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Composition of pumpellyite, epidote and chlorite from
New Caledonia - How important are metamorphic grade
and whole-rock composition?

by Sébastien Potel'", Susanne Th. Schmidr’ and Christian de Capitani’

Abstract

In New Caledonia, pumpellyite occurs in association with epidote, chlorite and amphibole in metabasites, meta-
pelites and metatuffs. The metamorphism in New Caledonia is related to two subduction events, one during Creta-
ceous time and a second one during Oligocene time. Metamorphism in the different metamorphic zones displays an
increase in metamorphic grade from pumpellyite-actinolite (Pmp-Act) facies at high pressure to prehnite-pumpel-
lyite (Prh-Pmp) facies at intermediate to low pressure.

Detailed chemical analysis of pumpellyite, epidote, chlorite and actinolite from various lithologies shows different
compositions in the metamorphic zones. Bulk-rock compositions, metamorphic grade and mineral associations were
determined to define the factors that control these mineral compositions.

Equilibrium phase diagrams were calculated using the DOMINO-THERIAK software and an updated thermody-
namic database. To test the effect of bulk-rock composition, the calculations were done in systems of varying Mg/
(Mg+Fe) and Al/(Fe+Al) ratios at 3 kbar and using the hematite-magnetite buffer as a control for aO,. Equilibrium
assemblages corresponding to observed mineral associations occur in the predicted phase diagrams. Pumpellyite is
stable over a wide compositional range in these different systems at temperatures below 235 °C, whereas epidote
becomes stable at temperatures above 235 °C. In systems of low Mg/(Mg+Fe) and high Al/(Fe+Al), epidote and
pumpellyite are predicted to be stable between 235 and 290 °C. The association pumpellyite-prehnite appears to be
characteristic of low Mg/(Mg+Fe) and high Al/(Fe+Al), whereas the association pumpellyite-actinolite seems to be
characteristic of high Mg/(Mg+Fe) systems. Variations of oxygen fugacity play an important role on the observed
mineral associations and the compositions of pumpellyite and epidote.

Keywords: pumpellyite-prehnite facies, pumpellyite-actinolite facies, epidote, oxygen fugacity, equilibrium phase
diagram.

Introduction

Since the pioneering work of HASHIMOTO (1966),
several studies have been published on the com-
position of coexisting phases in rocks of very low-
and low-grade metamorphism.

In low-grade metamorphic rocks, pumpellyite
is an important index mineral found in basic rocks
metamorphosed at various pressures and under
low temperature conditions resulting in the preh-
nite-pumpellyite, the pumpellyite-actinolite and
the blueschist facies. Therefore, pumpellyite is
diagnostic of two of the principal facies of low-

grade metamorphism. For this reason, the varia-
tion of its chemical composition as a possible indi-
cator of metamorphic grade has been studied (for
a review see BEIERSDORFER and DAy, 1995). For
example, several authors have attempted to link
variations in Al-Fe composition of pumpellyite
with variations in metamorphic grade. Different
tendencies are observed: either a decrease of total
Fe in pumpellyite with increasing grade due to the
Al-Fe’* exchange (CooMsBs et al., 1976; BEVINS,
1978; Liou, 1979) or, alternatively, the high total
Fe is considered to be characteristic of lower meta-
morphic grade (BEVINS, 1978; SCHIFFMAN and
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Liou, 1980). Coowmss et al. (1976), ISHIZUKA
(1991) and others observed that Fe-rich pumpel-
lyite occurs in the lowest-grade metamorphic
zones, whereas aluminous varieties appear in the
pumpellyite-actinolite and blueschist zones. In
contrast, CORTESOGNO et al. (1984) found no rela-
tion between total Fe and metamorphic grade, but
they proposed that the composition of the precur-
sor minerals was an important factor for both to-
tal Fe and Fe/(Fe+Al) in pumpellyite. The whole-
rock composition (BANNO, 1964) and fo, (Liou,

1979) are also known to influence the composi-
tion of this mineral. AGUIRRE (1993) correlated
the chemical composition of pumpellyite to a spe-
cific geological setting.

Attempts to interpret the composition of epi-
dote in relation to metamorphic grade have also
been made (for a review see BEIERSDORFER and
DAy, 1995). Fe**/(Fe**+Al) in epidote is consid-
ered to decrease with increasing metamorphic
grade (BIRD et al., 1988, TERABAYASHI, 1988;
AIGUIRRE et al., 1989) but the opposite trend is
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also reported (LEvI et al., 1982; CHO et al., 1986).
Liou (1973) observed that the maximum Fe?
content of synthetic epidote varies as a function
of fo,, although AIBA (1982) found that epidote
composition primarily depends on whole-rock
composition.

Minerals of the chlorite group, mainly Fe-Mg-
Al-chlorites, are among the most common phyllo-
silicates in metabasites and metapelites that form
under low-temperature metamorphism. Numer-
ous studies have been performed to determine
which factors control the composition of chlorite
in such rocks. BEIERSDORFER and DAY (1995) de-
scribed five compositional parameters of chlorite,
which can vary as a function of metamorphic
grade: (1) Fe/(Fe+Mg), (2) Al/(Al+Fe), (3) tetra-
hedral Al, (4) octahedral vacancies, and (5) the
proportion of swelling phyllosilicates.

Following previous studies on the composition
of coexisting phases in very low- and low-grade
metamorphic rocks, we present results of a com-
parison between naturally observed assemblages
in New Caledonia and assemblages predicted by
thermodynamic calculations. The island of New
Caledonia offers the possibility to study a suite of
metabasites and metapelites which contain pum-
pellyite, epidote and chlorite, and were metamor-
phosed under various grades. We examined min-
eral assemblages and their progressive evolution
from prehnite-pumpellyite to pumpellyite-actino-
lite facies, to understand which parameters con-
trol the composition of pumpellyite, epidote and
chlorite. Mineral assemblages and compositions
of the relevant minerals were studied and com-
pared to whole rock compositions. Analytical tech-
niques included X-ray diffraction (XRD), electron
microprobe (EMPA), and X-ray fluorescence
(XRF). Because oxygen fugacity was considered
by several authors (Liou, 1973; 1979) as a non-
negligible factor, this has also been incorporated
in our calculations. Equilibrium phase diagrams
were calculated using the DOMINO-THERIAK
software (DE CAPITANI, 1994) in order to model
the stable phase relations involving pumpellyite,
epidote and chlorite as a function of temperature,
whole rock composition, oxygen activity and
pressure.

General geology

New Caledonia is a narrow and elongate island,
some 400 km long and 40-50 km wide, located be-
tween latitudes 18° S and 22° §, roughly midway
between Australia and the Fiji Islands and be-
tween New Zealand and New Guinea (inset of
Fig. 1). The microcontinent of New Caledonia

contains different terranes, which formed in dif-
ferent settings during the Permian to Oligocene.
During the Late Palacozoic—-Mesozoic New Cale-
donia belonged to the Gondwana continent and
was affected by subduction and accretion
(AITCHISON et al., 1998). Rifting-passive margin
development and the formation of the New Cale-
donian block (NCB) resulted from the break-up
of the Gondwana margin (GAINA et al., 1998).
During late Cretaceous—Palaeocene time, two
separate and distinct oceanic nappes, the Poya
and Peridotite nappes, were obducted NE-SW
onto the NCB (EISSEN et al., 1998). Unroofing of
the metamorphic core complexes was caused by
late-stage gravitational collapse of the obducted
ophiolite pile (AITCHISON et al., 1995).

Petrographic descriptions

In New Caledonia, metabasic rocks occur in three
areas: (1) In the high pressure (HP) metamorphic
zone (Fig. 1), metabasic rocks are interbedded
with metapelites (ESPIRAT and MILLON, 1965).
This zone corresponds to the Oligocene metamor-
phic zone. (2) In the Poya nappe, which is com-
posed of pillow basalts and includes pelagic sedi-
ments (shales and black cherts), dolerites and
gabbros. This nappe represents the upper part of a
slice of oceanic crust. (3) In the Cretaceous meta-
morphic zone where tuffs of Triassic—Jurassic age
and basalts of doleritic composition are domi-
nant. Metabasites are also interbedded with sedi-
ments and consist of volcanic rocks (dolerites)
and tuffs. Samples for the present study were col-
lected in the HP metamorphic zone, the Poya
nappe and in the Cretaceous metamorphic zone,
and are listed in Table 1, which also summarizes
the observed mineral assemblages.

