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Bulk rock composition: a key to identifying invisible
prograde reactions in zoned garnet

Callum J. Hetherington'" and Ronan Le Bayon”"

Abstract

Chemical zonation of prograde metamorphic minerals is commonly attributed to net transfer reactions, intra-
crystalline diffusion or the growth of compositionally differing zones of the same phase during consecutive geologi-
cal events. Evidence for such events or processes is commonly recorded in mineral relics and/or inclusions, or
through the interpretation of geochronological data.

Complex chemical zonation has been recorded in garnet grains from garnet-biotite—muscovite gneiss from the
Berisal Complex, Simplon Region, Switzerland. None of the features (e.g. relic inclusions) used to interpret such
zoning via petrography are observed or applicable: therefore, the reactions occuring on the prograde P-T path and
its shape and trajectory cannot be defined. In the absence of features necessary to permit a classical investigation of
equilibrium-disequilibrium phases and their role in the growth of the garnets, an approach based on the bulk rock
composition of the rock has been investigated.

For a given bulk rock chemistry, equilibrium phase diagrams are constructed over a specified P-T range using
DOMINO software. Important minerals are identified and their isopleths calculated to model the variation in com-
position of each phase in response to variations in pressure and temperature. The modelled chemical changes are
compared with the observed chemical zonations and the Alpine metamorphic history of the gneiss and its garnet
grains is reconstructed.

The modelling of the prograde mineral reactions using a rock’s bulk rock composition, combined with observed
chemical zonations in metamorphic minerals, is a valuable method for constraining the prograde P-T path when
standard methods are inapplicable.

Keywords: Zoned garnet, prograde metamorphic reactions, P-T-X conditions, bulk rock composition, Berisal
Complex.

1. Introduction
1.1. Chemical Zoning in Metamorphic Minerals

Chemical zoning in metamorphic minerals can be
studied to aid understanding of the evolution of
their host rock. The development of chemical zon-
ing in primary metamorphic minerals, such as gar-
net,is strongly influenced by three mechanisms. At
lower temperatures, where intra-crystalline ele-
ment diffusion rates are low, chemical zones in a
mineral result from net transfer reactions. Net
transfer reactions exert a first order control over
the local chemical environment in which a mineral
is growing (Chernoft and Carlson, 1997), for the
breakdown and formation of metamorphic phases
enriches or depletes respectively, the effective bulk
composition of the equilibration volume (defined
as the volume of rock, which at a given P and T re-
acts to be in chemical equilibrium; Stuewe, 1997).

At higher temperatures, in addition to the role
of net transfer reactions, intra-granular diffusion
processes are increasingly important (O’Brien,
1999). Such diffusion, occurring in response to
compositional gradients within a crystal or be-
tween phases, preserves a record of the rock’s at-
tempt to adapt to changing conditions. This pro
cess is effectively restricted to high-temperature
(granulite facies) metamorphic conditions, and
evidence has been documented in garnet from
such environments (O’Brien, 1999; O’Brien and
Vrana, 1997).

Chemical zonation in metamorphic minerals,
particularly garnet, may also result after incom-
plete recrystallisation of a mineral core from a
previous metamorphic cycle. The residual core
may act as a nucleus for new mineral growth in a
later metamorphic event (Rollinson, 2003). Thus,
mineral relics that survive from one metamorphic
event to the next may be overgrown by a second
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generation of the same mineral with a different
chemical composition.

Chemical zoning in minerals has more com-
monly been used in recent years to elucidate the
metamorphic history of samples. Where suitable
mineral relics or inclusions exist, it is possible to
reconstruct the succession of metamorphic mine-
ral assemblages that existed earlier in the rock’s
history and thereby reconstruct a P-T path (Es-
cuder Vituete et al., 2000; Simon et al., 1997; Zeh,
2001a, 2001b; Zeh and Holness, 2003). In the case
of multiple phases of growth it is sometimes possi-
ble to date the different zones by step-wise leach-
ing of a suitable isotope system (Kreissig et al.,
2001).

1.2. Zoned garnet grains from the
Berisal Complex

Zoned garnet grains occur in a garnet-biotite-
muscovite paragneiss that outcrops in the pre-
Mesozoic crystalline basement rocks of the Beri-
sal Complex, Simplon Region, Switzerland. This
Complex, structurally the uppermost unit of the
western Lepontine dome, consists of several
polymetamorphosed crystalline basement litho-

Table 1 Representative electron-microprobe analysis
from each zone of a garnet grain.

