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Ocean floor hydrothermal veins in eclogite facies rocks
of the Zermatt-Saas Zone, Switzerland

by Timo Widmer!, Jacques Ganguin? and Alan Bruce Thompson!

Abstract

Mg-rich, irregular garnet-chloritoid-talc veins and schists occur in the eclogites of the ZS-Zone. This metamorphic
assemblage formed during subduction at pressures of at least 20 kbar. They are interpreted as former oceanic
hydrothermal veins and show similarities with smectite-chlorite veins of ocean drilling cores (e.g. ODP hole 504B)
produced during metasomatic alteration of ocean floor basalt by scawater.

Keywords: high-pressure, hydrothermal veins, eclogite facies, ocean floor, metasomatism.

1. Introduction

Four different high-temperature low-pressure al-
teration trends can be distinguished in meta-
basaltic rocks, now high-pressure eclogites. of the
Zermatt-Saas (ZS) Zone. These metasomatic
trends have been observed in altered oceanic
basalts and from fluid-rock interaction experi-
ments between sea water and ocean floor vol-
canics. Four familiar trends of ocean floor fluid-
rock interaction have been recognised:

(1) spilitisation: Na enrichment whereby mag-
matic plagioclase is altered to albite (BEARTH,
1959; BEARTH and STERN, 1971) by interaction
with sed water having high Na/Ca ratios (CANN,
1969; SEYFRIED et al., 1978) and low Mg, high Si
contents (ROSENBAUER et al., 1988).

(2) rodingitisation: Ca from pyroxene alter-
ation in ocean-floor peridotite added to adjacent
basalt; (COLEMAN, 1977; Evans et al., 1981).

(3) epidotisation: Ca enriched sea water pre-
cipitates epidote at the expense of magmatic pla-
gioclase; (HONNOREZ et al., 1983; ALT et al., 1986;
ALT, 1995). However, this type of alteration ap-
pears to be more common in ophiolites than in
sea-floor alteration (J. ALT, personal communica-
tion, November, 1999).

(4) chloritisation: enrichment in Mg and de-
pletion in Ca, due to precipitation of chlorite and
smectite at the expense of volcanic glass, magmat-
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ic plagioclase, olivine and pyroxene (HUMPHRIS
and THOMPSON, 1978; MOTTL, 1983).

An unusual metasomatic rock type in the
eclogite facies ZS-Zone has been identified. The
occurrence of chloritoid-garnet-talc (Ctd-Gr-Tc)
schists enclosed by Ctd-Tc eclogites or glauco-
phanites (including glaucophane schists, marked
as horizontal striped areas in Fig. 1) is presented
here. These rocks bear chemical similarities to the
chloritisation metasomatic type (4) listed above.
In addition to Ctd-Gr-Tc these schists can contain
small amounts of glaucophane, jadeite and rutile.
Some garnets have Ca-rich cores with inclusions
of ilmenite, titanite, quartz and ulvospinel. Some
Ctd-Gr-Te schists are retrograded to chlorite-gar-
net schists (GANGUIN's 1988, "chloritoschiste").

The best outcrops of these unusual veins are
found on a rocky promontory 300 metres north of
the Pfulwepass. The Ctd-Gr-Tc rocks are found as
veins (Fig. 2a) from several centimetres to several
decimetres size, as well as forming irregular patch-
es (Fig. 2b) of quite different volumes in glauco-
phanites and Ctd-Tc eclogites (Fig. 2).

2. Oceanic metasomatic trends in Zermatt
eclogitic rocks

The chemical analyses of Ctd-Gr-Tc veins and
their enclosing rocks have been portrayed using
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Fig. 1 Map of the Pfulwe region (WIDMER, 1996, p. 28) with various basalt lithologies and serpentinite. The location
of the most important Ctd-Gr-Tc veins is shown by the open circle south of Spitzi Flue.

several projection schemes. To understand
whether during hydrothermal alteration some el-
ements remained unchanged, it was initially as-
sumed that the ratio wt% Ti/wt% Zr remained
constant.

Comparison of the chemical analysis of meta-
basalts from the ZS-Zone with analyses of mid-
ocean ridge basalts (MORB, e.g. SCHILLING et al.,
1985) provides fundamental information on
metasomatic events. PFEIFER et al. (1989) have
shown using trace element analyses (REE, Zr-Y-
Ti, Cr-Ni) that the eclogite facies mafic rocks of
the ZS zone have a distinct MORB composition.