Basalts and dolerites in all zones are massive
dark rocks (black to green), often with veins of
epidote, quartz or sulphide. Thin sections show
quartz, chlorite, epidote, pumpellyite, prehnite
and an overgrowth assemblage, with green horn-
blende and actinolite mainly replacing clinopy-
roxene. These minerals grow on igneous precur-
sors, but also in veinlets. The texture is medium-
grained and relic phenocrysts of oligoclase are re-
placed by sericite, pumpellyite or prehnite. New
growth of Na-amphibole, actinolite and chlorite
is observed along the rims of magmatic horn-
blende. Tuffs are composed of fine-grained mica,
chlorite and albite. In addition to the main assem-
blage, lawsonite, pumpellyite, epidote and Fe-
stilpnomelane are found in all three metamorphic
zones; the grades range from prehnite-pumpelly-
ite to pumpellyite-actinolite facies.
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Methods

The character of mafic phyllosilicate minerals
present in metabasites was determined using a
variety of methods including optical microscopy,
XRD and EMPA analysis. Whole rock composi-
tion of major elements was determined by XRF.
Mineral abbreviations used in this study follow
KRETZ (1983).

ANALYTICAL METHODS

Chemical analyses of minerals were obtained us-
ing wavelength-dispersive spectroscopy on a
JEOL JXA-8600 superprobe with NORAN au-
tomatization and a PROZA correction program.
In order to avoid volatilisation of light elements,
low grade metamorphic minerals were analysed
using a 10 nA beam current, an accelerating volt-
age of 15 kV, an acquisition time of 60 seconds and
a rastered beam across an area of approx. 25 um?.

Minerals were also characterised with a DS000
Bruker-AXS (Siemens) diffractometer, using
CuKa radiation, an accelerating voltage of 40 V, a
current of 30 mA, automatic divergence slits (pri-
mary and secondary V20) with a secondary graph-
ite monochromator.

Analysis of major elements was done with Tra-
cor Spectrace-5000 energy-dispersive X-ray fluo-
rescence equipment.

THERMODYNAMIC MODELLING

Equilibrium assemblages and equilibrium phase
diagrams were calculated using the DOMINO-
THERIAK software (DE CAPITANI and BROWN,
1987; DE CAPITANI, 1994) to investigate the poten-
tial effects of temperature, whole rock composi-
tion and oxygen activity on the chemical compo-
sition of pumpellyite and associated minerals.

The internally consistent mineral database
JUNE92 of BERMAN (1988) was supplemented
with thermodynamic data for Fe- and Mg-glau-
cophane from EL-SHAZLY and Liou (1991) and
Mg-pumpellyite data from EvaNns (1990). Data
for Fe-pumpellyite were not available, but,
SCHIFFMAN and Liou (1983) determined its cell-
volume, and Liou (1979) bracketed the break-
down reaction 4Fe-Pmp + O, = 8Ep + 10W. C was
estimated according to BERMAN and BROWN
(1985). Compressibilities and expansivities were
assumed to be equal to those for Mg-pumpellyite.
The entropy and the enthalpy of Fe-pumpellyite
were derived using these data.

Table 2 Thermodynamic properties of end-members that are updated or not published in the JUN92.
Cp =k— Kk T5- kT4 kT3 + kT2 JK V(P/T)/V(1,298.15) = 1+ v, (T-298.15) + v, (T-298.15)2 + v4 (P-1) + v, (P-1)?
Units are in J, K and bar, v, v,, v; terms need to be divided by 10°, v, by 10%.

Mineral Formula Comments H° (J) S° (J/K) V° (J/bar)
ko k k; Kk, kg
Vi V2 V3 Va4
Fe-Pumpellyite Ca,AlFe, Fe,Si,0,,(OH), (1) -13612835.00 666.67 29.99
1612.3 -11089.12 —-24553960.00 3324677000 0.00000
3.467 0.00000 5.1516 1.288
Mg-Pumpellyite  Ca,Al,Mg,Si;0,,(OH), (2) -14402300.00 584.00 29.55
1576.0 —-10603.0 —28304200.00 3838351000 0.00000
3.467 0.00000 5.1516 1.288
Mg-glaucophane Na,Mg;AlSi;O0,,(OH), (3) -11958865.00 535.00 26.05
1717.500 -19272.000 7075000.0 0.00000 -0.1210700
2.71035000 —0.0001500 -0.10959000 0.00000
Fe—glaucophane  Na,Fe;AlLSigO,,(OH),  (3)  -10897567.00 624.00 26.59
1762.900 -20207.100 9423700.00 0.00000 0.00000
3.04625799 0.00000 -0.11658518 0.00000
Laumontite CaAlSi,0,,(H,0), (1) -=7261180.50 463.33 20.37
917.377 -6131.500 -14805540.00 2022583000 0.00000
2.610028122  -0.000203757 -0.067858953  0.000260199

(1) this study: (2) Properties derived by Evans (1990); (3) Properties derived by EL-SHAZLEY and Liou (1991).

Solution model:
Epidote-Clinozoisite: ideal one site mixing

Pumpellyite-Fe Pumpellyite: ideal one site mixing

= M
agp = XFe

= M
Acyy = Xi\]

aPmp = XPmp

Ape.pmp = NFe-Pmp
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Derived thermodynamic data of Fe-pumpelly-
ite are presented in Table 2, together with all phas-
es not included in the Berman database JUN92.

Results on samples

COMPOSITIONS AND MINERAL
ASSEMBLAGES

One of the main problems in the metamorphism
of low-grade metamorphic rocks (metabasites or
metapelites) is to determine the stable mineral
assemblage. Evidence of disequilibrium is com-
mon in thin sections. Preservation of incompletely
replaced relics of augite and hornblende, inter-
grain inhomogeneity in the same sample and
zoned amphibole are all indicators of disequili-
brium. However, local equilibria may be pre-
served if the metamorphic minerals are in physical
contact, provided these grains are unzoned. In the
same rock, minerals from veins and host rocks are
not necessarily in equilibrium and may be part of a
different mineral assemblage. We attempted to
identify and study equilibrium assemblages solely
on the contact relationships between minerals.

S.POTEL,S.TH. SCHMIDT AND C. DE CAPITANI

Sample locations are indicated in Fig. 2. The
following mineral associations were found in me-
tabasites (Table 1): (1) chlorite-pumpellyite, (2)
pumpellyite-chlorite-lawsonite, (3) pumpellyite-
chlorite-actinolite, (4) pumpellyite-chlorite-Fe
richterite, (5) pumpellyite-chlorite-Fe stilpnome-
lane, (6) pumpellyite-prehnite. Assemblages (1)
and (6) are mainly found in rocks metamor-
phosed under prehnite-pumpellyite facies condi-
tions. Assemblages (2), (3),(4) and (5) are consid-
ered to represent pumpellyite-actinolite facies
conditions. In metapelites and the tuff sample,
only the assemblages (1) and (2) are observed.

Chlorite
Chlorite is ubiquitous in all metabasites studied.
It occurs in veins, as irregular patches in plagiocla-
se, and replaces pyroxene and igneous amphibole
(brown hornblende). Its abundance is variable
and ranges between 5 and 20 vol% of the rock.
The colour of chlorite ranges from colourless to
green-yellow; the birefringence colour is violet/
blue (most samples), although in some cases
brown or violet/blue and brown.

Chemical analyses of chlorite are given in
Table 3. The compositions were normalised to 28

MF3022 N
\ MF3023 Pacific Ocean
\ pssq  |MF3106
MEF3111
MF3091 PS56 MF; 3 9k
Koumac
. Hienghéne
MF3047| JTouhe
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L o A /N MF3084
-_' \él\‘ >
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ME31141- . Ponérihouen IPS76
MF3079 / o i
A Metabasites from the Poya nappe PS46| ~ S ME3124]
¥\ Houai o
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Fig.2 Location in northern New Caledonia of metabasites, metapelites and one metatuff samples studied. Samples
are located in the two metamorphic zones and in the Poya nappe.
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oxygens and fulfill the criterion 2Ca+Na+K < (.2
(SCHMIDT et al., 1997) used as a test for micro-
probe analyses not contaminated by other phases.
In a diagram of non-interlayer cations versus
Al .. the chlorite analyses scatter between 4.0
and 6.2 Al with no visible trend (Fig. 3). MgO/
(MgO+FeQ) values for chlorite in metabasites

235

range from 0.35 to 0.90. This ratio has been re-
peatedly shown to correlate with the same ratio
for the whole rock composition (Table 4) (BEV-
INS and MERRIMAN, 1988; BEIERSDORFER and
DAy, 1995). However, the composition of chlo-
rite, for the samples from New Caledonia, does
not correlate with the bulk rock composition,

Table 3 Representative microprobe analyses of chlorite in basic rocks, metapelites and one tuff in New Caledonia.

