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SCHWEIZ. MINERAL. PETROGR. MITT. 82, 229-252,2002

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

and whole-rock composition?

by Sébastien Potel1*, Susanne Th. Schmidt2 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 Cretaceous

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 thermodynamic

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 a02. 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
composition 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 variation

of its chemical composition as a possible
indicator 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-Fe3+ exchange (Coombs et al., 1976; Bevins,
1978; Liou, 1979) or, alternatively, the high total
Fe is considered to be characteristic of lower
metamorphic grade (Bevins, 1978; Schiffman and
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Liou, 1980). Coombs 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 relation

between total Fe and metamorphic grade, but
they proposed that the composition of the precursor

minerals was an important factor for both total

Fe and Fe/(Fe+Al) in pumpellyite.The whole-
rock composition (Banno, 1964) and fo2 (Liou,

1979) are also known to influence the composition
of this mineral. Aguirre (1993) correlated

the chemical composition of pumpellyite to a
specific 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). Fe3+/(Fe3++Al) in epidote is considered

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 Fe3+

content of synthetic epidote varies as a function
of fo2, 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. Numerous

studies have been performed to determine
which factors control the composition of chlorite
in such rocks. Beiersdorfer and Day (1995)
described five compositional parameters of chlorite,
which can vary as a function of metamorphic
grade: (1) Fe/(Fe+Mg), (2) Al/(A1+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
comparison 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 metamorphosed

under various grades. We examined mineral

assemblages and their progressive evolution
from prehnite-pumpellyite to pumpellyite-actino-
lite facies, to understand which parameters control

the composition of pumpellyite, epidote and
chlorite. Mineral assemblages and compositions
of the relevant minerals were studied and
compared to whole rock compositions. Analytical
techniques 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
between latitudes 18° S and 22° S, roughly midway
between Australia and the Fiji Islands and
between New Zealand and New Guinea (inset of
Fig. 1). The microcontinent of New Caledonia

contains different terranes, which formed in
different settings during the Permian to Oligocene.
During the Late Palaeozoic-Mesozoic New
Caledonia 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
Caledonian 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).

Pétrographie 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 metamorphic

zone. (2) In the Poya nappe, which is

composed of pillow basalts and includes pelagic
sediments (shales and black cherts), dolerites and
gabbros.This nappe represents the upper part of a
slice of oceanic crust. (3) In the Cretaceous
metamorphic zone where tuffs of Triassic-Jurassic age
and basalts of doleritic composition are dominant.

Metabasites are also interbedded with
sediments and consist of volcanic rocks (dolerites)
and tuffs. Samples for the present study were
collected 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
hornblende and actinolite mainly replacing clinopy-
roxene. These minerals grow on igneous precursors,

but also in veinlets. The texture is medium-
grained and relic phenocrysts of oligoclase are
replaced by sericite, pumpellyite or prehnite. New
growth of Na-amphibole, actinolite and chlorite
is observed along the rims of magmatic
hornblende. Tuffs are composed of fine-grained mica,
chlorite and albite. In addition to the main assemblage,

lawsonite, pumpellyite, epidote and Fe-
stilpnomelane are found in all three metamorphic
zones; the grades range from prehnite-pumpellyite

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 composition

of major elements was determined by XRF.
Mineral abbreviations used in this study follow
Kretz (1983).

ANALYTICAL METHODS

Chemical analyses of minerals were obtained
using wavelength-dispersive spectroscopy on a

JEOL JXA-8600 superprobe with NORAN
automatization 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 voltage

of 15 kV, an acquisition time of 60 seconds and
a rastered beam across an area of approx. 25 pm2.

Minerals were also characterised with a D5000
Bruker-AXS (Siemens) diffractometer, using
CuKa radiation, an accelerating voltage of 40 V, a

current of 30 mA, automatic divergence slits
(primary and secondary V20) with a secondary graphite

monochromator.

Analysis of major elements was done withTra-
cor Spectrace-5000 energy-dispersive X-ray
fluorescence 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 potential

effects of temperature, whole rock composition
and oxygen activity on the chemical composition

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 Evans (1990). Data
for Fe-pumpellyite were not available, but,
Schiffman and Liou (1983) determined its cell-
volume, and Liou (1979) bracketed the breakdown

reaction 4Fe-Pmp + 02 8Ep + 10W. Cp 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 ko - LT-0-5- k2T 2+ k3T-3 + koT2 JK"1; V(P/T)/V(1,298.15) 1+ v, (T-298.15) + v2 (T-298.15)2 + v3 (P-l) + v4 (P-l)2
Units are in J. K and bar, vb v2, v3 terms need to be divided by 105, v4 by 108.