Of the ten oxide versus TiO, variation dia-
grams constructed by WIDMER (1996, p. 35-37) a
plot of FeO*/MgO vs TiO, (wWt%) is shown here
(Fig.3). The differentiation trend of Fe- and Ti-en-
richment can be seen for all metabasic rocks of the
Z5S-Zone. Sometimes Ctd-Gr-Tc schists and chlo-
rite schists contain more than 2 wt% TiO, (Fig. 3).
It is expected that vein fillings precipitated from
ocean-floor hydrothermal solutions would be vir-
tually devoid of Ti in view of its low solubility in
natural waters (J. ALT, personal communication,
November, 1999). However, as we were reminded

by A. BARNICOAT (personal communication, No-
vember, 1999), rutile crystals up to 5 cm are found
In cross-cutting veins in the ZS-Zone, suggesting
that some circumstances clearly favour Ti trans-
port. Alternatively, the patchy occurrences of Ti
minerals in the Ctd-Gr-Tc schists and chlorite
schists suggest therefore partly a replacement ori-
gin involving metasomatic interaction of ocean-
floor hydrothermal fluids in fractures with the
wall-rocks, where the Ti in new minerals could be
incorporated from the residue. The elements Ti,
Zr, Cr, Ni, Fe and Al appear all to have behaved
as immobile, whereas the elements K, Si, Mn, Ca,
Mg and Na have different concentrations relative
to MORB.

The differentiation trend of MORB (Fig. 4) is
also represented by individual rock types among
the eclogite facies metabasites at Zermatt. As
shown by the SiO,~Al,O.-10TiO, plot in figure
4a, most metabasalts of the ZS-Zone show little
chemical differences from MORB. However, the
Ctd-Gr-Tc veins (open square symbols in Fig. 4)
show higher SiO, (Fig. 4a) and Na,O (Fig. 4b) and
CaO (Fig. 4d) with slightly lower MgO concentra-
tions relative to MORB (Fig. 4c). In contrast many
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Chloritoid-
garnet-
talc schist

Fig. 2 Chloritoid-Garnet-Talc veins (CGT) in (a) chloritoid eclogite, (b) glaucophanite; from the rock promontory
NW of the Pfulwepass (Map coordinates: 631.150/096.110; 3100 m).
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eclogites and metabasalts of the ZS-Zone show
noticeably higher Na compared to MORB (Fig.
4b).

Most of these differences have dramatic effect
on the position of analyses relative to MORB in
the AFM (alkalis (Na,O + K,O): FeO,,,, : MgO)
diagram used to distinguish the major magmatic
fractionation trends (Fig. 5). Here the Ctd-Gr-Tc¢
veins appear to reflect primitive magmatic com-
positions compared to the enclosing glauco-
phanitic eclogites, and the Na-enriched eclogites,
which appear to be more fractionated and/or
metasomatically altered.

2.1. METASOMATIC TRENDS IN ZERMATT
METABASITES

Each of the major metasomatic trends can be seen
in the MgO-CaO-Na,O plot of bulk rock analy-
ses through ZS Zone (Fig. 6). Evidence for spiliti-
sation (Na-enrichment), chloritisation (Mg-in-
crease, Ca-decrease, Mg, ,Ca ;) and epidotisation

(Ca-enrichment) is clear. The mineralogy appro-
priate to basalt and their metamorphic equiva-
lents in the zeolite and greenschist facies is shown.
The composition of smectite is projected on the
basis of analyses for "mixed-layer" clay minerals
by ALT et al., (1985, 1986) from ODP borehole
504B.

2.2. Mg, ,Ca , METASOMATISM ON THE
OCEAN FLOOR

MOR basalts with high Mg and low Ca contents
have been described by HUMPHRIS and THOMPSON
(1978) and MotTL (1983) among others. They are
rich in the greenschist facies mineral chlorite
which replaces magmatic olivine and glassy re-
gions. These workers also described hydrothermal
veins in MORB rich in chlorite with some quartz.
Such rocks which have lost all Ca are either
basalts strongly altered at high fluid-rock ratios, or
direct precipitates from high temperature hy-
drothermal fluids (sea water partly exchanged

Metabasalts:

* Eclogite, Albite amphibolite
€ Glaucophanite, Ctd-eclogite

® Chlorite schist,
Gr-Ctd-Tc vein

Metagabbros

O Metamagnesiumgabbro

(Ctd-Tc eclogite)

O Intermediate metagabbro
(eclogite)

a  Metagabbro (amphibolite)
O Metaferrogabbro, metadiorite

(eclogite, glaucophane-apatite-
eclogite)

MORB

(SCHILLING et al., 1985)
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Fig. 3 FeO*/MgO vs TiO, diagram (wt%) of metabasic rocks of the ZS-Zone (GANGUIN, 1988) to illustrate mag-
matic differentiation (FeO* = FeO + 0.8998 - Fe,0,). Also shown are the compositional fields of metabasic rocks from
the Apennines (dotted lines, MESSIGA et al., 1983; BECCALUVA et al.. 1984; SERRI, 1980) and MORB (SCHILLING et
al., 1985). Glaucophanites, Ctd-eclogites, Gr-Ctd-Te-veins and chlorite schists lie outside the compositional field of
MORB, in accordance with ocean-floor hydrothermal alteration trends.
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with MORB). In the ODP drillhole 504B Mg-en-
riched and Ca-depleted veins contain chlorite
with smectite-vermiculite clays and sometimes
actinolite.

