microlites in Ila and llb glass patch&s broad terms, the compositions of glasses analysed in
is the decreased CaO content in the latter (Fig. 4, siés study are consistent with the results of Edgar et al.
Tables 2—4), whereas the CaO content of the inter-olivii®989). However, a much more precise evaluation of the
(I1a) microlites is virtually indistinguishable from that oflarge compositional variability of the glasses is possible
coarse Cpx crystals in the Gees suite. Coarse clinopyrseaking into account the detailed petrographic observa-
enes within the less refractory harzburgites (G77) atidns given above. Fig. 5 gives major element oxide varia-
the Cpx dunitgwehrlite are less magnesian (0.85-0.9Qjon trends plotted against MgO for the petrographically
than the microlites. Compared to the grouping of clinaefined different glass types. From this figure it is clear
pyroxene types of Duda and Schmincke (1985), bothat the marked oxide-oxide correlations found by Edgar
coarse metasomatic Cpx and Cpx microlites in glass cat-al. (1989) can be resolved into two compositional
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 Cloar glass at Opy rims ' xenolith-enclosing brown glass hardly consistent with either diffusive re-equilibration of

D e B o the glass types or bulk Cl loss by degassing after erup-

@ Clear glass surrounding spincl 0 glass in orthopyroxenite G91 tion of the xenoliths. Thus, chemical evidence supports

AR N the interpretation already derived from petrographic
characteristics that the type Il glass represents an inde-

pendent melt variety whose origin and composition is

related exlusively to intraxenolith assemblages.

75

T 10

Si0, wt%
A
ALO, wt%

T* Assessment of disequilibrium between glasses
T? and xenolith phases

T 12 If the intraxenolithic type Il glasses formed by some
Lo equilibrium process within the xenoliths, their Mg-
must correspond to the knownyKFe/Mg) for olivine-
melt. As the Mg+ of the olivines ranges from 0.92 in the
most refractory xenoliths to 0.86 in metasomatized
T4 harzburgites and wehrlites, equilibrium melts would
12 have Mg+ of 0.78 to 0.65 using a Kvalue of 0.3. The

0 type | glasses enclosing and infiltrating the xenoliths
6 have far lower Mg#, typically between 0.4 and 0.5 (ne-
MgO wt% MgO wi% glecting Fé*, see below). In contrast, the Mg-of the
type Il glasses is invariably higher (see Tables 2 to 7). It

Fig. 5 Major-oxide variation diagrams for the various textural Vajg highest in the most Si-Al-enriched subgroup (Ilb) as-
rieties of Gees glasseSquaresare glass analyses from harzbur-