Calculations are based on 28 oxygens, and total Fe is assumed to be FeO.

Sample N° PS76 ME3079 MFE3074 MF3092 MF3047 MF3106 PS81 ME3111
12 analyses  Sanalyses 16 analyses  Sanalyses  7analyses 21 analyses 7 analyses 58 analyses
Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

Si10, 2521 072 2731 044 29.08 0.54 2838 0.54 2620 0.66 2505 021 26.16 055 2527 075

ThO, 013 009 0.08 004 009 014 007 015 002 004 000 001 009 013 023 048

Al O, 2049 039 1652 1.06 18.18 023 1632 0.64 1819 0.59 17.21 073 18.19 057 17.58 040

FeO 2601 211 2676 258 23.01 035 2722 043 2828 134 3626 172 2829 124 3155 045

MnO 0.10 016 042 006 038 0.07 027 008 049 0.08 052 009 049 007 0.63 0.10

MgO 1428 148 1491 146 1981 033 1543 0.52 13.78 056 836 024 13.82 051 11.34 040

CaO 0.09 004 030 017 023 018 021 016 016 012 008 005 018 011 019 023

Na,O 0.03 003 004 001 005 010 0.02 002 003 002 002 002 005 004 0.07 011

K,O 0.04 003 013 010 001 0.02 001 001 002 001 000 001 002 002 002 001

Total 86.38 86.47 90.84 87.93 87.17 87.50 87.29 86.88

Si 5.42 5.91 5.82 6.02 5.67 5.66 5.65 5.61

T 0.02 0.01 0.02 0.01 0.00 0.00 0.01 0.04

Al 5.20 4.21 4.29 4.08 4.64 4.59 4.63 4.60

Fe 4.69 4.85 3.85 4.83 512 6.85 5.1 5.86

Mn 0.02 0.08 0.07 0.05 0.09 0.10 0.09 0.12

Mg 4.58 4.81 591 4.88 4.44 2.82 4.45 375

Ca 0.02 0.07 0.05 0.05 0.04 0.02 0.04 0.05

Na 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.03

K 0.01 0.04 0.00 0.00 0.01 0.00 0.01 0.01

Mg/(Mg+Fe>*)  0.49 0.50 0.61 0.50 0.46 0.29 0.47 0.39

Table 3 (continued)

Sample N° MF3113 MF3091 MF3155 MF3023 MF3114 PS46 PS54 PS56
15 analyses 42 analyses 11 analyses 15 analyses 17 analyses 11 analyses 7 analyses 16 analyses
Mecan  Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

S10, 2489 043 2734 0.82 2783 0.67 30.63 0.63 2284 043 2606 044 29.06 0.70 24.93 0.48

TiO, 0.05 0.08 005 006 002 003 0.02 003 008 008 006 005 007 005 012 0.12

AlLO; 1639 0.53 1639 0.53 18.00 0.52 1652 038 19.10 059 1943 0.14 1698 033 19.19 051

FeO 3374 086 2547 0.81 26.04 075 1265 090 39.04 094 3054 024 1999 046 3201 0.50

MnC 086 010 026 006 030 006 016 002 058 CIC 044 007 059 €11 051 008

MgO 1044 0.82 1659 055 1549 048 2591 0.70 451 026 1085 034 1930 046 950 0.16

CaO 008 0.07 012 009 024 012 013 004 007 009 002 003 002 002 006 004

Na,O 002 002 001 002 004 007 003 002 002 002 003 003 002 001 005 003

K,O 004 003 002 001 003 002 005 005 003 002 003 003 003 002 011 0.03

Total 86.50 86.25 87.99 85.27 86.27 87.46 86.04 86.48

Si 5.64 5.89 5.86 6.13 5.35 5.42 6.06 5.56

Ti 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.02

Al 438 4.14 4.47 3.89 5.27 .35 4.17 5.05

Fe 6.40 4.59 4.59 2.11 7.65 6.52 348 5.97

Mn 0.17 0.05 0.05 0.03 0.11 0.08 0.10 0.10

Mg 3.53 5.33 4.86 7.72 1.57 2:51 6.00 3.16

Ca 0.02 0.03 0.05 0.03 0.02 0.00 0.00 0.01

Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02

K 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.03

Mg/(Mg+Fe?*)  0.36 0.54 0.51 0.79 0.17 0.28 0.63 0.35




236 S.POTEL, S,TH. SCHMIDT AND C. DE CAPITANI

T T T | T T T | T l l T
§ 20 Clinochlore
T A
L -
o
+ -
OD —
=
+ 19—
:_C B towards sudoite
gi\] B towards saponite
18 L | ! | l | | | | | 1 | !
0 2 4 6
Al (ap.fu)
Poya nappe Cretaceous zone Oligocene zone
@ Mr3079 [] ps76 () Mr3047
@ MF3106 QO pssi <7 MF3114
W ME311 /\ MF3023
L Y @ vriss
Clinochlore
A MF3092 end-member

Fig.3 Average sum of tetrahedral plus octahedral cations, calculated for chlorite analyses from metabasites, plotted
against Al,..,. Analyses cluster close to clinochlore. Error bars (20) are represented for each population.

Table 4 Major elements analyses of basic rocks, metapelites and one tuff in New Caledonia.

Sample MF3022 MF3047 MF3048 MF3112 MF3114 MF3155 MF3074 MF3079 MF3084

Si10, 44.60 58.31 54.40 56.30 64.56 55.30 49.80 48.26 48.66
TiO, 0.40 0.87 0.69 1.18 0.75 0.28 0.96 1.39 1.32
Al O, 15.06 17.93 16.60 14.80 15.41 13.30 12.50 13.88 13.75
Fe,O; 7.78 5.10 529 10.59 5.68 9.54 10.71 11.62 11.02
MnO 0.11 0.00 0.04 0.17 0.13 0.14 0.16 0.18 0.16
MgO 16.14 1.20 1.28 3.38 1.54 5.47 7.54 4.71 7.20
CaO 8.61 6.08 15.71 3.94 2.89 9.91 9.22 12.70 11.32
Na,O 1.00 7.58 0.93 371 4.55 1.96 2.92 3.65 3.22
K,O 0.24 0.00 0.00 0.58 1.83 0.00 0.03 0.39 0.04
P,05 0.00 0.20 0.13 0.28 0.25 0.04 0.09 0.00 0.00
LOI 6.07 2.69 4.41 2.98 2.42 3.95 5.96 3.20 331
Total 100.01 99.96 99.48 99.91 100.01 99.89 99.89 99.98 100.00
Sample MF3091 MF3106 MF3111 MF3113 PS76 PS81 PS54 PS56 PS46
Si0, 46.39 49.93 51.20 58.50 53.60 47.86 75.70 63.13 59.59
TiO, 1.20 2:15 1.87 1.36 0.67 241 0.50 0.84 0.92
AL O, 14.66 13.61 13.60 13.00 15.37 13.61 9.10 16.05 16.45
Fe,O; 11.51 15.04 14.05 11.76 9.61 13.13 4.12 5.83 6.96
MnO 0.16 0.20 0.24 0.25 0.15 0.22 0.09 0.11 0.09
MgO 8.14 4.40 4.59 2.44 6.04 5.79 3.32 1.88 1.99
CaO 11.75 7.01 5.88 4.55 7.63 11.00 1.14 297 3.79
Na,O 2.05 4.93 5.05 5.10 2.89 3.08 0.34 315 2.88
K,O 0.00 0.14 0.31 0.04 1.24 0.14 2.81 275 2.35
P,0O5 0.00 0.23 0.30 0.42 0.00 0.24 0.10 0.23 0.19
LOI 4.14 2.37 2.69 2.46 2.80 2.50 2.67 3.07 4.59

Total 100.00 100.01 99.77 99.88 100.00 99.98 99.89 100.01 99.79
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nor with metamorphic grade (R? = 0.501, Fig.
4a).

Pumpellyite
Pumpellyite has been found in samples of meta-
basite and tuff and in one metapelite. It occurs in
veins, as aggregates of radially arranged needles
in plagioclase and in the matrix. Pumpellyite is
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usually found in the matrix as well as in the veins
of the same specimen, except in metapelites and
the tuff. In metabasites and in metapelites,
pumpellyite commonly displays brownish or
blue-green pleochroism. In the tuff, the crystals
show a pleochroism from colourless to olive.
Analyses of pumpellyite (Table 5) were recal-
culated on the basis of 16 cations per 24.5 oxy-
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Fig.4 (a) Correlation between whole-rock composition and chlorite composition in metabasites. (b) Correlation of
MgO/(MgO+Fe,05) between whole rock and pumpellyite. (¢) Correlation between the MgO/(MgO+FeO) ratio in
chlorite and in pumpellyite. (d) Correlation between the MgO/(MgO+FeO) ratio in epidote and in pumpellyite. (¢)
Correlation of MgO/(MgO+Fe,0;) between whole rock and epidote.
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gens according to the chemical formula of  SPRINGER et al, 1992). The amount of Fe’ in
W, X,Y,ZO50.(OH)s o .where x> = 1; W = Ca,  pumpellyite was calculated assuming a chemical
Mn; X = Mg, Fe?*, Mn, Al Fe?*; Y = Al,Fe*;Z =81  formula of W;X,Y,Z.0,,(OH),; for details see
(Coomss et al., 1976; CORTESOGNO et al., 1984;  SPRINGER et al. (1992).