3. Hydrothermally altered Mg-rich basalts and
hydrothermal veins

Sea water-basalt interaction on the ocean floor
leads to Mg-enrichment and Ca-depletion (e.g.

SiO,

10 -TiO,

2-MgO

\

10-TiO,

MOR basalts with the #
differentiation trend shown
by the arrows

(SCHILLING et al. 1985)

O Eclogites

Metabasalts (not
further distinguished)
O Glaucophane schists

CANN, 1979; SEYFRIED et al., 1988). Metabasalts in
the ZS-Zone with these chemical characteristics
appear as glaucophanites and chloritoid-talc
eclogites.

3.1. GLAUCOPHANE SCHISTS AND
CHLORITOID-TALC ECLOGITES
The chloritoid-talc eclogites often also contain epi-
dote, rutile and pyrite in addition to omphacite
and garnet. Three different parageneses have

3 -NagO

Al 10 TiO,

d)

/

10 TiO,

© Chloritoid-Talc
eclogites

g Chloritoid-Garnet-Talc
schists, Chlorite schist
(= former hydrothermal
veins)

Fig. 4 Chemical analyses of the eclogite facies mafic rocks (WIDMER, 1996, p. 281-286) and MOR basalt with the
differentiation trend shown by the arrows (SCHILLING et al., 1985), (a) SiO,—Al,O;-10 TiO, (wt%); (b) 3 Na,O-
ALO-10TiO, (Wt%); (¢) 2 MgO-ALO-10 TiO, (Wt%): (d) 2 CaO-ALOs-10 TiO, (wt%).
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been recognised in the glaucophanites — all con-
taining glaucophane and garnet with small
amounts of rutile and pyrite:

(1) paragonite, phengite, omphacite, epidote
(sometimes with zoisite, dolomite, apatite),

(i1) chloritoid, paragonite, phengite, epidote
(sometimes with omphacite, zoisite, dolomite, ap-
atite),

(111) talc, chloritoid (sometimes dolomite).

There appear to be gradual changes in chem-
istry from the three types of glaucophanite to-

wards the hydrothermal veins. Mg-rich minerals
such as talc and Mg-rich chloritoid are only found
in former hydrothermally altered MOR basalts.
The chemical composition of the Ctd-Tc eclo-
gites and the glaucophanites of the ZS-Zone vary
only slightly. Thus the slightly different paragene-
ses could reflect small variation in chemical com-
position, or indicate progressive metamorphic
pressure-temperature conditions.

(FeO To[ul)
F

series

tholeiite
series

calc-alkaline

(NazO + KzO)

» Typical calc-alkaline volcanics

(Cascades)

Z-S metabasalts

Eclogite, prasinite,

° Tholeiite (Thingmuli, Island) ~ © amphibolite

D MOR basalts

(SCHILLING et al., 1985)

Boundary between
calc-alkaline and
tholeiite series:

Fig. 5

Glaucophane schist,
chloritoid-talc eclogite
Chloritoid-garnet-

talc veins

KUNO (1968) ==== [RVINE and BARAGAR (1971)

Chemical analyses for ZS-Zone metabasalts (WIDMER, 1996, p. 281-286) plotted in a magmatic AFM dia-

gram (wt% ), which also shows the boundaries between calc-alkaline and tholeiite series (from Kuno, 1968; IRVINE
and BARAGAR, 1971). The analyses of eclogites + prasinites + amphibolites, glaucophanites, Ctd-Tc-eclogites and the
Ctd-Gr-Te veins may be compared to typical calc-alkaline volcanics (Cascades), tholeiite (Thingmuli, CARMICHAEL,
1964) and MOR basalt (SCHILLING et al., 1985). The chloritisation trend appears here as the inverse of the magmat-

ic fractionation trend.
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3.2. CHLORITOID-GARNET TALC SCHISTS AS and their grain size. Because of these variations in
FORMER HYDROTHERMAL VEINS the veins and the enclosing rocks, modal determi-
nations needed to be made from image analysis