Mineral Formula Comments H° (J)
k«

S° (J/K)
k.

V° (J/bar)
k2

V3

k3

-13612835.00 666.67 29.99
1612.3 -11089.12 -24553960.00 3324677000 0.00000
3.467 0.00000 5.1516 1.288

-14402300.00 584.00 29.55
1576.0 -10603.0 -28304200.00 3838351000 0.00000
3.467 0.00000 5.1516 1.288

-11958865.00 535.00 26.05
1717.500 -19272.000 7075000.0 0.00000 -0.1210700

2.71035000 -0.0001500 -0.10959000 0.00000

-10897567.00 624.00 26.59
1762.900 -20207.100 9423700.00 0.00000 0.00000

3.04625799 0.00000 -0.11658518 0.00000

-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

a - Y M
dEp - -'M -
aCzo ;

Pumpellvite-Fe Pumpellyite: ideal one site mixing
aPmp — Xpn]p

aFe-Pmp — Xpe.pmp
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Derived thermodynamic data of Fe-pumpelly-
ite are presented in Table 2, together with all phases

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 common

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 disequilibrium.

However, local equilibria may be
preserved 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.

Sample locations are indicated in Fig. 2. The
following mineral associations were found in
metabasites (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 metamorphosed

under prehnite-pumpellyite facies conditions.

Assemblages (2), (3), (4) and (5) are considered

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

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 XCa+Na+K < 0.2

(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
Allolai the chlorite analyses scatter between 4.0
and 6.2 Altotal with no visible trend (Fig. 3). MgO/
(MgO+FeO) values for chlorite in metabasites

range from 0.35 to 0.90. This ratio has been
repeatedly 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 chlorite,

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 MF3079 MF3074 MF3092 MF3047 MF3106 PS81 MF3111
12 analyses 5 analyses 16 analyses 5 analyses 7 analyses 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.

SiO, 25.21 0.72 27.31 0.44 29.08 0.54 28.38 0.54 26.20 0.66 25.05 0.21 26.16 0.55 25.27 0.75
TiO, 0.13 0.09 0.08 0.04 0.09 0.14 0.07 0.15 0.02 0.04 0.00 0.01 0.09 0.13 0.23 0.48
Al;Oj 20.49 0.39 16.52 1.06 18.18 0.23 16.32 0.64 18.19 0.59 17.21 0.73 18.19 0.57 17.58 0.40
Feb 26.01 2.11 26.76 2.58 23.01 0.35 27.22 0.43 28.28 1.34 36.26 1.72 28.29 1.24 31.55 0.45
MnO 0.10 0.16 0.42 0.06 0.38 0.07 0.27 0.08 0.49 0.08 0.52 0.09 0.49 0.07 0.63 0.10
MgO 14.28 1.48 14.91 1.46 19.81 0.33 15.43 0.52 13.78 0.56 8.36 0.24 13.82 0.51 11.34 0.40
CaO 0.09 0.04 0.30 0.17 0.23 0.18 0.21 0.16 0.16 0.12 0.08 0.05 0.18 0.11 0.19 0.23
Na,0 0.03 0.03 0.04 0.01 0.05 0.10 0.02 0.02 0.03 0.02 0.02 0.02 0.05 0.04 0.07 0.11
K26 0.04 0.03 0.13 0.10 0.01 0.02 0.01 0.01 0.02 0.01 0.00 0.01 0.02 0.02 0.02 0.01
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
Ii 0.02 0.01 0.02 0.01 0.00 0.00 0.01 0.04
AI 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 5.12 6.85 5.11 5.86
Mn 0.02 0.08 0.07 0.05 0.09 0.10 0.09 0.12
Mg 4.58 4.81 5.91 4.88 4.44 2.82 4.45 3.75
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+Fe2 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

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.