Table 5 Representative chemical analyses of pumpellyite. Calculations are based on 16 cations and 24.5 oxygens,
and Fe3* and Fe?* were calculated assuming a chemical formula of W,X,Y,Z,0,,(OH),, and total iron as Fe,O.

Sample N° PS76 MFE3079 MF3074 MF3047 MEF3106 PS81 MF3084
Mineral Pmp-Chl Pmp-Chl Pmp-Chl Pmp-Stp Pmp-Stp Pmp-Chl Pmp-Chl
assemblages 21 analyses 88 analyses 11 analyses 77 analyses 6 analyses 8 analyses 14 analyses

Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Mean Std Mean Std.
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

SiO, 37.15 060 37.08 048 3691 037 3776 047 3589 049 3596 057 3662 077
TiO, 0.05 006 027 084 008 013 020 025 012 010 010 010 000 000
AL O, 2671 045 2213 0.68 2365 070 2530 051 2245 061 2320 116 2070 0.86
FeO 342 049 939  1.00 823 1.14 685 046 961 047 797 145 1082 118
MnO 0.00 000 027 007 027 004 006 006 039 004 022 007 012 007
MgO 203 027 252 037 255 019 165 028 178 017 203 018 177 028
CaO 2218 049 2087 077 2224 075 2203 039 21.74 038 21.73 061 2150 052
Na,O 028 021 009 003 010 002 009 002 013 002 009 007 007 002
K,O 0.06 002 007 020 002 001 001 002 003 003 003 007 002 001
Total 91.88 92.69 94.05 93.95 92.13 91.33 91.62

Si 6.01 6.07 592 6.06 5.92 595 6.10

Ti 0.01 0.03 0.01 0.02 0.01 0.01 0.00

Al 5.09 4.27 4.47 4.78 4.36 4.52 4.07

Fe3+ 0.42 0.71 0.39 0.80 0.51 0.51 0.75

Fe? 0.04 0.58 0.71 0.12 0.82 0.59 0.75

Mn 0.00 0.04 0.04 0.01 0.05 0.03 0.02

Mg 0.49 0.61 0.61 0.40 0.44 0.50 0.44

Ca 3.84 3.66 3.82 3.78 3.84 3.85 3.84

Na 0.09 0.03 0.03 0.03 0.04 0.03 0.02

K 0.01 0.01 0.00 0.00 0.01 0.01 0.00
Mg/(Mg+Fe?") 0.92 0.51 0.46 0.77 0.35 0.46 0.37
Fe¥*/(Fe3+Al) 0.08 0.14 0.08 0.14 0.10 0.10 0.16
Fe**/(Fel+Fe®) 0.91 0.55 0.35 0.87 0.39 0.46 0.50
Sample N° MF3091 MF3155 MF3114 PS46 PS54 PS56

Mineral Pmp-Act Pmp-Act Pmp-Chl Pmp-Chl Pmp-Chl Pmp-Chl

assemblages 11 analyses 11 analyses 18 analyses 7 analyses 7 analyses 3 analyses

Mean Std. Mean Std. Mean Std. Mean Std Mean Std. Mean Std.
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

Si0, 37.08 041 3741 051 3742 062 3789 052 3737 115 3603 031
TiO, 016 009 018 018 004 005 008 010 008 009 015 0.4
ALO, 2085 1.14 2537 019 27.66 046 2628 029 2522 063 2666 044
FeO 815 148 538 004 515 020 394 033 264 027 432 010
MnO 019 006 018 001 020 014 036 011 051 013 050 035
MgO 279 087 216 042 091 021 18 036 304 010 156 060
CaO 2085 104 2199 178 2154 042 2152 030 2167 089 2233 075
Na,O 009 003 018 004 010 007 009 002 011 006 008 005
K,O 001 001 002 003 003 003 007 005 008 008 004 002
Total 90.17 92.87 93.05 92.09 90.72 91.67
Si 6.07 6.03 6.04 6.15 6.11 5.89
Ti 0.02 0.02 0.01 0.01 0.01 0.02
Al 439 4.82 5.26 5.02 4.86 5.14
Fe’* 0.67 0.49 0.69 0.53 0.28 0.51
Fe?* 045 0.24 0.00 0.00 0.08 0.08
Mn 0.03 0.02 0.03 0.05 0.07 0.07
Mg 0.68 0.52 0.22 0.45 0.74 0.35
Ca 3.66 3.80 372 3.74 3.80 391
Na 0.03 0.05 0.03 0.03 0.03 0.03
K 0.00 0.00 0.01 0.01 0.02 0.01
Mg/(Mg+Fe) 0.60 0.68 1.00 1.00 0.90 0.81
Fe**/(Fe*+Al) 0.13 0.09 0.12 0.10 0.05 0.09

Fe**/(Fe’*+Fe?*) 0.60 0.67 1.00 1.00 0.77 0.86
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Pumpellyite compositions are shown in an  between whole rock composition and pumpellyite
AFM diagram with Fe,,, = Fe**+Fe?* (Fig. 5). Us-  composition for the prehnite-pumpellyite zone but
ing the classification of PASSAGLIA and GOTTARDI  a significant correlation (R? = 0.737) is found for
(1973). the pumpellyites fall in the Fe-pumpellyite  the pumpellyite-actinolite zone (Fig. 4b). Similarly,
and Al-pumpellyite fields. Mg/(Mg+Fe**) and  samples from the pumpellyite-actinolite zone
Fe''/(Fe**+Al) ratios range between 0.37 and 1.00,  show a decrease of MgO in chlorite with a con-
0.05 and 0.16, respectively. The highest Al contents  comitant increase in pumpellyite (R? = (.886)
are found in samples from the Cretaceous and Oli-  (Fig. 4¢). A very significant correlation between
gocene metamorphic zones, whereas samples from  pumpellyite-whole rock and pumpellyite—chlo-
the Poya nappe display the lowest values. Pumpel-  rite is only observed in rocks of the Pmp-Act
lyite in metapelite PS54 is the most magnesian  zone. This is probably due to disequilibrium in the
sample, although it still plots in the Al-pumpelly-  rocks of the prehnite-pumpellyite zone.
ite field. There is a random correlation (R? = 0.052)

Al _‘ Al

Area zoomed

Fe Mg

WR composition R0 80  Pumpellyite composition

/F . 90 80 70 Mg\

Oligocene metamorphism Cretaceous metamorphism  Poya Nappe
ITn metapelites: Ininterbedded] [ Tntuff: Ininterbedded | In metabasites:
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\ \ Y \ Y
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* MF3095 Pmp-Chl
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Fig.5 Fe*-Al-Mg diagram showing pumpellyite compositions from metabasites, metatuffs and the metapelite. The

dashed lines in the main diagram indicate different types of pumpellyite (classification of PAssAGLIA and GOTTARDI,
1973). The left hand AFM diagram corresponds to the WR composition of pumpellyite-bearing rocks.
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Fig.6 Mg/(Mg+Fe) versus Si of calcic amphibole from the Prh-Pmp and Prh-Act zones in the study area. Fe-richter-
ite is added in this diagram for comparison, although it is a sodic-calcic amphibole. Classification after LEAKE et al.

(1997).

Table 6 Representative chemical analyses of prehnite
and Fe-stilpnomelane. Calculations are based on 22 oxy-
gens for prehnite, and the total Fe is assumed to be Fe’*.
Calculations for stilpnomelane assume the presence of 8
Si cations, and Fe is calculated as Fe®*.