These veins consisting of Ctd-Gr-Tc show great  (Adobe Photoshop) of scanned photographs. For
variation in the proportions of the three minerals  the calculations of chemical analyses, measured

MgO
Opx Ol 1

Meta-

Epidosite
An, Cc,
Gro, Ep,

CaO Na,O

82 MOR basalts from the O Glaucophane schist
Mid Atlantic Ridge

Na-Ze

52°N to 28°N o Chloritoid-Talc
(SCHILLING et al., 1985) eclogite
/ Differentiation trend O Chloritoid-Garnet-
Talc schist, Chlorite
o Eclogite schist (= former

hydrothermal vein)
Metabasalt (not further
distinguished) B Metarodingite

Fig. 6 Chemical analyses of ZS-Zone metabasalts (WIDMER, 1996, p. 281-286) shown on MgO-CaO-Na,O (wt%).
Four distinct ocean floor metasomatic alteration trends are preserved by the ZS metavolcanics: (i) spilitisation (Na-
enrichment), (ii) chloritisation (Mg, ,Ca ), (ili) rodingitisation (Ca-enrichment. Mg and Na depletion) and (iv) epi-
dotisation (Ca, Mg ,).

The mineral compositions for magmatic basalt and for metabasalt in the zeolite/greenschist facies are indicated. The
composition of smectite is plotted from an analysis from ALT et al. (1986) for a "mixed layer" clay mineral from ODP
borehole 504B.

The metasomatic trends originate during precipitation of low-grade metamorphic assemblages replacing the mag-
matic mineralogy reacting with heated sea water. The Ctd-Gr-Tc-rocks most likely represent eclogite facies meta-
morphism of chloritised metasomatites (il above), or similar veins.

Abbreviations: (Ol = olivine; Opx = orthopyroxene; Smec = smectite; Chl = chlorite; Tc = talc: An = anorthitic pla-
gioclase: Cc = calcite; Gro = grossular: Ep = epidote; Lau = laumontite; Ab = albite; Na-Ze = sodic zeolites).
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Tab. 1 Electron microprobe analyses of garnet-tale-chloritoid from Pfulwepass (sample ZS303B, G ANGUIN, 1988),
and the modal analyses of veins obtained from image analyses of photographs.

Weight % Garnet 303 B0O1 Talc 303 BO2 Chloritoid 303 B0!
Si0, Si 39.43 2.9929 61.78 3.9917 25.86 1.0059
TiO, Ti 0.02 0.0012 0.00 0.0017 0.00 0.0000
AlLO, Al 22.39 2.0029 0.00 0.0000 42.75 1.9595
Fe,O, Fe? 0.21 0.0118 0.00 0.0000 0.98 0.0287
FeO Fe* 24.07 1.5273 3.21 0.1733 12.14 0.3949
MnO Mn 0.51 0.0327 0.00 0.0003 0.06 0.0018
MgO Mg 7.93 0.8969 29.43 2.8348 10.50 0.6087
CaO Ca 6.53 0.5314 0.01 0.0007 0.01 0.0004
Na,O Na 0.02 0.0029 0.05 0.0065 0.00 0.0000
K.O K 0.00 0.0000 0.01 0.0005 0.00 0.0000
H,O OH 0.00 0.0000 4.64 2.0000 7.70 2.0000
Molecular weight 461.05 gr/Mol 384.90 gr/Mol 233.70 gr/Mol
Oxygen atoms p.f.u. 12 7 12
Talc Chloritoid Garnet

vein 1:

volume % 84.0% 9.0% 7.0%

mol % 78.9% 14.5% 6.6%

weight % 82.2% 9.5% 8.3%
vein 2:

volume % 27.()”0 66.(]”() 7‘()()0

mol % 18.4% 76.9% 4.8%

wcighl% 25.3% 66.7% 8.0%

mineral analyses and the modal data for two vein
samples were used (Tab. 1).

4. Talc-chloritoid stability along the
subduction PT path

The subduction path for the ZS Zone has been de-
duced from the successive mineralogies of meta-
basites (Fig. 7). A selection of experimentally in-
vestigated equilibria and thermodynamic calcula-
tions in NCMASH is shown in figure 7. together
with previous estimates for the P-T of metamor-
phism for the ZS-Zone (BARNICOAT and FRy,
1986; GANGUIN, 1988). Changes in modal mineral-
ogy along the subduction path have been calcu-
lated for specific bulk compositions in terms of
their modal mineralogies compared to measured
mineral compositions.