gites. Shown for comparison, field of Si-Al-rich glasses of Schisoc'ated with orthopyroxene (typ'ca”y between 0.55
ano and Clocchiatti (1994(solid line) and Si-Al-rich glasses in and 0.65). Thus, type Il glasses are distinctly closer to
xenoliths possibly related to carbonatite metasomatidgottéd equilibrium with their host xenoliths than the infiltrating
iron into consideration. Kilinc et al. (1983) have given a
semi-empirical equation allowing estimation of 3Fe
apices. The type llb glass patches associated with opntents of basaltic glasses. According to their calibra-
thopyroxene decomposition represent an extremely t®in and using a temperature of 128D and an oxygen
and Al rich end member. In contrast the type | glassefsigacity of the NNO buffer, F&" /ZFe ratios in the xeno-
which discordantly infiltrate the xenoliths, are stronglith-enclosing type | glass cluster around 0.20 compared
silica undersaturated and mafic. It must be stresséd,0.10 in most type Il glasses. A more oxidised state of
however, that the overall variation trend in the oxide-oxthe type | glasses is in agreement with the fact that their
ide plots is not a mixing trend. Mixing as observed optiguench spinel is significantly richer in ferric iron than
cally by oolour change is restricted to few tens of mithat of the type Il glasses: see Table 2 versus Table 5. The
crons at many contacts between type | and type Il glagsrrected Mg# of the type | glasses then is 0.52 and
es. In the harzburgites, the difference between type Maus still far out of equilibrium with the xenoliths,
and type llb glasses is significant. The former, which amehereas those of the lIb glasses attain values of 0.60
in contact only with olivine, are markedly less silicato 0.67. Although these values do not represent equili-
rich, but frequently richer in alkalies than the Ilb glassdsium, they are not far removed from it — in concordance
in contact with orthopyroxene. Moreover, inter-olivinavith the petrographical observation that olivine has
glass compositions are variable from xenolith, whereamooth surfaces in contact with type Il glasses, but
IIb glasses in all xenoliths have a comparatively constarsigged, etch-pit rich surfaces in contact with the infil-
composition. trating type | glass veins.
The Na, K and ClI variations within individual xeno-
liths are important since they are the components with
the highest diffusivity in the melt. Invariably, Na and KDiscussion
are higher in the discordant type | glass than in the pera-
luminous clear glasses (type Il). According to experrigin of the type Il glasses
mental studies in which mafic and felsic melts were equi-
librated (Watson 1976), the opposite would be expectéah assessment of the metasomatic agent responsible for
if there had been significant equilibration between typehe harzburgite-to-wehrlite transformation in the Gees
and type Il glasses in the Gees xenoliths after infiltratissuite hinges on the significance of the intergranular, sili-
of the type | glass veins. Similarly, the CI concentratioca-rich type Il glasses. As discussed above, there has
in the type Il, intraxenolithic glass compared to those imeen minimal interdiffusion between both melt types.
the extraxenolithic type | glass vary in a manner which iBhus, compositions of the latter cannot be explained by

Na,0 +K,0 wi%
Ca0 wi%
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Table 8 Reconstruction of mantle precursor to type Il glass inf own data, analysis 3, table 8 of Lloyd et al. (1991) has been
harzburgite G112. Method of calculation: Bulk compositions haugsed; their xenolith FL86 is similar to G112 of this study. Melt 3
been calculated from the modal analyses in Table 1, using thas been calculated by varying the olivjisginel ratio in the sub-
mineral compositions of Table 2 (normalized to 100 except glassjacted component until renormalized,Ox in the melt reached
Melts have been calculated by subtracting primary phases (Tablé0 wt%. Kelemen model melts are taken from Table 3 in Kele-
1) in the denoted mass proportions until the Mgef the residual men (1990) and Table 8b in Kelemen et al. (1990)

reached 0.75, and renormalized to 100. For Spinel, in the absence

a) Type lla melt patches b) Type lla melt patches c) Type llb melt d) Kelemen (1990)
including spl microlites neglecting spl microlites patches model melts
Bulk Calculated melts Bulk Calculated melts Bulk Melt Calcu-  Experi-
e — lated mental
1 2 3 4 5 6 MHAB 1150-1
1238
Sio, 51.90 54.71 55.17 58.01 55.97 60.26 60.84 57.91 59.50 58.09 50.70
TiO, 0.12 0.15 0.15 0.14 0.12 0.16 0.16 0.05 0.10 0.82 3.30
Al,O, 14.81 18.57 18.60 17.63 13.76 17.67 17.70 7.18 15.15 17.04 18.40
Cr,0, 3.11 3.89 3.56 0.60 0.39 0.50 0.09 0.48 0.74 0.00
Fe,O, 0.63 0.79 0.73 0.22 0.17 0.22 0.15 0.06 0.14 0.25 1.30
FeO 4.35 3.27 3.19 2.84 3.87 2.52 2.42 4.06 1.22 1.34 5.00
MnO 0.07 0.05 0.05 0.05 0.06 0.04 0.04 0.07 —-0.04 0.10
NiO 0.07 -0.01 -0.01 0.01 0.06 -0.03 -0.03 0.08 0.11 0.00
MgO 14.50 5.51 5.36 7.14 14.35 4.25 4.07 21.39 2.05 6.65 4.70
CaO 8.77 10.98 11.09 11.23 9.45 12.11 12.24 7.75 18.61 12.58 9.80
Na,O 0.82 1.02 1.03 1.05 0.88 1.13 1.14 0.49 1.20 2.62 3.00
K,O 0.67 0.84 0.85 0.86 0.72 0.93 0.94 0.41 1.02 0.64 0.70
Cl 0.18 0.22 0.22 0.23 0.19 0.24 0.25 0.08 0.21
h) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.03 97.00
Mg 0.856 0.750 0.750 0.818 0.869 0.750 0.750 0.904 0.750 0.898 0.626
Melt Fraction  0.80 0.79 0.78 0.78 0.77 0.40
Subtracted phases:
Opx 0 0 0 0 0 100
ol 100 97 74 100 97 0
Spinel 0 3 26 0 3 0