Sample N° MFE3084 MFE3047 MF3106
Prehnite Fe-Stp Fe-Stp

SiO, 4382 4335 4572 4739 4468 4333
TiO, 0.00 0.00 0.02 0.00 0.00 0.15
AL O, 2096 20.11 6.27 6.51 591 6.12
FeO 4.05 408 2949 2898 31.50 31.60
MnO 0.02 0.00 0.28 0.20 0.51 0.72
MgO 0.00 0.00 5.02 5:32 4.03 3.97
CaO 2572 26.02 0.21 0.30 0.13 0.17
Na,O 0.04 0.01 0.27 0.12 0.17 0.81
K,O 0.00 0.02 0.72 0.64 1.28 3.32
Total 94.61 9359 88.00 89.46 8821 90.19
Si 6.21 6.22 8.00 8.00 8.00 8.00
b 0.00 0.00 0.00 0.00 0.00 0.02
Al 3.50 3.40 1.29 1.30 1.25 1.33
Fe 0.43 0.44 431 4.09 4.72 4.88
Mn 0.00 0.00 0.04 0.03 0.08 0.11
Mg 0.00 0.00 1.31 1.34 1.08 1.09
Ca 3.90 4.00 0.04 0.05 0.02 0.03
Na 0.01 0.00 0.10 0.00 0.10 0.30
K 0.00 0.00 0.16 0.14 0.29 0.78

Mg/(Mg+Fe?)0.00 0.00 0.23 0.25 0.19 0.18

Prehnite
Prehnite occurs in a vein (sample MF3084) from
the Poya nappe, as anhedral grains with pumpelly-
ite and calcite. Prehnite compositions show Fe/
(Fe+Al) ratios of approximately 0.10 (Table 6).

Amphibole
Primary igneous amphibole is anhedral and
brown. Newly formed amphibole, replacing py-
roxene along rims, is acicular and colourless to
pale-green. Amphiboles are classified according
to LEAKE et al. (1997). Amphiboles from the preh-
nite-pumpellyite zone (Table 7) have a Mg-horn-
blende composition (Fig. 6). At higher metamor-
phic grade, amphiboles have actinolitic or Fe-rich-
teritic compositions (PS81 and MF3074). Amphi-
boles found in pumpellyite-actinolite-bearing
samples MF3091 and MF3155 display Mg/
(Mg+Fe?*) ratios of 0.60 and 0.63, respectively
(Table 7), which is similar to those of coexisting
pumpellyite (0.60 and 0.68, respectively, Table 5).
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Table 7 Representative chemical analyses of amphibole. Calculations are based on 23 oxygens. Total iron is as-
sumed to be FeO.

Sample N° PS76 MF3079 MF3074 ME3091 MF3091
Mg-hornblende Mg-hornblende Fe-richterite Actinolitic- Actinolite
(9) (3) (5) hornblende (2) (17)

Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

Si0), 49.75 1.35 51.05 0.23 50.33 0.64 50.18 1.14 51.05 0.10
TiO, 0.33 0.16 0.58 0.23 0.13 0.08 0.19 0.11 0.35 0.11
Al O5 3.98 1.24 2.72 0.40 3.68 0.49 3.72 0.57 3.28 1.15
FeO 17.20 0.75 6.06 0.39 18.45 0.52 17.81 1.15 16.55 0.76
MnO 0.19 0.22 0.20 0.05 0.20 0.04 0.23 0.05 0.16 0.01
MgO 13.79 0.83 16.78 0.47 7.68 0.79 13.39 0.80 13.75 0.23
CaO 10.77 0.99 19.88 0.29 10.74 0.93 10.48 0.43 10.74 0.32
Na,O 0.36 0.12 0.26 0.01 6.69 0.61 0.78 0.18 0.67 0.17
K,O 0.09 0.06 0.01 0.01 0.02 0.02 0.10 0.06 0.11 0.03
Total 96.47 97.54 97.92 96.88 96.66

Si 7.43 7.36 7.60 7.48 757

Ti 0.04 0.06 0.01 0.02 0.04

Al 0.70 0.46 0.66 0.65 0.57

Fe 2.15 0.73 2.33 2.22 2.05

Mn 0.02 0.02 0.03 0.03 0.02

Mg 3.07 3.61 1.73 2.98 3.04

Ca 172 3.07 1.74 1.67 1.71

Na 0.10 0.07 1.96 0.22 0.19

K 0.02 0.00 0.00 0.02 0.02
Mg/(Mg+Fe*)  0.59 0.83 0.43 0.57 0.60

Sample N° MF3155 MF3111 MF3111 PS81 MF3023

Actinolite Mg-hornblende Fe-hornblende Fe-richterite Actinolite
(11) (7) (2) (4) (28)
Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

Si0, 53.92 1.42 49.27 0.97 45.17 0.59 52.20 0.24 55.22 2.88
TiO, 0.02 0.04 0.57 0.28 0.07 0.09 0.27 0.25 0.08 0.08
AlLO, 1.23 0.74 1.80 0.21 4.87 0.20 4.12 0.55 2.14 233
FeO 14.99 0.43 11.74 0.57 26.40 0.29 16.32 0.63 7.00 1.43
MnO 0.19 0.08 0.28 0.09 0.68 0.04 0.21 0.10 0.09 0.05
MgO 14.11 0.54 15.22 2.12 6.36 0.12 5.58 0.43 19.35 1.50
CaO 11.37 1.62 18.42 0.51 10.72 0.54 10.65 113 11.87 0.46
Na,O 0.67 0.34 0.42 0.19 0.33 0.01 7.48 0.50 0.97 0.53
K,O 0.06 0.02 0.01 0.01 0.24 0.05 0.01 0.01 0.05 0.03
Total 96.56 97.73 94.84 96.84 96.77

Si 7.92 7.29 7.26 7.84 . 7.80

Ti 0.00 0.06 0.01 0.01 0.01

Al 0.21 0.31 0.92 0.70 0.36

Fe 1.84 1.45 355 2.09 0.83

Mn 0.02 0.04 0.09 0.02 0.01

Mg 3.09 3.35 1.52 1.24 4.07

Ca 1.79 2.92 1.85 1.80 1.80

Na 0.19 0.12 0.10 2.18 0.27

K 0.01 0.00 0.05 0.00 0.01
Mg/(Mg+Fe) 0.63 0.70 0.30 0.37 0.83

Epidote ence colours; Fe/(Fe3*+Al) ratios (Table 8)

Epidote is present in the matrix or in veins in  range from 0.21 to 0.35, the lowest value being
most of the rocks (except in the MF3084, PS54 from metapelite PS56 (Oligocene metamorphism).
and PS46). It is colourless with yellow interfer-  Samples from the highest metamorphic grade dis-
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Table 8 Representative chemical analyses of epidote. Calculations are based on 12.5 oxygens. All Fe is assumed to
be Fe’*.

Sample N° PS76 MF3079 MF3074 MF3106 PS81
8 analyses 6 analyses 2 analyses 7 analyses 16 analyses
Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

Si0, 35129 0.41 36.45 0.31 35.71 0.08 36.69 0.47 37.22 1.34
TiO, 0.27 0.07 0.05 0.05 0.04 0.06 0.05 0.13 0.25 0.46
Al O, 21.58 1.63 19.53 0.54 22.64 1.46 21.28 0.55 2251 . 074
Fe,0, 16.03 1.60 16.66 0.90 15.27 1.15 16.60 1.16 14.64 0.85
MnO 0.20 0.07 0.03 0.02° 0.19 0.01 0.20 0.21 0.18 0.08
MgO 0.06 0.02 0.01 0.01 0.06 0.04 0.01 0.01 0.09 0.16
CaO 20.96 0.44 21.05 0.78 21.50 1.30 21.69 0.89 22.19 0.92
Na,O 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02
K,O 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.01 0.01 0.01
Total 94.41 93.81 95.43 96.54 97.11

Si 2.94 3.06 2.94 2.99 3.00

Ti 0.02 0.00 0.00 0.00 0.01

Al 2.12 1.93 2.19 2.05 2.14

Fe3+ 1.01 1.05 0.95 1.02 0.89

Mn 0.01 0.00 0.01 0.01 0.01

Mg 0.01 0.00 0.01 0.00 0.01

Ca 1.87 1.89 1.89 1.90 1.91

Na 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00
Fe*/(Fe**+Al)  0.32 0.35 0.30 0.33 0.29