SiO, 24.89 0.43 27.34 0.82 27.83 0.67 30.63 0.63 22.84 0.43 26.06 0.44 29.06 0.70 24.93 0.48
TiO; 0.05 0.08 0.05 0.06 0.02 0.03 0.02 0.03 0.08 0.08 0.06 0.05 0.07 0.05 0.12 0.12
AbO, 16.39 0.53 16.39 0.53 18.00 0.52 16.52 0.38 19.10 0.59 19.43 0.14 16.98 0.33 19.19 0.51
FeO 33.74 0.86 25.47 0.81 26.04 0.75 12.65 0.90 39.04 0.94 30.54 0.24 19.99 0.46 32.01 0.50
MnO 0.86 0.10 0.26 0.06 0.30 0.06 0.16 0.02 0.58 0.10 0.44 0.07 0.59 0.11 0.51 0.08
MgO 10.44 0.82 16.59 0.55 15.49 0.48 25.91 0.70 4.51 0.26 10.85 0.34 19.30 0.46 9.50 0.16
CaO 0.08 0.07 0.12 0.09 0.24 0.12 0.13 0.04 0.07 0.09 0.02 0.03 0.02 0.02 0.06 0.04
Na20 0.02 0.02 0.01 0.02 0.04 0.07 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.01 0.05 0.03
k26 0.04 0.03 0.02 0.01 0.03 0.02 0.05 0.05 0.03 0.02 0.03 0.03 0.03 0.02 0.11 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
AI 4.38 4.14 4.47 3.89 5.27 5.35 4.17 5.05
Fe 6.40 4.59 4.59 2.11 7.65 6.52 3.48 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+Fe2+) 0.36 0.54 0.51 0.79 0.17 0.28 0.63 0.35
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Poya nappe Cretaceous zone Oligocene zone

O MF3079 PS76 Q MF3047

+ MF3106 Q PS81 MF3114

•jf MF3111 A MF3023

MF3091

A. MF3092
Clinochlore
end-member

^ MF31S5

Fig. 3 Average sum of tetrahedral plus octahedral cations, calculated for chlorite analyses from metabasites, plotted
against Altolal. Analyses cluster close to clinochlore. Error bars (2cr) are represented for each population.

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

Sample MF3022 MF3047 MF3048 MF.7112 MF3114 MF3155 MF3074 MF3079 MF3084

SiO, 44.60 58.31 54.40 56.30 64.56 55.30 49.80 48.26 48.66

Ti02 0.40 0.87 0.69 1.18 0.75 0.28 0.96 1.39 1.32

AI2O3 15.06 17.93 16.60 14.80 15.41 13.30 12.50 13.88 13.75

Fe203 7.78 5.10 5.29 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,0 1.00 7.58 0.93 5.71 4.55 1.96 2.92 3.65 3.22

K.,0 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 3.31

Total 100.01 99.96 99.48 99.91 100.01 99.89 99.89 99.98 100.00

Sample MF3091 MF3106 MF3111 MF3U3 PS76 PS81 PS54 PS56 PS46

SiOi 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 2.41 0.50 0.84 0.92

ALÔ3 14.66 13.61 13.60 13.00 15.37 13.61 9.10 16.05 16.45

Fe,0, 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 2.97 3.79

NazO 2.05 4.93 5.05 5.10 2.89 3.08 0.34 3.15 2.88

K,0 0.00 0.14 0.31 0.04 1.24 0.14 2.81 2.75 2.35

P2Os 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 nietamorphic grade (R2 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

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
recalculated 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
Mg0/(Mg0+Fe203) between whole rock and pumpellyite. (c) 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. (e)
Correlation of Mg0/(Mg0+Fe203) between whole rock and epidote.
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gens according to the chemical formula of
W4X2Y4Z6O20+X'(OH)8_x.,where x' 1; W Ca,
Mn; X Mg, Fe2+, Mn, Al, Fe3+; Y Al, Fe3+; Z Si

(Coombs et al., 1976; Cortesogno et al., 1984;

Springer et al., 1992). The amount of Fe3+ in
pumpellyite was calculated assuming a chemical
formula of W4X2Y4Z602i(0FI)7; for details see
Springer et al. (1992).

Table 5 Representative chemical analyses of pumpellyite. Calculations are based on 16 cations and 24.5 oxygens,
and Fe3+ and Fe2* were calculated assuming a chemical formula of W,X2Y4Z602i(0H)7, and total iron as Fe203.

Sample N° PS76 MF3079 MF3074 MF3047 MF3106 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 0.60 37.08 0.48 36.91 0.37 37.76 0.47 35.89 0.49 35.96 0.57 36.62 0.77