Garnet

Zone 1 2 3 3 4
Analysis a b ¢ d e
Sio, 36.68 3735  37.68 3746  37.38
TiO, 0.22 015 -<0.15 0.10  <0.15
ALO; 2003 2057 20.82 2063 2063
Cr,0, <0.15 0.03 0.08 0.05 0.11
FeO 3453 2841 3352 36.81 36.06
MnO 723 5.47 1.72 0.47 0.09
MgO 1.64 1.07 2.17 3.10 3.18
CaO 0.71 7.95 4.92 2.21 3.68
Total  101.0 101.0 1009 100.8 101.1
Si 2.99 2.99 3.01 3.00 2.99
Ti 0.01 0.01 0.00 0.01 0.00
Al 1.92 1.94 1.96 1.95 1.94
Cr 0.00 0.01 0.01 0.00 0.01
Fe 2:35 1.90 2.24 2.47 2.41
Mn 0.50 0.37 0.04 0.03 0.01
Mg 0.20 0.13 0.26 0.19 0.38
Ca 0.06 0.68 0.42 0.19 0.32
Cations  8.04 8.03 8.03 8.02 8.05
Xpmp 0.04 0.04 0.09 0.12 0.12
Xaim 0.76 0.62 0.74 0.81 0.77
Xers 0.02 0.22 0.14 0.06 0.10
Xsps 0.16 0.12 0.04 0.01 0.00

Notes: Zone numbers and analysis points refer to those
labelled in Fig. 1B.

logies enveloped in metasediments which experi-
enced solely Alpine metamorphism.

The garnet-biotite-muscovite gneiss has been
interpreted as a paragneiss (Hetherington, 2001;

Stille, 1980) that was intruded by a 1 Ga suite of
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Fig. 1 (A) X-ray map for Ca in a zoned garnet grain
from garnet-biotite—-muscovite gneiss. (B) Line-scan
profiles across the centre of the zoned garnet. For expla-
nation of each numbered garnet composition zone see
text. Letters a-e refer to individual chemical analyses
(Table 1).
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tholeiitic-dacites, which define the minimum age
of sediment deposition (Stille and Tatsumoto,
1985). The gneiss consists of bands that are, gener-
ally, chemically and mineralogically homogenous
(Hetherington, 2001). Variations between bands
are rare, and restricted to occasional samples with
lower total SiO, contents. The syn-kinematic (Al-
pine) mineral assemblage of the gneiss, character-
istic of the peak of metamorphism, is garnet + bi-
olite + muscovite + quartz + plagioclase £ parago-
nite. Accessory phases include ilmenite, monazite
and tourmaline. The presence of paragonite is re-
stricted to layers with lower SiO, contents. Com-
plexly zoned garnet grains have only been found
in the paragonite-bearing rocks.

The zoned garnet grains are small (1-3 mm),
euhedral and undeformed, only rarely display evi-
dence of retrogression to chlorite at their rims
and are distributed evenly throughout hand-
specimen sized examples of the gneiss. Electron
microprobe analyses and X-ray maps of the gar-
net grains reveal complex almandine-grossular
zonation (Fig. 1; Table 1). Garnet is the only phase
in the sample to exhibit chemical zonation.

Prior to Alpine metamorphism, the present re-
gional context of the sample allows one to pre-
sume that this paragneiss was influenced not only
by magmatism at 1 Ga, but also magmatism dur-
ing the Cambrian (at 475 + 81 Ma, Stille and Tat-
sumoto, 1985) and by metamorphism during the
Variscan orogeny (Von Raumer, 1998). Despite
such a long polymetamorphic history there are no
mineral relics observed in the assemblage, and
garnet porphyroblasts contain only a few inclu-
sions of quartz and, more rarely. allanite. No geo-
chronological data are available and there 1s no
petrographic evidence to suggest that the studied
garnet grains represent zones that grew in differ-
ent events. In the absence of more orthodox evi-
dence, such as relics and inclusions in prophyro-
blasts, the reactions occurring on the prograde
path of the studied rock and its P-T path are diffi-
cult, if not impossible, to define.