The finding of the veins containing Mg-rich
chloritoid with talc and garnet requires that the PT
subduction path be extended beyond the region en-
closed by the solid box in figure 7. Indeed for reac-
tions in MASH the stability of the vein assemblage
Tc + Ctd is restricted to a small region near 30 kbar
and 740 °C (between the numerals IV, V and VI
along the subduction path illustrated in Fig. 7).

The subduction path for the ZS-Zone did not
reach as far as crossing VIII in figure 7, because

talc is not replaced by enstatite + coesite there (A.
BARNICOAT, personal communication, November,
1999).

Now because Fe** enters chloritoid (and gar-
net) more than chlorite (talc takes very little Fe?*)
the natural stability field compared to MASH will
be extended to lower pressures and temperatures,
just about backwards along the indicated subduc-
tion path shown in figure 7 (see WIDMER, 1996,
p. 110).

TARTAROTTI et al. (1986) have described "gar-
net-chloritoid (X, = 0.33) bearing talc schists"
from the St. Marcel Ophiolite in the Aosta valley.
These rocks have undergone a similar history to
those described here from the ZS-Zone (Wip-
MER, 1996, p. 29). Chemical profiles of zoned gar-
nets, made as part of our study, show zoning Ca to
Fe through the core and then Fe to Mg towards
the rim. These profiles also support the notion of
garnet growth via the continuous reactions illus-
trated in figure 7,in the P-T region denoted by the
arrow numbered with Roman numerals up to V1.

5. Conclusions
The high-Mg lower-Ca rock compositions repre-

sented by the chloritoid-garnet-talc schists are
considered to reflect eclogite facies metamor-

o




Pressure [kbar]

OCEAN FLOOR HYDROTHERMAL VEINS IN ECLOGITE FACIES ROCKS 71

. L T R T | ,
=
40 P-T estimate B
Bixiling Dabie Mountains
‘2/
1 P-T estimate ° i
Zermatt
30 —
Q
,.L\“\O\\
Ky Jdv 2
Pil Cuc
7 : Qz
TS
el
20
l() T I T | T I l T l T I T [ T I T I T
400 500 600 700 800 900

Temperature [°C]

Fig..7 Experimentally determined and calculated equilibria relevant to the high pressure metamorphism in the ZS-
Zonaoe and other subduction related high pressure zones.
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albite = jadeite + quartz (HOLLAND, 1980)

graphite = diamond (BERMANN, 1979)

quartz = coesite (MIRWALD and MASSONNE, 1980)

talc + chloritoid = chlorite + kyanite (CHOPIN and SCHREYER, 1983)

chlorite + talc + kyanite = pyrope + H,O (SCHREYER, 1968; SCHREYER, 1988)
talc + chloritoid + chlorite = pyroxene + H,C and talc + chloritoid = pyrope + kyanite + H,O (topography from
CHOPIN, 1984)

glaucophane = jadeite + talc (Koons, 1982)

paragonile = kyanite + jadeite + H,O (HoLLanp, 1979)

enstatite + kyanite = pyrope + quartz (MASSONNE, 1983)

talc = enstatite + quartz + H,O (KITAHARA et al., 1966)

talc + kyanite = pyrope + coesite + H,O (CHOPIN, 1986)

talc = enstatite + coesite + H,O (YaMAMOTO and AKIMOTO, 1977)

Mettamorphic conditions for ZS-Zone estimated on the basis of several of the above geobarometers and oxygen iso-
topee thermometry (GANGUIN, 1988); those for Dabie Shan and Bixiling, China from ZHANG et al. (1995). The cross-
ingss of the various reactions along the subduction path for the ZS-Zone is indicated by Roman numbering up to VL
Furtther abbreviations: Om = omphacite; Jd = jadeite; Ky = kyanite: Coe = coesite; Qz = quartz; Py = pyrope; En =
ensttatite; Cz = clinozoisite; Pa = paragonite; Law = lawsonite: Zo = zoisite; V = H,0.
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phism of hydrothermal veins formed in a previous
metasomatic episode in an ocean floor hydrother-
mal system. The ocean floor metamorphism in-
volved extensive chemical exchange with heated
seawater producing smectite-chlorite (Mg-rich,
Ca-poor minerals, probably with some quartz)
veins in the greenschist facies. During subduction
chlorite remains stable along the subduction PT-
path but the reactions that converted mixed-layer
clays to talc and Mg-chloritoid can only be in-
ferred. While their MgO/FeO values overlap
those of primitive mantle magmas on an AFM di-
agram (Fig. 5), these Ctd-Gr-Tc schists have low-
er CaO relative to such magmatic rock composi-
tions (Fig.6).