TiO, 0.05 0.06 0.27 0.84 0.08 0.13 0.20 0.25 0.12 0.10 0.10 0.10 0.00 0.00

A1,0, 26.71 0.45 22.13 0.68 23.65 0.70 25.30 0.51 22.45 0.61 23.20 1.16 20.70 0.86

FeO 3.42 0.49 9.39 l.(X) 8.23 1.14 6.85 0.46 9.61 0.47 7.97 1.45 10.82 1.18

MnO 0.00 0.00 0.27 0.07 0.27 0.04 0.06 0.06 0.39 0.04 0.22 0.07 0.12 0.07

MgO 2.03 0.27 2.52 0.37 2.55 0.19 1.65 0.28 1.78 0.17 2.03 0.18 1.77 0.28

CaO 22.18 0.49 20.87 0.77 22.24 0.75 22.03 0.39 21.74 0.38 21.73 0.61 21.50 0.52

Na,0 0.28 0.21 0.09 0.03 0.10 0.02 0.09 0.02 0.13 0.02 0.09 0.07 0.07 0.02

K,0 0.06 0.02 0.07 0.20 0.02 0.01 0.01 0.02 0.03 0.03 0.03 0.07 0.02 0.01

Total 91.88 92.69 94.05 93.95 92.13 91.33 91.62

Si 6.01 6.07 5.92 6.06 5.92 5.95 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
Fe-1* 0.42 0.71 0.39 0.80 0.51 0.51 0.75
Fe2* 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+Fe2*) 0.92 0.51 0.46 0.77 0.35 0.46 0.37

Fe3*/(Fe3*+Al) 0.08 0.14 0.08 0.14 0.10 0.10 0.16

Fe3*/(Fe3*+Fe2*) 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.

Si02 37.08 0.41 37.41 (1.51 37.42 0.62 37.89 0.52 37.37 1.15 36.03 0.31

Ti02 0.16 0.09 0.18 0.18 0.04 0.05 0.08 0.10 0.08 0.09 0.15 0.14

AhO, 20.85 1.14 25.37 0.19 27.66 0.46 26.28 0.29 25.22 0.63 26.66 0.44
Feb 8.15 1.48 5.38 0.04 5.15 0.20 3.94 0.33 2.64 0.27 4.32 0.10

MnO 0.19 0.06 0.18 0.01 0.20 0.14 0.36 0.11 0.51 0.13 0.50 0.35

MgO 2.79 0.87 2.16 0.42 0.91 0.21 1.86 0.36 3.04 0.10 1.56 0.60
CaO 20.85 1.04 21.99 1.78 21.54 0.42 21.52 0.30 21.67 0.89 22.33 0.75

Na,0 0.09 0.03 0.18 0.04 0.10 0.07 0.09 0.02 0.11 0.06 0.08 0.05
K,Ö 0.01 0.01 0.02 0.03 0.03 0.03 0.07 0.05 0.08 0.08 0.04 0.02

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 4.39 4.82 5.26 5.02 4.86 5.14
Fe3* 0.67 0.49 0.69 0.53 0.28 0.51
Fe2* 0.45 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 3.72 3.74 3.80 3.91

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

Fe3*/(Fe3*+Al) 0.13 0.09 0.12 0.10 0.05 0.09

Fe3*/(Fe3*+Fe2*) 0.60 0.67 1.00 1.00 0.77 0.86
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Pumpellyite compositions are shown in an
AFM diagram with Felol Fe3++Fe2+ (Fig. 5). Using

the classification of Passaglia and Gottardi
(1973), the pumpellyites fall in the Fe-pumpellyite
and Al-pumpellyite fields. Mg/(Mg+Fe3+) and
Fe3+/(Fe3++Al) ratios range between 0.37 and 1.00,
0.05 and 0.16, respectively. The highest Al contents
are found in samples from the Cretaceous and
Oligocène metamorphic zones, whereas samples from
the Poya nappe display the lowest values. Pumpellyite

in metapelite PS54 is the most magnesian
sample, although it still plots in the Al-pumpelly-
ite field. There is a random correlation (R2 0.052)

between whole rock composition and pumpellyite
composition for the prehnite-pumpellyite zone but
a significant correlation (R2 0.737) is found for
the pumpellyite-actinolite zone (Fig. 4b). Similarly,
samples from the pumpellyite-actinolite zone
show a decrease of MgO in chlorite with a
concomitant increase in pumpellyite (R2 0.886)
(Fig. 4c). A very significant correlation between
pumpellyite-whole rock and pumpellyite-chlo-
rite is only observed in rocks of the Pmp-Act
zone. This is probably due to disequilibrium in the
rocks of the prehnite-pumpellyite zone.