An approach based on the bulk rock composi-
tion of the sample has been investigated. With the
DOMINO software (de Capitani and Brown,
1987; de Capitani, 1994; Biino and de Capitani,
1995), an internally consistent thermodynamic
database and bulk rock compositions, we have
calculated P-T equilibrium phase diagrams. Iso-
pleths for almandine, grossular, Ca in plagioclase
and Fe in epidote-clinozoite are calculated to pre-
dict how the equilibrium composition of each
phase changes in response to variations in pres-
sure and temperature. The modelled reactions
and chemical changes are then compared to the
observed zoning preserved in garnet.

The aim of this paper is: (1) to describe the
methodology used in this study: (2) to apply the
method to zoned garnet grain bearing garnet-bi-
otite-muscovite gneiss from the Berisal Complex:
and, (3) to discuss the potential and limitations of
the method with respect to understanding meta-
morphic and geodynamic processes occurring in
metamorphic terranes.

2. Methodology

We will illustrate the relationship between P and
T of equilibration and observed chemical zoning
in garnet and highlight the role of the different
mineral reactions occurring in the rock during its
metamorphic evolution. We approach this prob-
lem by correlating calculated equilibrium phase
diagrams and mineral chemical isopleths with
petrographical and chemical observations.

The limits of each stable equilibrium mineral
assemblage in the phase diagram are indicated by
lines. Each line represents a chemical reaction
where one mineral assemblage breaks down and
a new assemblage is stable. Isopleths join points
of identical mineral composition in a phase dia-
gram.

2.1. Electron Microprobe Analytical Procedures

Electron probe microanalysis of minerals was
made using the JEOL JXA-8600 electron micro-
probe at the University of Basel operating in the
wavelength dispersive mode. The microprobe is
equipped with 4 crystal spectrometers and Voya-
ger software by Noran Instruments. Individual
spot analyses were made using a focussed elec-
tron beam with a beam diameter of 2 um. The ac-
celerating voltage was 15 kV, the beam-current
was 10 nA and counting times were between 10
and 20 seconds. A combination of well character-
ised natural and synthetic standards was used for
calibration, and a PROZA-type correction proce-
dure was used for all data reduction.

X-ray maps showing the 2-dimensional distri-
bution of selected major elements were produced
on the same electron microprobe (using the ener-
gy dispersive system). Beam currents of 40 nA
were used at 15 kV, with a dwell time of 0.2 sec-
onds per pixel. Trace element distribution was
mapped using the Cameca SX-100 electron mi-
croprobe at the University of Oslo, operating in
WDS mode with 5 crystal spectrometers. Acceler-
ating voltages of 20 kV,beam currents of up to 500
nA, and dwell times of up to 2.5 seconds per pixel
were employed.
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lTable 2 XRF derived and modified bulk rock compositions for garnet-biotite-muscovite gneiss.

Bulk composition 1 1 2 3
b Bulk Modified Modified
Species éiiﬁn\j?f‘:; Composition®  Composition 1™ Composition 2(©)
(At. Proportions)  (At. Proportions) (At. Proportions)
Si 55.48 54.83 58.49 62.76
Al 20.50 23.88 21.60 23:13
Fe 9.81 8.11 9.43 4.36
Mn 0.21 0.18 0.04 0.01
Mg 2.59 3.82 2.69 2.51
Ca 1.74 1.84 1.61 0.88
Na 1.03 1.97 1.09 1.17
K 3.85 4.85 4.06 4.37
Ia 0.95 0.71 1.00 1.08
P 0.89 - - .
O - 164.06 167.73 172.91
L.O.L 2.34 - - -
Total 99.39 . -

Notes: (a) Initial bulk rock composition input for calculation shown in Fig. 2a. (b) Bulk rock
composition modified by subtracting the volume-composition of garnet cores (zone 1) from ini-
tial XRF derived bulk rock composition. (c) Bulk rock composition input for calculation shown
in Fig. 3 calculated by subtracting the volume-composition of garnet zones 1 and 2 from initial

XRF derived bulk rock composition.