Sample N° MF3155 MF3111 MF3114 MF3113 PS56

2 analyses 16 analyses 28 analyses 32 analyses 3 analyses

Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

Si0, 37.80 0.10 35.88 0.72 36.06 0.96 3592 0.46 36.67 0.32
TiO, 0.00 0.00 0.12 0.09 0.10 0.16 0.08 0.12 0.07 0.12
Al O4 23.18 0.28 23.07 1.32 22.15 0.55 19.73 0.65 2547 1.14
Fe,04 14.29 0.24 14.72 1.45 13.93 1.70 16.34 0.98 10.89 1.41
MnO 0.03 0.00 0.38 0.34 0.27 0.13 0.25 0.26 0.16 0.17
MgO 0.03 0.01 0.11 0.13 0.14 0.24 0.00 0.00 0.04 0.06
CaO 20.56 0.34 21.33 0.91 21.73 1.55 2227 0.55 23.16 0.36
Na,O 0.01 0.01 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.01
K,O 0.00 0.00 0.01 0.01 0.01 (.01 0.01 0.01 0.06 0.02
Total 95.90 95.65 94.41 94.62 96.55
Si 3.05 2.94 2.99 3.01 2.94
Ti 0.00 0.01 0.01 0.01 0.00
Al 2.21 223 2.16 1.95 241
Fe* 0.87 0.91 0.87 1.03 0.66
Mn 0.00 0.03 0.02 0.02 0.01
Mg 0.00 0.01 0.02 0.00 0.00
Ca 1.78 1.87 1.93 2.00 1.99
Na 0.00 0.00 0.00 0.00 0.01
K 0.00 0.00 0.00 0.00 0.01
Fe’/(Fe¥+Al) 0.28 0.29 0.29 0.35 0.21

play values less than 0.30 (except in MF3111, facies (R?=0.887). As observed for pumpellyite, a
where epidote is found in a vein). A plot of FeO/  very significant correlation (R? =0.969) exists be-
(FeO+AlLO5) for pumpellyite versus epidote (Fig.  tween epidote and whole rocks compositions at
4d) indicates a well representative correlation (R higher metamorphic grades, where equilibrium
=0.531), except in the pumpellyite-actinolite = may have been reached (Fig. 4e).
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Ferro-Stilpnomelane

Ferro-stilpnomelane is observed in some samples
from the Oligocene HP metamorphic rocks, both
in the matrix, growing as brown to red-brown ac-
icular grains and in some quartz veins. Pumpelly-
ite, chlorite and epidote are associated with Fer-
ro-stilpnomelane. Chemical analyses (Table 6)
show that Ferro-stilpnomelane is Fe-rich (Fe/
(Fe+Mg) = 0.7-0.8) and occurs in rocks with FeO/
(FeO+MgO) ratios higher than 0.7.

MINERAL ASSEMBLAGE AND EQUILIBRIUM

Mineral projections have been used to test for
cquilibrium between the different mineral assem-
blages. Because most of the samples contain the
association quartz + albite + sphene + epidote, the
epidote projection (SPRINGER et al., 1992) was
used. Where lawsonite is present (samples
MF3023, PS46). a lawsonite projection, similar to
that of BROCKER and DAY (1995) was used. Sever-
al assumptions regarding the Fe**/Fe’* ratio were
used for different minerals: (1) in chlorite, all iron
was assumed to be ferrous because the ferric iron
contents are usually low in this phase (BEIERS-
DORFER and DAY, 1995). (2) Iron in epidote is as-
sumed to be entirely ferric. (3) In pumpellyite,
iron 1s present in both states, ferric and ferrous.
AIGUIRRE et al. (1995) showed that calculating
the FeO/Fe,O; distribution in pumpellyite assum-
ing x’=1 in the ideal pumpellyite formula
W, X,Y,Z,0,,(OH), provides a good approxima-
tion when compared to the FeO/Fe,O;ratio deter-
mined by ICP. (4) Ferric iron contents in amphib-
oles are estimated according to DrooP (1987).
The estimated Fe'* contents in chlorite and am-
phibole reflect the Mg/(Mg+Fe?*) ratio in the co-
existing phases.

Pumpellyite, epidote and chlorite are virtually
ubiquitous in the prehnite-pumpellyite zone, and
the assemblage Ep+Pmp+Amp+Chl is observed
in gabbroic rocks. In sample PS76, three types of
amphibole are distinguished: primary igneous
Mg-hornblende (Mg-Hb 1) is partly replaced
along the rim by Mg-Hb II of very similar compo-
sition. A third generation of amphibole is acti-
nolitic in composition and considered to be part
of the stable metamorphic assemblage. Pumpelly-
ite occurs in plagioclase associated with newly
formed chlorite (Chl I). A second population (Chl
[T) is found in equilibrium with some pumpellyite
and also some newly formed Mg-hornblende
(Mg-Hb II). Epidote projections of these samples
(Fig. 7) show two different patterns. Pumpellyite
is homogenous, whereas Mg/(Mg+Fe’*) in chlo-
rite ranges between 0.35 and 0.60, with uniform

AF* values. Mg/(Mg+Fe?*) of Mg-Hb I and 11 are
between 0.80 and 1.00, with variable AF*. Chl II
has the highest Mg/(Mg+Fe?*). In sample MF3079
from the Poya nappe, a similar pattern is observed.
Pumpellyite shows a uniform composition, where-
as chlorite shows a wider compositional range. Two
types of amphibole (metamorphic Mg-hornblende
and primary Mg-hornblende) are present.

Minerals from rocks of the Pmp-Act facies
show less compositional variation (Fig. 8). Chlo-
rite and pumpellyite are homogeneous where
they are associated with amphibole. Considering
the high variability in mineral compositions and
the abundant evidence that equilibrium is at-
tained at small scale only, tie-lines indicate a sur-
prising degree of internal consistency. In most cas-
es, pumpellyite-chlorite tie-lines display a positive
slope independent of the PT conditions, even for
metapelites and tuffs. In some samples (PS56,
ME3091, PS81), pumpellyite displays a wide range
of composition, possibly due to disequilibrium.

Different mineral assemblages and different
mineral composition have been observed under
similar metamorphic PT conditions, and several
authors (A1BA, 1982; BANNO, 1964) have shown
that rock composition plays an important role on
the stable mineral assemblage and the mineral
composition. Figure 4e shows a good correlation
between the Fe,,,,/(Fe,.+Al) ratios of the whole
rock and epidote (R? = 0.912). The relationship
pumpellyite-whole rock (Fig. 4b) displays no cor-
relation, except under Pmp-Act conditions (R? =
0.737). Several studies (BANNO, 1964; EvARTS and
SCHIFFMAN, 1983; Liou et al., 1983; CHoO et al.,
1986; AGUIRRE et al., 1989; DIGEL and NORTON,
1996) have investigated the effect of metamor-
phic grade on pumpellyite composition. A de-
tailed review by BEIERSDORFER and DAY (1995)
identified very different and contradicting trends
in pumpellyite composition with metamorphic
grade. In metabasites from New Caledonia, the
pumpellyite composition displays no simple rela-
tionship with metamorphic grade, e.g. the highest
and lowest values of the Fe,/(Fe .+ Al) ratio
are found in samples from the prehnite-pumpelly-
ite facies.

FREY et al. (1991) developed a petrogenetic
grid for low-grade metabasites in the NCMASH
system. Using this grid as a first approximation,
the common occurrence of quartz + pumpellyite
+ chlorite + actinolite suggests that the tempera-
ture did not exceed about 350 °C. Neither lau-
montite nor other zeolites have been found in our
samples suggesting a minimum temperature of
200 °C. Similar metamorphic conditions have
been determined by study of the illite crystallinity
in the surrounding metapelites (POTEL, 2001).
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Fig. 7 Mineral assemblages from the Prh-Pmp zone.
Projections are from albite-quartz-water-titanite-epi-
dote.  AF* = 100(APF*+Fe3*-0.75Ca?>*~Na++0.75Ti**)/
(AP*+Fe*-0.75Ca?*~Na*+0.75Ti** Fe>*+Mg?>*).

COMPUTED PHASE DIAGRAMS

Equilibrium phase diagrams were calculated us-
ing the DOMINO-THERIAK software to evalu-
ate the effects of whole rock compositions and
metamorphic grade on the mineral assemblage
and composition of pumpellyite, epidote and
chlorite. Three whole rock compositions were
chosen, with different values of Al/(Fe+Al) and
Mg/(Mg+Fe) (Table 9). These systems are repre-
sentatives of the whole rock compositions ob-
served in metabasites of New Caledonia. The Al/
(Fe+Al) and Mg/(Mg+Fe) ratios are usually as-
sumed to be critical in controlling the composi-
tion of minerals. Equilibrium T-X,, and T-Xy,,
sections were calculated using these rock compo-
sitions, with a0, buffered by the reaction H, +
3Hem =2Mag + H,O. The epidote-clinozoisite so-
lution is modelled with ap, = XpMand ac,, = X, M
and the Fe-Mg-pumpellyite solution as ideal
(a,=X,) (Table 2). Calculations for the three differ-
ent systems were performed at pressures of 3 kbar
with the temperature ranging from 100 to 450 °C.
These P and T conditions are considered to be
common for Prh-Pmp and Pmp-Act facies meta-
morphism. The temperature range is larger than
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estimated for New Caledonia in order to accom-
modate uncertainties in the data and to allow
comparisons with other metamorphic belts. The
effect of oxygen activity (T-XaO, section) was in-
vestigated for one system. Isopleths of pumpelly-
ite, chlorite and epidote were calculated to show
the change in mineral compositions at fixed bulk
composition. Each field in Figs. 9-12 represents
the stability of a single mineral assemblage.