Fe Mg
WR composition 80

Fe Mg
80 Pumpellyite composition

Oligocene metamorphism
I In metapelites: In interbedded I

metabasites:
I I

+ PS54 Pmp-Chl A MF3047 Pmp-Stp

* PS56 Pmp-Chl QMF3114 Pmp-Chl

O MF3106 Pmp-Stp

O MF3155 Pmp-Act

Cretaceous metamorphism
I In tuff: In interbedded I

metabasites:

x PS46 Pmp-Chl PS76 Pmp-Chl
PS81 Pmp-Chl

Poya Nappe
In metabasites:

I
MF3092 Pmp-Prh

• MF3084 Pmp-Prh

- MF3079 Pmp-Chl
MF3091 Pmp-Act
MF3095 Pmp-Chl

A MF3074 Pmp-Chl

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-richterite

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

oxygens for prehnite, and the total Fe is assumed to be Fe3+.

Calculations for stilpnomelane assume the presence of 8

Si cations, and Fe is calculated as Fe2+.

Sample N° MF3084 MF3047 MF3106
Prehnite Fe-Stp Fe-Stp

SiO, 43.82 43.35 45.72 47.39 44.68 43.33

Ti02 0.00 0.00 0.02 0.00 0.00 0.15
A120J 20.96 20.11 6.27 6.51 5.91 6.12

FeO 4.05 4.08 29.49 28.98 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 25.72 26.02 0.21 0.30 0.13 0.17

Na,0 0.04 0.01 0.27 0.12 0.17 0.81

k2o 0.00 0.02 0.72 0.64 1.28 3.32

Total 94.61 93.59 88.00 89.46 88.21 90.19

Si 6.21 6.22 8.00 8.00 8.00 8.00

Ti 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 4.31 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+Fe2 )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
pyroxene 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). Amphiboles

found in pumpellyite-actinolite-bearing
samples MF3091 and MF3155 display Mg/
(Mg+Fe2+) 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
assumed to be FeO.

Sample N° PS76 MF3079 MF3074 MF3091 MF3091
Mg-hornblende Mg-hornblende Fe-richlerite 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.

SiO, 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

ALO, 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,0 0.36 0.12 0.26 0.01 6.69 0.61 0.78 0.18 0.67 0.17
K,0 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 7.57
Ti 0.04 0.06 0.01 0.02 0.04
AI 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 1.72 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+Fe2+) 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

(H) b) (2) (4) (28)
Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.
Values Dev. Values Dev. Values Dev. Values Dev. Values Dev.

SiOz 53.92 1.42 49.27 0.97 45.17 0.59 52.20 0.24 55.22 2.88
Ti02 0.02 0.04 0.57 0.28 0.07 0.09 0.27 0.25 0.08 0.08
ALÖ, 1.23 0.74 1.80 0.21 4.87 0.20 4.12 0.55 2.14 2.33
FeÖ 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 1.13 I 1.87 0.46
Na,0 0.67 0.34 0.42 0.19 0.33 0.01 7.48 0.50 0.97 0.53
k2Ö 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
AI 0.21 0.31 0.92 0.70 0.36
Fe 1.84 1.45 3.55 2.09 0.83
Mn 0.02 0.04 0.09 0.02 0.01
Ml! 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; Fe3+/(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 Fe34".

Sample N° PS76 MF3079 MF3074 MF3106 PS8Ï

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.

Si02 35.29 0.41 36.45 0.31 35.71 0.08 36.69 0.47 37.22 1.34

TiOz 0.27 0.07 0.05 0.05 0.04 0.06 0.05 0.13 0.25 0.46

ai2o3 21.58 1.63 19.53 0.54 22.64 1.46 21.28 0.55 22.51 - 0.74

Fe20, 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,0 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02
K,Ö 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

Fe3*'(Fe3*+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.

Si02 37.80 0.10 35.88 0.72 36.06 0.96 35.92 0.46 36.67 0.32

TiOz 0.00 0.00 0.12 0.09 0.10 0.16 0.08 0.12 0.07 0.12

ai2o3 23.18 0.28 23.07 1.32 22.15 0.55 19.73 0.65 25.47 1.14

Fe203 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 22.27 0.55 23.16 0.36

Na20 0.01 0.01 0.03 0.03 0.02 0.02 0.02 0.02 0.03 0.01

k2o 0.00 0.00 0.01 0.01 0.01 0.01 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 2.23 2.16 1.95 2.41

Fe3* 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

Fe3+,(Fe3++Al) 0.28 0.29 0.29 0.35 0.21

play values less than 0.30 (except in MF3111.
where epidote is found in a vein). A plot of FeO/
(Fe0+Al203) for pumpellyite versus epidote (Fig.
4d) indicates a well representative correlation (R2

0.531), except in the pumpellyite-actinolite

facies (R2 0.887). As observed for pumpellyite, a

very significant correlation (R2 0.969) exists
between epidote and whole rocks compositions at
higher metamorphic grades, where equilibrium
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
Ferro-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
equilibrium between the different mineral assemblages.