2.2. Bulk Compositions

The bulk rock composition of the sample chosen
for investigation was obtained by X-ray fluores-
cence spectroscopy (XRF) (Table 2). A sample of
garnet-biotite-muscovite gneiss measuring ap-
proximately 15 X 10 X 12 cm and weighing ~5.5
kg was selected for chemical analysis (Volborth,
1969). The sample was sliced at regular intervals
to check for abnormally large garnet porphyro-
blasts (>5 mm) and quartz + feldspar concretions
(>1 cm) that may skew chemical analysis. The
slabs were passed through a jaw crusher, render-
ing 1-2 cm fragments, which were reduced to fine
powder chemically representative of the bulk
rock, in a tungsten-carbide disc mill.

Major oxide concentrations (Table 2) were de-
termined on glass beads, with a diameter of 20
mm, prepared using 300 mg of crushed rock pow-
der and 4700 mg of lithium tetraborate. Analysis
was made on a Siemens SRS3000 wavelength dis-
persive X-ray spectrometer with a Rh end win-
dow tube (4 kV). Results were collected and eval-
uated using the Bruker AXS Spectraplus stand-
ardless evaluation programme.

The strong and complex chemical zoning in
the garnet grains implies chemical fractionation
of the bulk rock composition, and evidence that
the rock did not completely equilibrate during
metamorphism. To evaluate the influence of the
zoned garnet grains on effective bulk-composi-
tion, the percentage volume of garnet in the rock

and the partial volume of each chemical zone
were calculated by digital image analysis of whole
thin sections and X-ray maps of representative
garnet grains. The effective composition of each
chemical zone in garnet was then subtracted from
the original bulk rock composition (Table 2).

2.3. Thermodynamic Modelling

Thermodynamic analysis is based on equilibrium
phase diagrams for the Na,O-CaO-K,O-FeO-
MgO-AL,0;-Si0,-H,0O system calculated with
the thermodynamic software DOMINO (e.g. de
Capitani, 1994). This approach computes equi-
libria by minimisation of the total Gibbs free en-
ergy for a fixed composition over a defined range
of P and T. The initial input for the calculation was
the bulk rock chemistry obtained via XRF analy-
sis, and converted to atomic percent (Table 2). We
used the wupdated thermodynamic database
JUNE.92 of Berman (1988) to calculate equili-
brium phase assemblages. The database was sup-
plemented with internally consistent additions for
omphacite (Meyre et al., 1997), phengite (Mas-
sonne and Szpurka. 1997), Mg-glaucophane
(Evans, 1990), Fe-glaucophane and daphnite (Le
Bayon, 2002), and solution models for phengite
(Massonne and Szpurka, 1997), feldspar (Fuhr-
man and Lindsley, 1988), garnet (Berman, 1990),
and staurolite (Nagel, 2002). Ideal Fe-Mg mixing
on site is assumed for biotite (a,n,=(XpM)*,
apy=(XuM)?), clinozoisite-epidote (ac,,=(X M),
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ag,=(XgM)), chlorite (apap=(XgM),
acin=(XmM)*), cordierite (ape.cra=(XpM)?, an,.
cra=(Xye™)?) and glaucophane (ag. gin=(XgM)’,
ape.on=(XmM)?) with Cln = clinochlore, Dap =
daphnite, and all other abbreviations after Kretz
(1983).

S10, and H,O are assumed to be in excess in
our calculations. Absolute uncertainty in the posi-
tion of individual boundaries between phase as-
semblages, propagated from uncertainty in the
thermodynamic data used for compilation of the
database and solid solution models, is + 2 kbar
and + 30 °C.

3. Application of the Method
3.1. Garnet Zoning and Mineral Chemistry

Chemical profiles of garnet (Fig. 1B) show Mn-
rich cores and classic bell-shaped spessartine pro-
files indicating that they grew on the prograde
metamorphic path. The pyrope profile is inversely
related to the spessartine profile, and has an up-
turned bell-shape (Fig. 1B). Similarly, the alman-
dine and grossular contents are inversely related
to each other. However the chemical profiles in
these elements are more complex (Fig. 1). Moving

from the centre of each crystal (Fig. I;zone 1), the
Xgrs profile shows a sharp increase to a plateau
(Fig. 1; zone 2), thereafter a sharp decrease and a
plateau (Fig. 1, zone 3). In some grains a sharp en-
richment of Ca is observed near the rim (Fig. 1;
point 4). The Xy, values mirror the X, profile,
with a sharp decrease after crystallisation and
then a gradual increase. This is followed by a
sharp increase and a second zone of gradually in-
creasing Xg,.. Close to the rims, correlated with
the X, “spike™, a sharp decrease in Xy, is ob-
served. The nearby mica minerals are all chemi-
cally homogenous, while plagioclase is of oligo-
clase composition (Ab,s)(Fig. 1: Table 3).