interaction with extraxenolithic melts. Furthermoreing in the mantle (e.g. Fuji and Scarfe 1985; Falloon et al.
their incompatible element budget (Fig. 5) cannot HE988; Hirose and Kushiro 1993), being essentially high-
derived from any melting (decompressional or othealumina andesitic with normative quartzcorundum-+
wise) of simple four-phase spinel Iherzolite. Amphibolaypersthene and following an calc-alkaline trend. Either
breakdown has been ruled out above on the basis of the glasses must have been greatly modified during as-
absence of amphibole to the Gees suite. Additionally, tkent of the xenoliths or some other process than equi-
bulk composition of both the lla and Ilb melt glass librium melting must be responsible for their formation.
microlite patches (Table 8) does not conform well to am-

phibole compositions, and as they occur together with

phlogopite that is little affected by melting, it would beMass-balance calculations

difficult to envisage why amphibole broke down com-

pletely, but not phlogopite. Glass in existing melt poold/e have tried to estimate the contribution of post-en-
around phlogopite (Table 7) typically is low in silicatrainment melt modification during ascent in the case of
being in many respects more similar to the type | glasthe harzburgite G112, which is free of phlogopite and
This strongly disfavours an origin of the intraxenolithienetasomatic Cpx so that possible decompressional con-
glasses by decompressional melting of phlogopite. Aaminants can only be olivine, Opx and spinel. If a melt
this is consistent with the observation that some phlogaas present at mantle depths in this sample, it may have
pite rich xenoliths (G5) are essentially glass-free, whereeen modified during ascent by two processes: dissolu-
as phlogopite-free harzburgites may have large amoutits of surrounding phases (Ol, Opx) and crystallization
of intergranular glass even though both share a similafrthe microlites now observed. Both would change the
P-T decompression history, we reject melting of a hybulk composition of the melt patches. From modal
drous phase as the principal source of the glass. Thus, dmalyses of the melt patches (Table 1), we calculated bulk
type Il glass must have originated from a precursor melbmpositions for the type Il melt patches both around
present within the xenoliths at mantle depths. Howevedpx (llb) and between olivines (lla) (see Table 8). Both
the composition of the type Il glasses is grossly inconsisave Mg+ far too high to be in equilibrium with prima-
tent with available expémental data on equilibrium git- ry phases, indicating that their bulk composition in-
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cludes a significant component of dissolution of neiglour calculations. In spite of these uncertainties, we note
bouring phases during ascent. As the Mgof the thatthe low meltfraction calculated for the Ilb patchesis
olivine in harzburgite G112 is 0.912, the melt patchés accordance with the petrographical observation that
must have had a Mgr of 0.73-0.77 prior to dissolution glass-Opx boundaries are far more irregular than OI-
modification, assuming Fe-Mg exchange equilibriunglass. We conclude that the type Il glasses in the
From this, the composition of the melt prior to dissoluharzburgite xenolith G112 (taken as an example for the
tion of its neighbouring phases can be calculated. Taees suite) did not originate from decompressional
obtain limiting values, we assumed that this unmodifiedelting, but were only modified by it, and that their
melt had a Mg# of 0.75, and that it dissolved only Opxmantle precursor had a markedly calc-alkaline character.
in the case of the IlIb patches and only olivine in the case We suggest that this mantle precursor to the type Il
of the lla patches. From this, we calculated the compogjlasses in the Gees xenoliths originated within the
tion of pre-dissolution melts by subtracting Opx respecantle by silicate melt-harzburgite reactions similar to
tive to olivine until the Mg+ of the residual reached athose envisaged in the model of Kelemen (1990), which
value of 0.75. However, the lla patches contain a smabkplains the genesis of calc-alkaline melts in the shallow
but significant amount of Cr-rich spinel microlites, sapper mantle by AFC-type reactions between tholeiite
that errors in our modal estimate introduce large errorsamd wallrock. Our estimates of the precursor to the type