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 Bröcker and Day (1995) was used. Several

assumptions regarding the Fe3+/Fe2+ 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 (Beiersdorfer

and Day, 1995). (2) Iron in epidote is
assumed to be entirely ferric. (3) In pumpellyite,
iron is present in both states, ferric and ferrous.
Aiguirre et al. (1995) showed that calculating
the FeO/Fe20, distribution in pumpellyite assuming

x'=] jn the ideal pumpellyite formula
YV4X2Y4Z,,021(0H)7 provides a good approximation

when compared to the FeO/Fe20, ratio
determined by 1CP. (4) Ferric iron contents in amphiboles

are estimated according to Droop (1987).
The estimated Fe3+ contents in chlorite and
amphibole reflect the Mg/(Mg+Fe2+) ratio in the
coexisting 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-Hbl) is partly replaced
along the rim by Mg-Hb II of very similar composition.

A third generation of amphibole is acti-
nolitic in composition and considered to be part
of the stable metamorphic assemblage. Pumpellyite

occurs in plagioclase associated with newly
formed chlorite (Chi I). A second population (Chi
II) 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+Fe2+) in chlorite

ranges between 0.35 and 0.60, with uniform

AF* values. Mg/(Mg+Fe2+) of Mg-Hb I and II are
between 0.80 and 1.00, with variable AF*. Chi II
has the highest Mg/(Mg+Fe2+). In sample MF3079
from the Poya nappe, a similar pattern is observed.
Pumpellyite shows a uniform composition, whereas

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). Chlorite

and pumpellyite are homogeneous where
they are associated with amphibole. Considering
the high variability in mineral compositions and
the abundant evidence that equilibrium is
attained at small scale only, tie-lines indicate a
surprising degree of internal consistency. In most cases,

pumpellyite-chlorite tie-lines display a positive
slope independent of the PT conditions, even for
metapelites and tuffs. In some samples (PS56,
MF3091, 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 (Aiba, 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 Felola|/(Fetola]+Al) ratios of the whole
rock and epidote (R2 0.912). The relationship
pumpellyite-whole rock (Fig. 4b) displays no
correlation, except under Pmp-Act conditions (R2
0.737). Several studies (Banno, 1964; Evarts and
Schiffman, 1983; Ltou et al., 1983; Cho et al.,
1986; Aguirre et al., 1989; Digel and Norton,
1996) have investigated the effect of metamorphic

grade on pumpellyite composition. A
detailed 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
relationship with metamorphic grade, e.g. the highest
and lowest values of the Fctota|/(Felotal-i Al) ratio
are found in samples from the prehnite-pumpellyite

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 temperature

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 Minerai assemblages from the Prh-Pmp zone.
Projections are from albite-quartz-water-titanite-epi-
dote. AF* 100(Al3t+Fe3M).75Ca2+-Na+-t-0.75Ti4+)/
(Al3++Fe3+-0.75Ca2+-Na+-t-0.75Ti4+Fe2+-i-Mg2+).

COMPUTED PHASE DIAGRAMS

Equilibrium phase diagrams were calculated
using the DOMINO-THER1AK software to evaluate

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+AI) and

Mg/(Mg+Fe) (Table 9). These systems are
representatives of the whole rock compositions
observed in metabasites of New Caledonia. The Al/
(Fe+Al) and Mg/(Mg+Fe) ratios are usually
assumed to be critical in controlling the composition

of minerals. Equilibrium T-XA, and T-XMg
sections were calculated using these rock compositions,

with a02 buffered by the reaction H2 +
3Hem 2Mag + FTO.The epidote-clinozoisite
solution is modelled with aEp XFeM and aCzo XA(M
and the Fe-Mg-pumpellyite solution as ideal
(apXj) (Table 2). Calculations for the three different

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

estimated for New Caledonia in order to
accommodate uncertainties in the data and to allow
comparisons with other metamorphic belts. The
effect of oxygen activity (T-Xa02 section) was
investigated for one system. Isopleths of pumpellyite,

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
epidote are predicted in several assemblages (actino-
lite, glaucophane and hematite, Figs. 9a-b) for a

whole rock composition corresponding to Fe-
dominated basaltic rocks, with Mg/(Mg+Fe)
0.37 and AI/(Fe+Al) 0.53 (system 1). although
the three minerals do not coexist.