System 1
Stability fields for pumpellyite, chlorite and epi-
dote are predicted in several assemblages (actino-
lite, glaucophane and hematite, Figs. Ya-b) for a
whole rock composition corresponding to Fe-
dominated basaltic rocks, with Mg/(Mg+Fe) =
0.37 and Al/(Fe+Al) = 0.53 (system 1), although
the three minerals do not coexist.

In the T-Xyy, section (Fig. 9a), pumpellyite has
an upper temperature limit of 235 °C, which is in-
dependent of whole rock composition. Epidote
appears just at the upper temperature limit of
pumpellyite. The calculation of the isopleths for
pumpellyite (X4, = 0.1) and epidote shows negli-
gible variation in composition with increasing
temperature or change in whole rock composi-
tion. The chlorite isopleths show two trends of
compositional variation. At temperatures below
200 °C (glaucophane stable), the isopleths are
horizontal and display a decrease in Mg with in-
creasing temperature. Above the glaucophane
stability field at temperatures above 200 °C, the
Mg-content in chlorite increases with increasing
temperature. Chlorite compositions appear to be
independent of the Mg/(Mg+Fe) ratio of the
whole rock, except in the Act + Pmp + Chl field.

The Al/(Fe+Al) diagram (Fig. 9b) predicts that
chlorite, epidote and pumpellyite coexist with lau-
montite, actinolite and hematite, although the
former three minerals do not coexist in a stable
situation in any particular field. Chlorite is stable

Table 9 Atom proportion of rock compositions used in
the three model systems.

Cations Systeml System2 System3
Si 49.48 45.51 50.33
Al 15.89 16.95 21.66
Fe 11.21 8.50 5.67
Mg 6.50 11.91 1.60
Ca 7.44 12.35 20.06
Na 9.47 3.90 0.00
K 0.00 0.00 0.00
Total 99.99 99.12 99.32
Al/(Fe+Al) 0.59 0.67 0.79
Mg/(Mg+Fe)  0.37 0.58 0.22
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Fig. 9 T-X sections at pressure 3 kbar in a HM-buffered system for rock composition of system 1. The stability
fields of the phases are drawn, and isopleths of pumpellyite, epidote and clinochlore have also been plotted when
they presented variations in their compositions. Abbreviations are: Ep (epidote), Act (actinolite), Chl (chlorite), Pmp
(pumpellyite), Lmt (laumontite) and Gln (glaucophane).

(a) T-Xy, (X, = Mg/(Mg+Fe)). Along the x-axis the total molar amount of MgO varies from 13.0 to 0.0. The axis is
labeled with calculated values of X(Mg)=Mg/(Mg+Fe) which are non-linearly spaced. The ratio Al/(Fe+Al) remains
constant at 0.39.

(b) T-X,, (X, = Al/(Fe+Al)). Along the x-axis the total molar amount of AlO, < varies from 31.8 to 0.0. The axis is
labeled with calculated values for X(Al)=Al/(Fe+Al). The ration Mg/(Mg+Fe) remains constant at 0.37.

—Fig. 10 T-X sections at 3 kbar pressure in a HM-buffered system for rock composition of system 2. The stability
fields of the phases are drawn, isopleths of epidote, chlorite and pumpellyite are plotted when they presented varia-
tions in their compositions. Ep (epidote), Act (actinolite), Chl (chlorite), Di (diopside ). Gln (glaucophane) and Pmp
(pumpellyite).

(a) T-Xy, (Xy, = Mg/(Mg+Fe¢)). Along the x-axis the total molar amount of MgO varies from 23.9 to 0.0. The ratio
Al/(Fe+Al) remains constant at 0.67.

(b) T-X 5, (X, = Al/(Fe+Al)). Along the x-axis the total molar amount of AlO,  varies from 0.0 to 33.9.The ratio Mg/
(Mg+Fe) remains constant at 0.58.

(c) T-Xy, section at 3 kbar pressure in a HM-buffered system for rock composition of system 2 with X, = 0.75. The
stability fields of the phases are drawn, and isopleths of pumpellyite and epidote are plotted. Ep (epidote), Act
(actinolite), Chl (chlorite), Pmp (pumpellyite) and Pg (paragonite).

The total molar amount of AIO, 5is fixed at 33.63. Along the x-axis the total molar amount of MgO varies from 23.9
to 0.0.

—Fig. 11 T-Xy,, section at pressure of 3 kbar in a HM-buffer system for rock composition of system 3. The stability
fields of the phases are drawn, and isopleths of pumpellyite, chlorite and epidote are plotted. Ep (epidote), Act
(actinolite), Chl (chlorite), Pmp (pumpellyite) and Grt (garnet).

(a) T-Xy, (Xu = Mg/(Mg+Fe)). Along the x-axis the total molar amount of MgO varies from 3.2 10 0.0. The ratio Al/
(Fe+Al) remains constant at 0.79.

(b) T-X, (X, = Al/(Fe+Al)). Along the x-axis the total molar amount of AlO, : varies from 0.0 to 32.5. The ratio Mg/
(Mg+Fe) remains constant at 0.22.
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Fig. 12 T-Log aO, section at 3 kbar pressure in a HM-buffered system. The stability fields of the phases are drawn,

and isopleths of pumpellyite and epidote are also plotted. Ep (epidote), Grt (garnet rich in Ca). Chl (chlorite) and
Pmp (pumpellyite). (a) for rock composition of system 3: (b) for rock composition of system 3 with Mg/(Mg+Fe) =

0.26.

over almost the whole diagram and only disap-
pears at Al/(Fe+Al) values below 0.11. Epidote is
stable at temperatures above ca. 250 °C. Chlorite
isopleths show a complex pattern, which is cou-
pled with the mineral assemblage in equilibrium
with chlorite. In the section of the diagram where
pumpellyite, actinolite and chlorite are present,
the chlorite composition is a function of the Al/
(Fe+Al) ratio. In the hematite-bearing field, the
Mg content in chlorite increases with temperature
and is independent of the Al/(Fe+Al) ratio.

Most of the changes observed in system 1 are
controlled by whole rock composition or
temperature. Natural assemblages such as Pmp +
Act + Chl or Ep + Chl + Act are observed in the
modelled system for high values of X, or low
values of X,. The coexistence of epidote and
pumpellyite is not predicted in this Fe-dominated
system.

System 2
System 2 corresponds to a Mg-dominated basaltic
composition, characterised by Mg/(Mg+Fe) =
0.58, and a high ratio of Al/(Fe+Al) = 0.67.

At high Mg/(Mg+Fe) values, pumpellyite and
actinolite are stable up to 235 °C (Fig. 10a); at
higher temperature, pumpellyite disappears and
epidote appears. Chlorite is absent in both assem-

blages. At low Mg/(Mg+Fe) values a different min-
eral assemblage with glaucophane becomes stable.

Various assemblages are observed in the T-
Xarsection (Fig. 10b). Chlorite, epidote and pum-
pellyite are present, but do not coexist. Epidote
appears at temperatures above 235 °C. Chlorite is
only present where Al/(Fe+Al) < (.5. Variations
in the pumpellyite composition are predicted in
the actinolite-absent field (=X,, > 0.73) where
pumpellyite, chlorite and laumontite are present.
In this field, the Fe-contents of pumpellyite de-
crease from 0.9 to 0.8 with increasing tempera-
ture. At 235 °C, pumpellyite disappears and epi-
dote appears. In a short temperature interval (<5
°C), the pumpellyite composition changes from
Xe.pmp = 0.8 t0 0.6.

Figure 10 illustrates which parameters control
the chlorite composition. Chlorite composition
depends on whole rock composition in the stabili-
ty field of the assemblages epidote-actinolite-chlo-
rite and pumpellyite-actinolite-chlorite, whereas
chlorite composition is controlled solely by tem-
perature in the epidote-actinolite-chlorite-mag-
netite stability field.