Despite the intense Alpine tectonic overprint
that exhumed the metabasic and metaultramafic
zones of the ZS-Zone (see also LEMOINE et al.,
1987), signatures are to be found of the subduc-
tion path in the mineralogy of partly preserved
eclogitic parageneses. In addition, part of the ear-
lier ocean floor metamorphic episodes are pre-
served as veins or patchy domains (as also noted
by BEARTH, 1959, 1973; OBERHANSLI, 1980; Po-
GNANTE, 1989; BARNICOAT and Fry, 1986; BARNI-
COAT and BOWTELL, 1995; BARNICOAT and
CARTWRIGHT, 1995). Thus these Ctd-Gr-Tc veins,
among the other observed vein types, represent
high-pressure subduction-zone metamorphism of
rock compositions produced metasomatically on
the ocean floor by interaction of heated seawater
with MOR basalt. These observations are addi-
tional suggestions that the ZS-Zone has had quite
different tectonometamorphic history than ob-
ducted ophiolites (eg. Semail in Oman; LiPPARD et
al., 1986).

Acknowledgements

We are grateful to the Schweizerische Nationalfonds
and ETH Research Credits for financial support. We
thank Peter Nievergelt for translating the figures and
Ursula Stidwill for proofing the text. We thank Jeff Alt
and Andy Barnicoat for reviewing the manuscript.

References

AL, J.C. (1995): Subseafloor processes in mid-ocean
ridge hydrothermal systems. In: HumpHRris, S.E.,
ZIERENBERG, R.A., MULLINEAUX, L.S. and THOMP-
SON, R.E. (eds): Geophysical Monograph 91,
Seafloor hydrothermal systems, Amer. Geophys.
Union 85-114.

ALT, J.C.,LAVERNE, C.and MUHLENBACHS, K. (1985): Al-
teration of the upper oceanic crust: mineralogy and
processes in deep sea drilling project hole 504 B, Leg
83. In: Initial Reports of the Deep Sea Drilling Pro-
ject.Vol. LXXXIII. Site 504 B, 217-248.

ALT, J.C., HONNOREZ, J., LAVERNE, C. and EMMERMANN,
R.(1986): Hydrothermal alteration of a 1 km section
through the upper oceanic crust, deep sea drilling
project hole 504B: Mineralogy, chemistry and evolu-
tion of seawater-basalt interactions. J. Geophys. Res.
91, 10B, 10, 309-10, 335.

BARNICOAT, A. and Fry, N. (1986): High-pressure meta-
morphism of the Zermatt-Saas ophiolite zone.
Journ. Geol. Soc. London, 143, 607-618.

BARNICOAT, A.C. and BowTELL, S.A. (1995): Sea-floor
hydrothermal alteration in metabasites from high-
pressure ophiolites of the Zermatt-Aosta area of the
western Alps. In: LOMBARDO, B. (ed.): Studies on
metamorphic rocks and minerals of the western
Alps — A Volume in Memory of Ugo Pognante.
Suppl. Boll. Museo Reg. della Scienze Naturali di
Torino 13/2, 191-220.

BarnicoAT, A.C. and CARTWRIGHT, L. (1995): Focused
fluid flow during subduction: Oxygen isotope data
from high-pressure ophiolites of the western Alps.
Earth Planet. Sci. Letters, 132, 53-61.

BEARTH, P. (1959): Uber Eklogite, Glaukophanschiefer
und metamorphe Pillowlaven. Schweiz. Mineral.
Petrogr. Mitt., 39, 267-286.

BEARTH, P. (1973): Gesteins- und Mineralparagenesen
aus den Ophiolithen von Zermatt. Schweiz. Mineral.
Petrogr. Mitt., 53,299-334,

BEARTH, P. and STERN, W. (1971): Zum Chemismus der
Eklogite und Glaukophanite von Zermatt. Schweiz.
Mineral. Petrogr. Mitt. 51, 349-359,

BeccaLuva, L., DaL Piaz, G.V. and Macciorra, G.
(1984): Transitional to normal MORB affinities in
ophiolitic metabasites from the Zermatt-Saas, Com-
bin and Antrona units, Western Alps: implications
for the paleogeographic evolution of the western
Tethyan bassin. Geol. Mijnbouw, 63, 165-177.

BERMANN, R.G. (1979): Thermal properties of diamond.
London, Academic Press, 4-22.

CanN, J.R. (1969): Spilites from the Carlsberg Ridge, In-
dian Ocean. Journ. Petrology, 10, 1-19.

CaNN, J.R. (1979): Metamorphism in the ocean crust. In:
Tatwani, M., HarrisoN, C.G. and Haves, D.E.
(eds): Deep Drilling Results in the Atlantic Ocean:
Ocean Crust., Amer. Geophys. Union, Maurice
Ewing Ser. 2, 230-238.