In the T-XMgsection (Fig. 9a), pumpellyite has

an upper temperature Limit of 235 °C, which is

independent of whole rock composition. Epidote
appears just at the upper temperature limit of
pumpellyite. The calculation of the isopleths for
pumpellyite (XA1 0.1) and epidote shows negligible

variation in composition with increasing
temperature or change in whole rock composition.

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
increasing 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 + Chi 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 usee

the three model systems.

Cations System 1 System2 System3

Si 49.48 45.51 50.33

AI 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. 8 Mineral assemblages from the Pmp-Act zone, (a) Projections are from albite-quartz-water-titanile-epidote.
AF* 100(Al3++Fe3+-0.75Ca2+-Na++0.75Ti4+)/(Al3++Fe3+-0.75Ca2+-Na++0.75Ti4++Fe2++Mg2+). (b) Projections are
from albite-quartz-water-lawsonite-hematite. AI 100(Al3+-Ca2+-Na+)/(Al3+-Ca2+-Na++Fe2++Mg2++Fe3+).
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Mg/(Mg+Fe) Al/(Fe+Al)
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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), Chi (chlorite), Pmp
(pumpellyite), Lmt (laumontite) and Gin (glaucophane).
(a) T-XMg (XMg 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 0.59.

(b) T-Xa1 (Xa1 Al/(Fe+Al)). Along the x-axis the total molar amount of A10[ 5 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 arc plotted when they presented variations

in their compositions. Ep (epidote), Act (actinolite), Chi (chlorite), Di (diopside), Gin (glaucophane) and Pmp
(pumpellyite).
(a) T-XMg (XMg 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-XA1 (XA1 Al/(Fe+Al)). Along the x-axis the total molar amount of A101S varies from 0.0 to 33.9. The ratio Mg/
(Mg+Fe) remains constant at 0.58.

(c) T-XMg section at 3 kbar pressure in a HM-buffered system for rock composition of system 2 with XA] 0.75.The
stability fields of the phases are drawn, and isopleths of pumpellyite and epidote are plotted. Ep (epidote), Act
(actinolite), Chi (chlorite). Pmp (pumpellyite) and Pg (paragonite).
The total molar amount of AlC^ 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-XMg 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), Chi (chlorite), Pmp (pumpellyite) and Grt (garnet).
(a)T-XMg (XMg Mg/(Mg+Fe)). Along the x-axis the total molar amount of MgO varies from 3.2 to 0.0. The ratio Al/
(Fe+Al) remains constant at 0.79.

(b)T-XA1 (XA1 Al/(Fe+Al)). Along the x-axis the total molar amount of A1015 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 a02 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), Chi (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 disappears

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 coupled

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 + Chi or Ep + Chi + Act are observed in the
modelled system for high values of XMg or low
values of XA1. 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 mineral

assemblage with glaucophane becomes stable.
Various assemblages are observed in the T-

XA, section (Fig. 10b). Chlorite,epidote and
pumpellyite are present, but do not coexist. Epidote
appears at temperatures above 235 °C. Chlorite is

only present where Al/(Fe+Al) < 0.5. Variations
in the pumpellyite composition are predicted in
the actinolite-absent field (=XA1 > 0.73) where
pumpellyite, chlorite and laumontite are present.
In this field, the Fe-contents of pumpellyite
decrease from 0.9 to 0.8 with increasing temperature.

At 235 °C. pumpellyite disappears and
epidote appears. In a short temperature interval (<5
°C), the pumpellyite composition changes from
^Fe-Pmp "'8 to 0.6.

Figure 10 illustrates which parameters control
the chlorite composition. Chlorite composition
depends on whole rock composition in the stability

field of the assemblages epidote-actinolite-chlo-
rite and pumpellyite-actinolite-chlorite, whereas
chlorite composition is controlled solely by
temperature in the epidote-actinolite-chlorite-mag-
netite stability field.

Because pumpellyite only shows bulk compositional

variation with high Al/(Fe+Al), the T-
XMg 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 composition
(XFe 0.9). Epidote appears above 240 °C

and is independent of XMg. Pumpellyite and
epidote are stable together in a very small field at
high Mg/(Mg+Fe) ratios. Isopleths for both
minerals are temperature dependent, except where
Pntp + Chi + Ep coexist (very small stability field
XMg > 0.5 and approx. 235 °C). Where pumpellyite

and epidote coexist, the Fe-contents of
pumpellyite decrease while those of epidote
increase with increasing temperature. In all the
other fields where pumpellyite is stable, its
isopleths are clearly controlled by the whole rock
composition and affected in their T-X slope by
the mineral assemblages. The composition of
epidote is quite constant, with variations in Al/
(Fe+Al) being <0.1, and practically independent
of temperature.