Because pumpellyite only shows bulk compo-
sitional variation with high Al/(Fe+Al), the T—
X section was also calculated for Al/(Fe+Al) =
0.67 (Fig. 10c). In this diagram. chlorite is present
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in all assemblages and shows a Fe-rich composi-
tion (Xg. = 0.9). Epidote appears above 240 °C
and 1s independent of Xy,,. Pumpellyite and epi-
dote are stable together in a very small field at
high Mg/(Mg+Fe) ratios. Isopleths for both min-
erals are temperature dependent, except where
Pmp + Chl + Ep coexist (very small stability field
Xume > 0.5 and approx. 235 °C). Where pumpelly-
ite and epidote coexist, the Fe-contents of
pumpellyite decrease while those of epidote in-
crease with increasing temperature. In all the
other fields where pumpellyite is stable, its iso-
pleths are clearly controlled by the whole rock
composition and affected in their T-X slope by
the mineral assemblages. The composition of epi-
dote is quite constant, with variations in Al/
(Fe+Al) being <0.1, and practically independent
of temperature.

System 2 predicts that pumpellyite and epi-
dote only coexist over a small temperature range
and at very particular bulk compositions, not too
rich in Fe. As already shown for system 1, actino-
lite seems to be more characteristic of Fe-rich sys-
tems.

Svystem 3
System 3 has low Mg/(Mg+Fe) and high Al/
(Fe+Al) ratios of 0.2 and 0.8, respectively, and can
still be considered basaltic in composition, with
high values of Fe, Ca and Al (Figs. 11a-b).

Rather simple mineral assemblages are ob-
served in the T-X,,, diagram (Fig. 11a), in which
associations of Prh + Pmp, Prh + Pmp + Ep and
Prh +Ep are predicted. Epidote is stable above
240 °C at high Mg contents and above 230 °C for
Mg/(Mg+Fe) < 0.22. Chlorite is absent in this sys-
tem. Similar to Fig. 10c, pumpellyite and epidote
are stable together but over a larger temperature
range. For Xy, > 0.25,isopleths of pumpellyite are
only controlled by whole rock composition, and
the Fe-content of pumpellyite increases with de-
creasing Mg/(Mg+Fe) ratio. A major change is ob-
served with the appearance of epidote. In the as-
semblage with epidote the compoesition of
pumpellyite becomes independent of rock com-
position, but again depends on temperature. Epi-
dote shows a similar behaviour as pumpellyite. It
becomes Fe-richer with increasing temperature.
Above the pumpellyite stability the epidote isop-
leths reflect again the whole rock composition.

The interpretation of the T-X,, section is
more complex, but similar to Fig. 11a. The lower
temperature limit of epidote is still around 240 °C,
but the pumpellyite-out reaction is variable and is
a function of the composition of the system. Chlo-
rite is only stable at high Al whole rock contents.
From Al/(Fe+Al) = 0.1 to 0.75 (prehnite-in), X,
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of pumpellyite decreases from 1 to 0.7. In the as-
semblage with prehnite, the composition of
pumpellyite is constant; in the Pmp + Chl + Lmt
field, pumpellyite isopleths are again controlled
by bulk composition.

The predicted assemblages show that pumpel-
lyite and epidote can coexist together, in associa-
tion with either actinolite or prehnite (Fig. 11a).
The coexistence of these two minerals expands
the stability field of pumpellyite up to 290 °C.

Oxygen activity
On the basis of field observations Liou (1979)
and SCHIFFMAN and Liou (1983) proposed a de-
pendence of the pumpellyite composition on fo,.
They showed that increasing fo, decreases the
Fe-content in pumpellyite and increases the Fe3+/
Al ratios of coexisting minerals, such as epidote.
We investigated this behaviour, calculating the ef-
fect of aO, on the mineral assemblage and the
composition of minerals in system 3. The equilib-
rium phase diagram (Fig. 12a) obtained shows, in
accordance with the observations, a decrease of
the Fe-content in pumpellyite and an increase of
the Fe-content in epidote with increasing aO, An
increase in a0, increases the stability of pumpel-
lyite for a given Fe content towards higher tem-
peratures. Liou (1973) described that increasing
a0, decreases the temperature at which epidote
first appears and simultancously decreases the
upper temperature limit of pumpellyite.

The calculations with system 3 yielded no ac-
tinolite (Fig. 12a), and hence the Mg/(Mg+Fe) ra-
tio was increased to 0.26. The resulting equilibri-
um phase diagram (Fig. 12b) shows at low aO, the
assemblage Prh-Pmp. Increasing the aO,, two dif-
ferent mineral assemblages become stable: at low
temperatures, the assemblage is Pmp-Prh-Ep, at
higher temperatures it is replaced by Prh-Act-Ep.

Conclusion

In all three systems investigated, pumpellyite is
stable at 3 kbar up to 240 °C, in various mineral
assemblages and over a wide range of whole rock
compositions. The stability limit of pumpellyite
may extend to 290 °C in system 3, at low Mg/
(Mg+Fe) and high Al/(Fe+Al) ratios, in a field
where pumpellyite and epidote coexist.

The factors that control the pumpellyite com-
position can vary within any of these systems (e.g.
system 3). Pumpellyite composition may be con-
stant over a certain compositional and tempera-
ture range because it is buffered by the stable
mineral assemblage. Composition of pumpellyite
depends on temperature only if other Fe-bearing
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minerals are consumed or exchange at the same
time. This may explain the contradicting observa-
tions made in various field studies (e. g. SPRINGER
etal., 1992;: BELMAR, 2000). Epidote appears in all
3 systems at temperatures above 240 °C and is
critical for the stability of pumpellyite. Epidote
and pumpellyite only coexist over a small temper-
ature interval (up to 70 °C) and a narrow range of
whole rock composition. The assemblage preh-
nite-pumpellyite, characteristic of the respective
facies, is stable over a small compositional but rel-
atively large temperature range (ca. 130 °C). The
pumpellyite-actinolite and pumpellyite-chlorite-
actinolite assemblages are generally considered
to have formed under higher temperatures than
the prehnite-pumpellyite assemblage. Our calcu-
lations indicate that the former assemblages are
stable in the same temperature range but with
lower Al/(Fe+Al) and higher Mg/(Mg+Fe) ratios
than the prehnite-pumpellyite assemblage.

The response of pumpellyite composition to
bulk rock composition and temperature changes
is different in each system. A change in Fe-con-
tent at high Al/(Fe+Al) influences the Fe-content
of the pumpellyite. This effect is more pro-
nounced when pumpellyite has no mineral to ex-
change Al, Fe or Mg with. If other Fe-minerals
(epidote, chlorite) can buffer the pumpellyite
composition, the latter becomes temperature de-
pendent. This behaviour corroborates with the
observations made by IsHIZUKA (1991) and CHO
(1991) on natural assemblages. It explains why
two samples (one with epidote and one without)
from New Caledonia with the same metamorphic
grade can display two different Mg/(Mg+Fe) ra-
tios in pumpellyite (MF3074 and MF3084).

In all the calculated diagrams, the behaviour of
epidote is comparable to pumpellyite. Epidote
composition is dependent on temperature, if it
can exchange or react with others minerals. CHO
etal. (1986) and ScHIFFMAN and Liou (1983) pre-
viously observed this fact in natural assemblages.
If epidote cannot react with other minerals, its
composition is solely dependent on the bulk com-
position.

The effect of aO, should not be neglected. as
shown in Figs. 12a-b. For a given bulk composi-
tion, variations in aO, can lead to the coexistence
of minerals that are not stable together otherwise.

Assemblages used to define typical mineral
facies of (very) low-grade metamorphism such as
Pmp-Act. Pmp-Prh and Ep-Act are present in the
modelled systems. These assemblages are largely
controlled by the composition of the whole rock.
Mineral assemblages comprising actinolite are
found in rocks with high Mg/(Mg+Fe) ratios. As-
sociations of Ep and Prh are only observed at high

values of a0, in Fig. 12a. BEVINS and MERRIMAN
(1988) described Prh-Ep-Pmp assemblages from
North Wales in zones that are characterised by a
high Fe,O; content. Other mineral assemblages
involving Prh, Act and Ep are predicted in Fig.
12b, at higher Mg/(Mg+Fe) ratio and high values
of a0,.

These results represent a first attempt to de-
termine the factors that control the compositions
of pumpellyite and epidote. Whereas thermody-
namic calculations represent equilibrium states,
metabasites at low-grade conditions may only
achieve such a state at a small-scale. When apply-
ing these calculations, the presence of igneous
mineral relics needs to be taken into account, to
avoid erroneous interpretations of the composi-
tion of different newly grown minerals. For exam-
ple, ignoring the presence of amphibole relics will
lead to an excess of Ca, Al,Fe, Mg in a model com-
position and this may generate minerals that are
not observed in the natural assemblage.

In conclusion, host rock composition, a0, and
the mineral association collectively control the
composition of pumpellyite, chlorite and epidote.
Attempts to use their compositions as a facies in-
dicator or to deduce implications for the geotec-
tonic setting must therefore be considered with
caution.
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