the bulk CrO; content of the patches and of the calculatt Gees glasses are strikingly similar to the compositions
ed initial melts (see Table 8, melt 1). The presence of high-Al andesites produced in Kelemen’s model (see
these Cr-rich spinel microlites, and the Cr-rich composFable 8). Thus, the Gees suite may provide evidence for
tions of the Cpx microlites, also may indicate that théhe actual applicability of this model. It must be stressed
melt patches were also modified by dissolution of primadhat according to this interpretation, the reconstructed
ry spinel. Therefore, we tested the robustness of thiwelt, which is associated with the metasomatism in the
mass-balance calculation by (1) neglecting spinel micrGees suite (transformation from harzburgite to
lites in the calculation of lla bulk compositions; (2) inwehrlite), is itself the hybridization product and is not
cluding 3% primary spinel in the subtracted (assimilathe melt which initially started to react with the mantle
ed) component; (3) calculating a melt from the lla bullwallrock. This primary melt reacting with the sub-Eifel
composition by arbitrarily assuming an initial content dfiarzburgites is unlikely to have been tholeiitic, as erupt-
0.6 wt% CpO;in the melt (Table 8 melt 3). The results oing lavas are alkaline basalts, foidites and basanites
these calculations are summarized in Table 8, which al@dertes and Schmincke 1985). Melt inclusion trails in
gives the mass fraction of calculated initial (pre-modifi©px in the least metasomatized Gees harzburgites exclu-
cation) melt in the bulk composition of lla and IlIb glassively have type | (brown) glass which is a strongly sili-
+ microlite patches. ca-undersaturated basanitic melt, though not a primitive
The compositions of the melts thus calculated (Tabtse according to its low Mgk (<0.5).
8) are remarkably coherent for the different assumptions.
All melts are characterized by high contents of ${66—
60 wt%) and ALO; (~ 18 wt% for the Ila patches). Nota-Derivation of silica activity from olivine+
bly, the Al content does not depend significantly on thelinopyroxene microlites
treatment of spinel in the calculation assumptions, nor
does the melt fraction. The result of the calculation forhe reactivity of a metasomatizing melt with respect to
the llb patches associated with Opx breakdown is probgrthopyroxene depends critically on its silica activity.
bly least correct, as the exclusion of olivine as a contamew-aSiO, melts are increasingly further from equi-
inating phase is certainly incorrect, and it yields an unrébrium with Opx when rising to shallow mantle levels
alistically high content of CaO. This is a consequence ghd there must be especially prone to wallrock reaction.
the bulk Mg of this type of patch being nearly as highto obtain information about thaSiO, of the melt react-
as that of primary xenolith Opx. Here, it should be noteidg with the Gees harzburgite to produce the andesitic
that the adopted approch of mass-balance calculatigfbrid melt now represented by the type Il glass, we used
implies that all of the microlites formed during decomelivine-pyroxene compositions in the Gees xenoliths.
pression and were not present at mantle depth. Howewichange equilibria between olivine and pyroxenes can
the type Il melt is associated with the transformation @ferve as buffers for silica activity:
harzburgites into wehrlites, and a part of the microlites
may have crystallized already in the mantle from a melMg,SiO,)o +Si0,=(M@,Si,06)cpx (1)
consuming Opx in an AFC-type reaction. Inclusion qfcamgsiq)., +SiO,=(CaMgSiOg)cpx 2)
these into the bulk composition of melt patches in our
calculation enhances their Mg-and produces too highHowever, reaction (1) has a degree of freedom less than
degrees of contamination. This effect would be expect€) as in the latter Ca is an additional component. Thus,
to be most prominent in the Ilb glass patches. Also, th{$) fixes aSiO, at givenP, T, whereasaSiO, in (2) is
would imply that true melt compositions lie betweerependent on bulk compositioX{,) of the phases. We
those calculated here and those measured by miedelledthese silica buffers using the program QUIIF of
croprobe, i.e. are even more Si-Al-rich than the results Ahdersen et al. (1993). The results are shown in Figs. 6
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type llb patches (Opx-associated) fa#lowthe buffer lines, indi-
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Fig. 6 Equilibrium Ca concentrations in coexisting @l Cpx as