Trace element maps of P. Y, Cr and Zn were
collected, but the concentrations are very low and
do not show any heterogeneity across garnet
grains. The Ti map is more complex with enrich-
ment at the core.

3.2. Interpretation of Complex Chemical Zona-
tions in Garnet Through Modelling

Figure 2 shows P-T equilibrium phase diagrams,
with mineral isopleths for grossular, almandine,
plagioclase and epidote, calculated for the origi-
nal bulk rock composition of the garnet-biotite—
muscovite gneiss (Table 2).

Table 3 Electron-microprobe analysis of mica species and plagioclase co-existing with
garnet grains in garnet-biotite—-muscovite gneiss.

Paragonite Muscovite Biotite Plagioclase
Si0, 47.6 46.9 479 47.4 360.9 36.8 59.8 61.0
TiO, 0.11 <0.16 0.11 0.33 1.18 1.36 <016 <0.16
Al O, 40.5 40.8 36.1 34.4 19.2 18.53 24.8 23.7
FeO 0.57 0.36 1.28 1.6l 16.7 21.35 (n.a.) (n.a.)
MnO <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 (n.a.) (n.a.)
MgO 0.09 0.09 1.11 1.32 11.03 9.53 (n.a.) (n.a.)
CaO 0.10 0.09 0.05 0.01 0.03 <0.02 6.36 5.45
BaO <0.30 >(.30 0.13 0.19 <0.30 008 <030  <0.30
Na,O 743 7.43 1.62 1.31 0.2 0.26 8.01 8.73
K,O 0.81 0.81 9.44 9.65 8.97 9.21 0.11 0.09
Total 96.98 96.24 97.66 96.21 97.15 97.09 99.06 98.97
Si 5.98 5.92 6.19 6.25 5.47 582 2.69 2.74
Ti 0.01 0.00 0.01 0.03 0.13 0.15 0.00 0.00
Al 6.01 6.08 5.50 3.33 3.35 3.28 1.31 1.25
Fe 0.06 0.04 0.14 0.18 2.45 2.68 - -
Mn 0.00 0.00 0.00 0.00 0.00 0.00 - -
Mg 0.02 0.02 0.21 0.26 2.44 2.1.3 - -
Ca 0.01 0.01 0.01 0.00 0.00 0.00 0.31 0.26
Ba 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Na 1.74 1.82 0.41 0:33 0.06 0.08 0.70 0.76
K 0.13 0.13 1.56 1.62 1.70 1.76 0.01 0.01
Total 13.95 14.02 14.08 14.03 15.60 15.61 5.01 5.02

n.a. — not analysed.
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Table 4 Overview of important calculated mineral assemblages.

Zone T(°C)

Calculated Assemblage

Pre-garnet
formation
Core - 1 500

<500

Bt+Ms+Chl+Zo+Ep+Ab+Ttn+Qtz+H,O
Gri+Bt+Ms+Chl+Ep+Ab+IIm+Qtz+H,0

>520
2 <560) Grt+Ms+Bt+Ep+Ab+Ilm+Qtz+H,O
R >570 ,
3 <670 Grt +Ms+Bt+Ab+I1lm+0Otz+H,O

Several observations can be made that set lim-
its on the shape and trajectory of the reconstruct-
ed prograde P-T path.There are two regions in P-
T space (Fig. 2a) where garnet is stable but the
observed and calculated garnet compositions in-
dicate a path that only passes through the higher
temperature field. The calculated composition for
the high-pressure, lower-temperature garnet is
grossular-rich (X, = 0.8) (Area X; Fig. 2A) while
the observed garnet cores are grossular-poor and
almandine-rich, more similar to those of the cal-
culated higher-temperature garnet field (Figs 2B-
C).Therefore, the first nucleation of garnet on the
prograde P-T path is defined by a point at the in-
tersection between the plotted path and the high-
er temperature garnet stability field (point 1, Fig.
2A). The dashed reaction line, Y, is the staurolite-
in isograd (Fig. 2A). There is no staurolite in the
rocks and we surmise that the P-T path did not
enter the staurolite field. The dotted reaction line
7 (Fig. 2A) is the transition of ilmenite to rutile
towards higher pressure and temperature. No ru-
tile has been found anywhere in the sample, hence
this reaction provides an upper pressure limit for
the P-T path.