CARMICHAEL, .S.E. (1964): The petrology of Thingmuli,
a Tertiary volcano in eastern Iceland, J. Petrol. 5,
435-460.

CHoPIN, C. and SCHREYER, W. (1983): Magnesiocarpho-
lite and magnesiochloritoid: two index minerals of
pelitic blueschists and their preliminary phase rela-
tions in the model system MgO-Al,05-SiO,~H,0.
Amer. J. Sci. 283 A, 72-96.

CHoriN, C. (1984): Coesite and pure pyrope in high
grade blueschists of the western Alps: A first record
and some consequences. Contr. Mineral. Petrol. 86,
107-118.

CHoriN, C. (1986): Phase relationships of ellenbergerite,
a new high-pressure Mg-Al-Ti-silicate in pyrope-
coesite-quartzite from the Western Alps. Geol. Soc.
Amer. Mem. 164, 31-42.

CoLEmMAN, R.G. (1977): Ophiolites. Springer-Verlag
Berlin Heidelberg New York.

Evans, B.W., TROMMSDORFF, V. and GoLEs, G.G. (1981):
Geochemistry of high-grade eclogites and meta-
rodingites from Central Alps., Contr. Mineral.
Petrol. 76,301-311.

GANGUIN, J. (1988): Contribution a la caractérisation du
métamorphisme polyphase de la zone de Zermatt-
Saas Fee (Alpes Valaisannes). Thése inéd., n° 8731,
ETH Zurich.




OCEAN FLOOR HYDROTHERMAL VEINS IN ECLOGITE FACIES ROCKS 73

HoLLaND, T.J.B. (1979): Experimental determination of
the reaction paragonite = jadeite + kyanite + H,O,
and internally consistent thermodynamic data for
part of the system Na,O-AlLO; -Si0,-H,0. with ap-
plications to eclogites and blue-schists. Contr. Min-
eral. Petrol. 68,293-301.

Horranp, T.JB. (]98()): The reaction albite = jadeite +
quarl/ determined experimentally in the range
600-1200 °C. Amer. Mineral. 65, 129-134.

HoxNOREZ, J., LAVERNE, C.. HUBBERTEN, H.-W., EM-
MERMANN, R. and MUHLENBACHS, K. (1983): Alter-
ation processes in layer 2 basalts from Deep Sea
Drilling Project Hole 504B. Costa Rica Rift. In:
CanN, LR., LANGSETH, M.G., HONNOREZ, J., VON
HERZEN, R.P. WHITE, S.M. et al., Init. Repts. DSDP
69: Washington (U.S. Govt. Printing Office),
509-546.

HumpHRIs, S.E. and THowmpsoN, G. (1978): Hydrother-
mal alteration of oceanics basalts by seawater.
Geochim. Cosmochim. Acta 42, 107-125.

IRVINE T.N. and BARAGAR, W.R.A. (1971): A guide to the
chemical classification of the common volcanic
rocks. Can. J. Earth Sci. 8, 523-548.

KitaHARA, S., TakenoucHr, S. and Kennepy, G.C.
(1966): Phase relations in the system MgO-Si0,-
H,O at high temperatures and pressures. Amer. J.
Sci. 264, 223-233.

Koons, P.O. (1%2): An investigation of experimental
and natural high-pressure assemblages from the
Sesia Zone, Western Alpes, Italy. Dr. nat. sci. These.
No.7169, ETH Ziirich.

Kuno, H. (1968): Differentiation of basalt magmas. In:
HEss. H.H. and POLDERVAART, A. (eds): Basalts: The
Poldervaart treatise on rocks of basaltic composi-
tion. Vol. 2, Interscience, New York, 623-688.

LEMOINE, M., TRICART, P and BoiLLot, G. (1987): Ul-
tramafic and gabbroic ocean floor of the Ligurian
Tethys (Alps, Corsica, Apennines): In search of a ge-
netic model. Geology 15, 622-625.

LirPARD, S.J., SHELTON, A.W. and Gass, 1.G. (1986): The
Ophiolite of Northern Oman. Published for The Ge-
ological Society. Memoir Number 11, Blackwell Sci-
cntific Pub., Oxford London Edinburgh Boston Palo
Alto Melbourne.

MASSONNE, H.-J. (1983): Experiments on melting to 50
kbar in the system MgO-Al1,0.-Si0,-H,0 (MASH)
with excess SiO, and H,O. EOS 64, 875.