variation is given in Fig. 6b as a set of heavy lines.
As Ol+Cpx crystallized as microlites from all type Il
glass patches in the Gees xenoliths, their compositions

function of X, P, TandaSiO,. Thin solid linesin upperdiagram 4 . 1 o
(a) connect equilibrium compositions as a function of silica activean be used in this way to record silica activities. The Ilb

ity at Mg-# of 0.88 to 0.94 in olivine, calculated using the propatches are associated with Opx breakdown in the
gram QUILF of Andersen et al. (1993)hick dashed linemdicate harzburgites, so silica activity is constrained to be Opx

silica activity isopleths, along whicKFe variesThick solid line . . ..
“Opx” gives the position of the OI-Cpx-Opx buffer at the SIDecibuffered. However, the microlite compositions of lla

fied conditions. Above this line, Opx is unstable, below it, Ol iglass patches differ markedly from those of lIb glass
unstable. Théower diagram b) summarizes the effects 8 Ton patches (see Table 2; CaO in Cpx microlites) within sin-
the Ol + Cpx compositions. Bands of equilibrium compositiongle harzburgite xenoliths, indicating that equilibrium

similar to that in the upper diagram are outlined, at diffef@nt : : P :
as indicated, théeft margin of which corresponds to Egolivine, during metasomatism was not maintained over distances

and the right to Fg,. Thick lineon each band depicts the positiondf several millimeters. Thus, silica activity in purely
of the Ol+ Opx + Cpx silica buffer. Note that isothermal decom-olivine enclosed melt patches (type Ila) in the harzbur-