Between the garnet-in line at Point 1 (Fig. 2B)
and the staurolite-in reaction, three metamorphic
reactions and one phase change were calculated
to occur with increasing T; each may be used to
interpret the observed chemical zoning in garnet.
The low-Ca garnet cores nucleated and grew, with
increasing temperature, from a Bt-Ms—Chl-Zo-
Ep-Ab-Ttn-Qtz-H,0O assemblage (Figs. 2A, Pt.
1). The nucleation of garnet is concomitant with
the breakdown of titanite and the formation of il-
menite. Following garnet nucleation, the increase

Fig. 2

in X, content (Fig. 1) indicates the breakdown of
a Ca-phase. This change in garnet chemistry is re-
flected in the zoisite-out line at immediately high-
er temperatures, stabilizing Ca-richer garnet and
more calcic-plagioclase (Figs.2A,2C; Pt.2). Along
a continuous prograde path two further reactions
are predicted: (1) Chlorite becomes thermody-
namically unstable and is replaced by Fe-rich gar-
net. During chlorite breakdown (Fig. 2B; Pt. 3) Fe
and Mg are released, and X, and Xp,, increase
(Figs. 1B, 2B). We interpret from our modelling
that this garnet grew in equilibrium with a Bt-
Ms-Ep-Ab-1Im-Qtz-H,O assemblage; and (2)
epidote stability continuously decreases in favour
of clinozoisite, releasing Fe into the local chemical
system promoting Fe-richer garnet (Figs. 1, 2B,
2E) in a Gt-Bt-Ms-Ep-Ab-IIm-Qtz-H,O as-
semblage.

The epidote-out reaction (Fig. 2A; Pt. 4) re-
sults in further fractionation of Fe into garnet
(Figs. 1,2B) and Ca into plagioclase (Fig. 2D).The
calculated equilibrium assemblage (Gt-Bt-Ms—
Ab-1Im-Qtz-H,0) reflects the observed peak
metamorphic assemblage in the rock. Whilst the
staurolite-in reaction occurs at higher tempera-
tures, providing the only positive contrel on peak
temperature, the high Na/Ca ratio of plagioclase
(Table 3) in the assemblage suggests that the Gt—
Bt-Ms-Ab-Iim-Qtz-H,O assemblage is charac-
teristic of the peak assemblage, i.e. assemblage 12
(Fig. 2A; Gt-Bt-Ms—-An-Ilm-Qtz-H,O) was not
reached by the P-T path.

The sequence of mineral formation and break-
down reactions resulting from the evolving P-T
conditions has been established (Table 4), and a
maximum pressure of nearly 7.5 kbar and maxi-

Calculated equilibrium phase diagrams for the zoned garnet-grain-bearing garnet-biotite-muscovite gneiss.

White numbers in black circles refer to stable assemblage fields. Black numbers and associated points refer to reac-
tions discussed in the text. (A) P-T equilibrium phase diagram calculated for the bulk composition 1 (derived from
XRF analysis; Table 2) with SiO, and H,O in excess. (B) Almandine isopleths calculated for bulk rock composition 1
(Table 2). (C) Grossular isopleths calculated for bulk rock composition 1 (Table 2). (D) Anorthite content in
plagioclase isopleths calculated for bulk rock composition 1 (Table 2). (E) Xy, isopleths in epidote calculated for bulk

rock composition 1 (Table 2).
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Calculated equilibrium phase diagram for modified bulk rock composition 3 (Table 2). White numbers in black

circles refer to stable assemblage fields. Black numbers and associated points refer to reactions discussed in the text.

mum temperature of 650 °C has been deduced for
the Alpine metamorphism of the Berisal Com-
plex. The conditions are in good agreement with
all previous work on the metamorphism of the
area (Stille, 1980; Stille and Tatsumoto, 1985; Todd
and Engi, 1997).

3.3. The Ca-Spike at the Garnet rim

The peak of metamorphism in the phase diagram
(Fig.2) lies between the epidote-out and the stau-
rolite-in reactions. Between these two reactions
there are no other mineral-forming (or mineral
breakdown) reactions. Plagioclase compositions
do change continually, from sodic to intermediate,
but there are no calculated reactions to provide a
suitable explanation for the Ca-spike near the
edge of the garnet grains.