System 2 predicts that pumpellyite and
epidote 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
systems.

System 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 AI (Figs, lla-b).

Rather simple mineral assemblages are
observed in the T-XMg 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
system. Similar to Fig. 10c, pumpellyite and epidote
are stable together but over a larger temperature
range. For XMg > 0.25, isopleths of pumpellyite are
only controlled by whole rock composition, and
the Fe-content of pumpellyite increases with
decreasing Mg/(Mg+Fe) ratio. A major change is
observed with the appearance of epidote. In the
assemblage with epidote the composition of
pumpellyite becomes independent of rock
composition, but again depends on temperature.
Epidote shows a similar behaviour as pumpellyite. It
becomes Fe-richer with increasing temperature.
Above the pumpellyite stability the epidote isopleths

reflect again the whole rock composition.
The interpretation of the T-XA, 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. Chlorite

is only stable at high Al whole rock contents.
From Al/(Fe+Al) 0.1 to 0.75 (prehnite-in), XFe

of pumpellyite decreases from 1 to 0.7. In the
assemblage with prehnite, the composition of
pumpellyite is constant; in the Pmp + Chi + Lmt
field, pumpellyite isopleths are again controlled
by bulk composition.

The predicted assemblages show that pumpellyite
and epidote can coexist together, in association

with either actinolite or prehnite (Fig. 1 la).
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

dependence of the pumpellyite composition on /o2.
They showed that increasing fo2 decreases the
Fe-content in pumpellyite and increases the Fe3+/

Al ratios of coexisting minerals, such as epidote.
We investigated this behaviour, calculating the
effect of a02 on the mineral assemblage and the
composition of minerals in system 3. The equilibrium

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 a02 An
increase in a02 increases the stability of pumpellyite

for a given Fe content towards higher
temperatures. Liou (1973) described that increasing
aO, decreases the temperature at which epidote
first appears and simultaneously decreases the
upper temperature limit of pumpellyite.

The calculations with system 3 yielded no
actinolite (Fig. 12a), and hence the Mg/(Mg+Fe) ratio

was increased to 0.26. The resulting equilibrium
phase diagram (Fig. 12b) shows at low a02 the

assemblage Prh-Pmp. Increasing the a02, two
different 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
composition can vary within any of these systems (e.g.
system 3). Pumpellyite composition may be
constant over a certain compositional and temperature

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 observations

made in various field studies (e. g. Springer
et al., 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 temperature

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
relatively large temperature range (ca. 130 °C). The
pumpellyitc-actinolite and pumpellyite-chlorite-
actinolite assemblages are generally considered
to have formed under higher temperatures than
the prehnite-pumpellyite assemblage. Our
calculations 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
pronounced when pumpellyite has no mineral to
exchange AI, Fe or Mg with. If other Fe-minerals
(epidote, chlorite) can buffer the pumpellyite
composition, the latter becomes temperature
dependent. llris 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)
ratios 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
et al. (1986) and Schiffman and Liou (1983)
previously observed this fact in natural assemblages.
If epidote cannot react with other minerals, its
composition is solely dependent on the bulk
composition.

The effect of a02 should not be neglected, as

shown in Figs. 12a-b. For a given bulk composition,

variations in a02 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.
Associations of Ep and Prh are only observed at high

values of a02 in Fig. 12a. Bevins and Merriman
(1988) described Prh-Ep-Pmp assemblages from
North Wales in zones that are characterised by a

high Fe203 content. Other mineral assemblages
involving Prh, Act and Ep are predicted in Fig.
12b, at higher Mg/(Mg+Fe) ratio and high values
of a02.

These results represent a first attempt to
determine the factors that control the compositions
of pumpellyite and epidote. Whereas thermodynamic

calculations represent equilibrium states,
metabasites at low-grade conditions may only
achieve such a state at a small-scale. When applying

these calculations, the presence of igneous
mineral relics needs to be taken into account, to
avoid erroneous interpretations of the composition

of different newly grown minerals. For example,

ignoring the presence of amphibole relics will
lead to an excess of Ca, AI, Fe, Mg in a model
composition and this may generate minerals that are
not observed in the natural assemblage.

In conclusion, host rock composition, a02 and
the mineral association collectively control the
composition of pumpellyite, chlorite and epidote.
Attempts to use their compositions as a facies
indicator or to deduce implications for the geotec-
tonic setting must therefore be considered with
caution.
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