pression tends to decrease the Ca content of Cpx, while isothermgites isnot constrained by Opx. The different ®Cpx
isobaric metasomatism by an opx-undersaturated agent (carbjfyerolite compositions in the various glass types of Gees
atite or silicate melt) strongly increases Ca in Cpx are plotted in &X,,—X. diagram (Fig. 7), and compared
to equilibrium bands for 1, 10 and 15 kbar at a tempera-
ture of 1100 C, calculated in the same way as Fig. 6.
and 7. In Fig. 6a, reaction (2) defines lines of equilibrium Two significant features must be stressed relating to
Ca contents in coexisting olivine Cpx at giverP, T,and this plot. Firstly, the O+Cpx microlite pairs from IIb
Mg-# of phases (see also Fig. 12 in Davidson and Lindgtass patches, associated with Opx, have systematically
ley 1989). The Ca content is expressedXgg, in Cpx lower Ca concentrations than others, plotting at or below
(calculated according to Lindsley and Anderson 1983he Opx buffer on Fig. 7 and at higher relative silica ac-
andX.,=Ca/(Cat+Mg+Fe) in olivine. Variation in the tivities than others. Th¥,,o position of the Opx buffer is
Mg-# of phases (Fg~Faq,,) produces a band of equi-a strong function of temperature (compare Fig. 6). This
librium X,/ Xca Values in Fig. 7 for each set &andT. reflects the strong increaseXf, in Cpx with increasing
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T in two-pyroxene assemblages, which is the basis @Higs. 6, 7), high-Ca compositions of Cpx and olivine are
two-pyroxene thermometry. Thus, the deviation of marsimply a consequence of low silica activity in the meta-
IIb microlite pairs below the Opx buffer in Fig. 7 maysomatic agent. Thus they cannot be used as independent
indicate a higher equilibration temperature, which wouleividence to differentiate between metasomatism by car-
also shift theP bands in Fig. 7 to higheX., in olivine. bonatite melt and by opx-undersaturated silicate melt.
Secondly, the microlites in type Il glass in the wehrlites Silicate glasses, Si-Al rich that are compositionally
and Cpx dunites all plot in the Opx-undersaturated fiefglite similar to the type Il glass of Gees have been fre-
along theX,,—XcA bands. Significantly, the microlites inquently reported in xenolith suites. They have also been
the type lla glass patches within the harzburgites haf@ind in many of the xenolith suites in which metasoma-
similar Opx-undersaturated compositions to the wehrlitsm has been explained by carbonatitic melts (Yaxley
microlites. These facts are consistent with the interpretat-al. 1991; Dautria et al. 1992; Rudnick etal. 1993;
tion that the harzburgite-to-wehrlite transition was efonov et al. 1993; Hauri et al. 1994). A recent survey has
fected by a melt with a silica activity considerably lowedemonstrated that similar Si-Al-rich glasses have a
than the Iherzolite buffer at ambient conditions, and thatorld-wide distribution, occurring in xenoliths of
strong gradients in silica activity on the grain-size scateeanic islands as well as intraplate alkaline provinces,
were present in the harzburgites prior to their entraiand that at least some of these melts have been metaso-
ment. Thus, silica activity analysis argues against maatically active (Schiano and Clocchiatti 1994). In most
tholeiitic melt as that which via AFC reactions producedases, however, this type of glasses has not been consid-
the calc-alkaline melt now reflected in the type Il glassred as being a remnant of possible metasomatic agents,
patches. In contrast, the strongly silica undersaturatedt rather has been discarded as a decompressional dise-
nature of the xenolith-entraining lava of Gees neatly fitguilibrium melting product, due to its Si-Al-rich charac-

to the silica activities recorded by ®Cpx microlites in ter, which is an improbable composition for mantle melts
Fig. 7. Finally, it is to be noted that the type Il glassaken at face value. A compilation of these glass data is
microlites conform to high-pressure bands in the same

xenoliths where some of the type | glass microlites plot

at Ca concentrations only possible at low pressure of F

crystallization. This may indicate that many of the type [l © i e
glass microlites indeed crystallized as AFC reaction + Vi inemsion survey of
products at depth, prior to decompression, as discussed Schiane &

Clocchiatti 1994

above in conjunction with the mass-balance calculations.= Reconstructed

Gees melts

Solid Outline: Intraxenolith
glasses of Gees

Implications for other xenolith suites bearing
Si-Al-rich glasses

Hirose & Kushiro 1993
Dry melting of peridotite

As noted in the introduction, carbonatite melts have
gained increasing attention as possible metasomatic
agents in upper mantle peridotites. One of the reasons for
this is that carbonatite melt may react with Opx in Iher-
zolites to form Cpx-carbon dioxide, as has been found in
experimental studies (e.g. Wallace and Green 1988) of
CO.,-bearing peridotite assemblages. Thus metasoma-
tism producing wehrlites may be conveniently explained
invoking percolating carbonatite melt, especially if therg
is no strong Ti-Fe enrichment which is generally as-
signed to interaction with basaltic melt, and if the metdrig. 8 Comparison of Gees glasses with Si-Al-rich (broadly “an-
somatic products have high levels of Ca (e.g. Olmarsiesitic”) glasses from the compilation of Schiano and Clocchiatti
Rudnick et al. 1993: Gees: Dalton and Wood 1993)_ Th(i§994) and_from xenoliths sugge;ted to _be related to_carbonatlte
; etasomatism (Jones et al. 1982; Dautria et al. 1992; lonov et al.
led Thibault et al. (1992) to suggest that the Gees Suligy3: Hauri et al. 1994)0utlined fieldincludes all type | and I
could be related to carbonatite metasomatism. Howevglgsses from this studfalack squaresre the reconstructed com-
from the petrographical observations of this study amgsitions of mantle melt from which type Il glass in harzburgite