MESSIGA, B.. PiccarRDO, G.B. and ErNsT, W.G. (1983):
High-pressure eo-Alpine parageneses developed in
magnesian metagabbros, Gruppo di Voltri, Western
Liguria, Italia. Contr. Mineral. Petrol. 83,115

MIRWALD, PW. and MassonNE, H.J. (1980): The low-
high quartz and quartz-coesite transition to 40 kbar
between 600° and some reconnaissance data on the
effect of NaAlO, component on the low quartz-
coesite transition. J. Geophys. Res. 85, 6983-6990.

Motrr, M.J. (1983): Metabasalts, axial hot springs, and
the structure of hydrothermal sys[cms at mid-ocean
ridges. Geol. Soc. ‘Amer. Bull. 94, 161-180.

OBERHANSLI, R. (1980) P- T-Bestimmungen anhand von
Mlmraidndlysm in Eklogiten und Glaukophaniten

der Ophiolite von Zermatt. Schweiz. Mineral. Pe-
trogr. Mitt., 60, 215-235.

PreIfFeR, H.R., CorLomBl, A. and GAaNGUIN, J. (1989):
Zermatt-Saas and Antrona Zone: A petrographic
and geochemical comparison of polyphase meta-
morphic ophiolites of the West-Central Alps.
Schweiz. Mineral. Petrogr. Mitt., 69, 217-236.

POGNANTE, U. (1989): Early Alpine eclogitisation in talc/
chloritoid bearing Mg-metagabbros and in jadeite-
Fe-omphacite-bearing metatrondhjemites from the
ophiolites of the western Alps. Rend. Soc. Ital. Min-
eral. Petrol.. 43, 687-704.

ROSENBAUER, R.J., BiscHOFF, LL. and ZIERENBERG,
R.A. (1988): The laboratory albitization of mid-
ocean ridge basalt. J. Geol..96,237-244.

SCHILLING, J.G., ZaJac, M., Evans, R., JoHNsTON, T,
WHITE, W., DEVINE, J.D. and KINGSLEY, R. (1985):
Petrologic and g()(.h(,ﬂﬂC&] variations along the
mid-Atlantic ridge from 29° N to 73° N. Amer. J. Sci.
283, 510-586.

SCHREYER. W. (1968): A reconnaissance study of the sys-
tem MgO-Al,O.-Si10,-H,0O at pressures between
10 and 25 kbar. Carncmu Inst. Washington Year
Book, 66, 380-392.

SCHREYER, W. (1988): Experimental studies on meta-
morphism of crustal rocks under mantle pressures.
Mineral. Mag. 52,364, 1-26.

SERRI, G. (1980): Chemistry and petrology of gabbroic
complexes from the northern Apennine ophiolites.
In: PanayioTou, A. (ed.): Ophiolites, Proc. Intern.
Ophiol. Symp. Cyprus, 1979, 296-313. Rep. of
Cyprus, Geol. Surv. Dept. Nicosia.

SEYFRIED, W.E.. MoTTL, M.J. and BiScHOFF, J.L. (1978):
Secawater/basalt ratio effects on the chemistry and
mineralogy of spilites from the ocean floor. Nature
275,211-213.

SEYFRIED, W.E., BErRNDT, M.E. and SEEWALD, IS.
(1988): Hydrothermal alteration processes at mid-
ocean ridges: constraints from diabase alteration ex-
periments, hot-spring fluids and composition of the
oceanic crust. Canadian Mineralogist. 26, 787-804.

TARTAROTTI, P.. MARTIN, S. and PoLiNO, R. (1986): Geo-
logical data about the ophiolitic sequence in the St.
Marcel Valley (Aosta Vally). Ofioliti, 11, 3, 343-346.

Yamamoro, K. and AKiMoTO, S.1. (1977): The system
MgO-SiO,-H,O at high pressures and temperatures
— stability field of hydroxyl-chondrodite, hydroxyl-
clinohumite and 10 A phase. Amer. J. Sci. 277,
288-312.

WiIDMER, T. (1996): Entwisserung ozeanisch alterierter
Basalte in Subduktionszonen (Zone von Zermatt-
Saas Fee). Dr.nat.sci. Thesis. Nr. 11609, ETH Ziirich.

ZHANG, R.Y., Liou, J.G. and CoNG, B.L. (1995): Talc-,
magnesite- and Ti-Clinohumite-bearing ultrahigh-
pressure meta-mafic and ultramafic complex in the
Dabiec Mountains, China. J. Petrology 36, 4,
1011-1037.

Manuscript received August 20, 1999; revision ac-
cepted January 17, 2000.



	Ocean floor hydrothermal veins in eclogite facies rocks of the Zermatt-Saas Zone, Switzerland