The garnet compositions either side of the Ca-
spike are similar (Fig. 1). The breadth of the Ca-
spike fluctuates between 5 and 25 um, and at
some points is seen to be almost absent. We infer a
transient change in the local chemical composi-
tion to account for the Ca-spike, probably due to
the breakdown of a Ca-bearing accessory phase.

Common Ca-bearing accessory phases in me-
tapelites include apatite, titanite, and allanite. No

apatite remains in the rock, and X-ray maps dis-
play no increase in phosphorus close to the garnet
rim, hence it is difficult to evaluate the influence
of apatite during metamorphism. Titanite is found
in the calculated P-T diagram, but reacted out
during garnet nucleation (Fig. 2, Pt. 1), hence its
breakdown cannot be invoked to explain the Ca-
spike. On the other hand, Smith and Barreiro
(1990) suggested that allanite breaks down to
form monazite during prograde metamorphism at
temperatures above 525 °C, whilst Wing et al.
(2003) provided evidence for the reaction occur-
ring around 550 °C. Allanite has not been found in
the matrix of the garnet-biotite-muscovite gneiss,
but is found as inclusions in some garnet grains.
One possible explanation for the Ca-spike could
be the prograde breakdown of matrix allanite to
monazite. Its Ca was concentrated in the garnet
resulting in the observed spike while the rare
earth elements were taken up by monazite.

3.4. Influence of Bulk Rock
Chemical Fractionation

Isochemical P-T phase diagrams were calculated
with each modified composition (Table 2) and
compared with the original; the calculated phase
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diagram is presented for the bulk rock composi-
tion minus garnet zones 1 and 2 (Fig. 3). This is
intended to represent the phase relations in the
rock close to the peak of metamorphism for what
is calculated to be the effective bulk rock compo-
sition after early prograde garnet growth.

For this modified bulk composition, the calcu-
lated assemblages along the derived P-T path in
the phase diagram (Fig.3), at temperatures above
which garnet is stable, are the same as those calcu-
lated for the original bulk composition. The chlo-
rite-out reaction, thought to be responsible for
garnet zone 2, occurs at the same temperature for
both bulk compositions (~560 °C at 7.4 kbar). The
maximum pressure in Fig. 3 is lower; the rutile-in
line being located just below 10 kbar compared to
11 kbar in Fig. 2A. The absence of rutile can also
be used to constrain T, between 675 and 730 °C
for pressures >6.5 kbar, while the absence of silli-
manite in the observed assemblage limits it to the
same temperature range <6.5 kbar (Fig. 3). How-
ever,as in Fig. 2, the presence of sodic rather than
intermediate plagioclase in the observed assem-
blage, supports a peak temperature of <650 °C.

The most significant contrast between the two
calculations is the lower temperature for the epi-
dote-out reaction (Fig. 3, Pt. 5, compared to Fig. 2,
Pt. 4). It is calculated to occur at 570 °C for the
modified bulk rock composition 3 (Table 2), rath-
er than ~620 °C, for the original bulk rock compo-
sition derived via XRF This minimum tempera-
ture is higher than that proposed for the break-
down of allanite in regionally metamorphosed
paragneiss, and the proposed explanation for the
Ca-spike 1s valid.

4. Discussion

The calculation of isochemical P-T phase dia-
grams in metamorphic petrology and their inter-
pretation to aid understanding of the growth of
metamorphic minerals and/or assemblages, the
development of metamorphic domains, or chemi-
cal zonation in minerals has become increasingly
popular in recent years (e.g. Brouwer and Engi,
2005; Tinkham and Ghent, 2005; Zeh, 2001a; Zeh,
2001b; Toth et al., 2000). However, the success of
the technique is dependent on appreciating its
limitations and inherent uncertainties

In this study the first set of limitations that
must be considered concern uncertainty in the
thermodynamic database propagated from exper-
imental error. Furthermore, the reliability of the
thermodynamic data for some minerals is particu-
larly poor; for example there are no reliable ex-
perimental results for daphnite and Fe-glau-
cophane, and their data was optimised by theoret-