] i ianifi 3112 is possibly derived (taken from Table 8). These &k:
the discussion of the significance of the type Il glassesg%;ed on lla glass patches including spinel microli@is’: based
I

the Gees suite, it is apPare”t that th,e metasomatismy [} 5 glass patches neglecting spinel microlit®fX: based on
Gees can fully be explained by reactions between Opype IIb glass patches associated with Opineswith arrowsgive
undersaturated silicate melt and harzburgite, durititge compositions of experimentally produced dry partial melts of
which a distinct Si-Al-rich hybrid melt was producedperidotite (Hirose and Kushiro 1993), using two different bulk
ompositions. Eacline gives the evolution of partial melt with

As evidence for involvement of carbonatite melts is Iacl'creasing melt fraction £temperature) at a specific pressure

ing, we reject them as possible agents in the case of {28, 15, 20 kbar). Note that OL and OL* plot near possible partial
Gees suite. According to olivine-pyroxene equilibrianelt compositions, but still are calc-alkaline

M
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given on an AFM plot in Fig. 8, together with the field ofAFC-type reactions between strongly opx-undersaturat-
type Il glass compositions from Gees and its inferreed silicate melt and harzburgite wall rock similarthose
precursor meltin Gees xenolith G112 (from Table 8). Aproposed by Kelemen (1990). No evidence for a partici-
of the glasses fall in the calc-alkaline field, and most apation of carbonatite melts has been found, so that a con-
far removed from (dry) equilibrium melts (e.g. Hirosenection of the Gees suite to carbonatite metasomatism as
and Kushiro 1993, also given in Fig. 8). For the Gegwoposed by Thibault et al. (1992) is not supported.
suite, we have shown that the compositions of these5. High-Ca compositions of GICpx simply reflect
glasses as observed today do indeed reflect dilution bjoa activities of silica and cannot be taken as unequivo-
decompressional component, but that pre-eruptive meétl evidence for metasomatism by carbonatite. In con-
compositions can be reconstructed which can be dxast, type Il Gees glasses are similar to unusual calc-al-
plained by AFC-type reactions as envisaged by Kelemkaline glasses present in many xenolith suites which
(1990) and Kelemen et al (1990). By analogy, simildrave been explained as resulting from carbonatite meta-
silicate melt-peridotite interactions may play a signifisomatism. In these suites, reactions betweend8&i0,
cant role in many other suites, including those whesdlicate melts (instead of carbonatites) and harzburgite
carbonatite metasomatism has been inferred using geould play a major role.

chemical data (selective LREE enrichment, trace ele- _ .

ment ratios like ZfHf). If the presence of glasses com£&cknowledgements Funding for this work by the Deutsche For-

. schungsgemeinschaft is gratefully acknowledged (grants F@ 181
parable to the type Il glasses of Gees in some of the’ss‘-é], Fo 18%3-2, Gerhard Hess Programm). Manfred van Bergen is

suites (e.g. Dautria et al. 1992; Hauri et al. 1994) is duiganked for providing access to the microprobe facilities at the
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; sions with Sieger van der Laan greatly helped in developing the
cantly have affected their trace element contents. In theg%%cepts set out here. Also, we greatly benefitted from the use of

cases a reinvestigation of the gla_ss—forming ProCessgs QUILF program of Andersen et al. (1993) summarizing the
seems warranted to separate their geochemical effegt@ne-pyroxene modelling by the Lindsley group in a very conve-

from those of possible carbonatite metasomatism. Agignt form.

starting point, an investigation of the trace element char-

acteristics of the Gees glasses is currently under way:
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