N

ical methods (Le Bayon, 2002). Furthermore, the
simplification of the solid solution model for chlo-
rite, clinozoisite-epidote, cordierite and glau-
cophane may also affect calculations. This paper
presents equilibrium phase diagrams for the gar-
net-biotite—-muscovite gneiss calculated in the
CaNKFMASH system: we do not integrate phos-
phate or rare earth element minerals in our model
(e.g. apatite, monazite or allanite), which may af-
fect mineral assemblage stability, because of the
lack of thermodynamic data and experimental
calibrations. Nor do we include MnO, which may
also influence mineral stability, particularly gar-
net, a mineral which is more stable at lower tem-
peratures when Mn is present (Symmes and Ferry,
1992)-

A more significant source of error, which is
not systematic and should be addressed in all cal-
culations for an isochemical system, is the uncer-
tainty in the effective bulk rock composition of
the equilibration volume. Errors in the effective
bulk rock composition used in the calculations
may be introduced during sample collection and
chemical analysis (small samples with large and
numerous porphyroblasts may skew analysis), by
failure to account for fractionation of the bulk
rock composition due to porphyroblast growth
(Marmo et al., 2002) (a problem that may be exac-
erbated if the porphyroblats are chemically
zoned), and the effects of adding or removing
chemical components by the action of fluid and/or
partial melting, while preserving an earlier assem-
blage (White and Powell, 2002).

For the sample of garnet-biotite-muscovite
gneiss described, any uncertainty between the
bulk rock composition obtained via XRF analysis
and that of effective reaction volume was mini-
mised by analysing a petrographically representa-
tive sample sufficiently large to eradicate the in-
fluence of porphyroblasts measuring =21 c¢cm (of
which none >5 mm were found during sample
preparation), and with no domain development.
Furthermore, the influence of chemical fractiona-
tion, as documented in the zoned garnet grains
was evaluated. While no evidence for partial melt-
ing has been documented anywhere in the Berisal
Complex, late-Alpine quartz veining has influ-
enced bulk rock SiO, concentrations at some lo-
calities (Hetherington et al., 2003). However the
effect is restricted to within 50 cm of a vein; no
quartz veins were observed within 10 m of the
present sampling point.

The calculated assemblages for the predicted
P-T path in the phase diagram for the modified
bulk rock composition, at temperatures above
which garnet is stable, are the same as those calcu-
lated for the original bulk rock composition. Sim-
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ilarly, the chlorite-out reaction, responsible for
the development of garnet zone 2, occurs at the
same temperature for both bulk rock composi-
tions (~560 °C at 7.4 kbar). However, the P-T
conditions at which the assemblages, calculated
with the modified bulk rock composition, did
change with respect to the original calculation
showing that the influence of effective bulk-com-
position should be addressed. In this case, the re-
sults allow us to place tighter constraint of the
peak metamorphic conditions: The upper pres-
sure limit with the rutile-in line is slightly below
10 kbar, compared to 11 kbar in Fig. 2. The ab-
sence of rutile and sillimanite in the observed as-
semblage constrains T ,,, to between 675 and 730
°C for pressures over and below 6.5 kbar respec-
tively. However, albitic plagioclase in the ob-
served assemblage requires T,,,,<650 °C. The low-
er temperature limit, marked by the epidote-out
reaction, occurs at 570 °C rather than ~620 °C for
the modified bulk composition. This decreases the
lower temperature limit for peak metamorphism.

5. Conclusions

Garnet grains in a garnet-biotite-muscovite par-
agneiss from the Berisal Complex (Simplon Re-
gion) show complex chemical zonation. Apart
from the Alpine mineral assemblage observed,
the rock contains no petrographic indicators, such
as mineral relics of poikiloblasts, that aid interpre-
tation of the rock’s metamorphic history.
Thermodynamic modelling of the rock, using
bulk rock chemistry and the DOMINO software
indicates that three net transfer reactions oc-

curred between garnet nucleation and the peak of

metamorphism. The inferred influence of these re-
actions on the local composition has been used to
explain the chemical zonation observed in garnet.
The influence of garnet porphyroblast growth
on the effective bulk-composition has been evalu-
ated. Although there is no change in the order and
nature of the net transfer reactions during por-
phyroblast growth, the P-T conditions of some
reactions changed: The minimum estimate for T,
in the Berisal Complex could be as low as 570 °C.
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