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Metamorphic evolution of pelitic rocks of the
Monte Rosa nappe: Constraints from petrology and

single grain monazite age data

by Martin Engi1, Nadim C. Scherrer' and Thomas Burri'

Abstract

A suite of metapelites from the pre-granitic basement of the Monte Rosa nappe was collected and investigated to
gain insight into the evolution of this important upper Penninic thrust sheet. Careful sampling at mesoscopic to
microscopic scale allowed the identification of relics of distinctly pre-Alpine origin, of assemblages formed in the

early Alpine high pressure history of the nappe, and of features due to the Meso-Alpine thermal overprint. Variscan
structural relics, e.g. large monazite grains with relic cores, or monazite inclusions within garnet porphyroblasts, were
recognized in the field and at thin section scale. Alpine features include high pressure and younger thermal phases;
these are not readily separable in the field, but they are usually distinctly identifiable at thin section scale.

Combined chemical Th-U-Pb dating of monazite by electron microprobe and novel XRF-microprobe analysis,
verified and enhanced by isotopic laser ablation PIMMS analysis, was performed on single monazite grains selected
in thin section, with the full context information preserved. Based on electron microprobe data for assemblages from
these same thin sections, TWQ thermobarometry indicates metamorphic conditions preserved along the P-T-t path
of a polyorogenic evolution. In only two samples monazite inclusions in old garnet were found to record ages of 330
Ma, corresponding to the intrusion of the main Mote Rosa granodiorite mass. High-grade Permian metapelites
appear variably affected - in isolated cases even unaffected - by all Alpine activity, retaining mineral assemblages,
consistent P-T-information, and monazite grains (even within the sample matrix) formed some 270 Ma ago in
response to the intrusion of granitic masses in the Monte Rosa nappe. "ITiis same stage of low to medium pressure
metamorphism was detected in monazite inclusions in garnet from numerous samples taken at various localities.
Reaching sillimanite+Kspar grade, this stage is evident in migmatic restites as well and is suggested to represent
either a regional event, at 10-20 km depth, associated with the generation and emplacement of an extensive suite of
acid dykes and small stocks; alternatively, and more or less equivalently, one may think of this phase as indicating
widespread contact metamorphism.

No evidence whatsoever could be found supporting a questionable Cretaceous high-pressure phase. Consistent
TWO pressures between 9.2 ± 1.8 and 12 ± 1.5 kbar, with temperatures ranging from 595 ± 25 to 755 ± 65 °C,
represent the dominant Alpine overprint documented in samples containing assemblages kyanite + garnet +

phengile ± staurolite. Median conditions are 11.0 ± 1.2 kbar and 652 ± 41 °C, with no significant regional gradient,
Monazite single grain dates range from 46 to 31 Ma, but with most of the accurate ages lying between 38 and 32 Ma.
Several petrological observations suggest that this stage probably represents (partial) re-equilibration upon
decompression, rather than the maximum depth reached by the Monte Rosa nappe. Late Alpine thermal overprinting is
evidenced by only very few monazite ages of <30 Ma obtained, and no precise P-T-brackets could be obtained for
that retrograde stage.

Recent paleogeographic models for the Alpine evolution derive the Monte Rosa nappe from the southern European

continental margin. Our results demand that the subduction system implicated this nappe sufficiently early to
yield peak metamorphic temperatures near 700 °C at 35-30 km depth in the Eocene, probably during extrusion
following subduction and slab breakoff. Higher pressure relics are known from several areas along the margin of the
Monte Rosa nappe, including the UHP-fragments of Lago Cignana. These relics appear to be restricted to the immediate

periphery of the Monte Rosa nappe, outlining a discontinuous mantle of highly strained fragments of ophiolitic
and metasedimentary trails. Whether the Furgg Zone, at least its northern parts, may also represent a tectonic
mélange, is currently controversial. It seems likely that strain concentration in marginal zones of the Monte Rosa

1 Mineralogisch-petrographisches Institut, Universität Bern, Baltzerstrasse 1, CH-3012 Bern, Switzerland
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306 M. ENGI. N.C. SCHERRER AND T. BURRI

thrust sheet enabled the tectonic emplacement of the several massive granitic sheets that make up the bulk of the
nappe. These were left largely intact, thus preserving pre-Alpine and early Alpine assemblages in ntetapelites
protected within less deformed portions of the metagranitoids.

Keywords: Monte Rosa, Alps, polymetamorphism, metapelites, monazite dating, exhumation, high pressure.

1. Introduction

The Monte Rosa nappe is a classic crystalline
basement nappe situated at the tectonic junction
between the Central and the Western Alps.
Despite impressive insights from many eminent
Alpine geologists (e.g. Argand, 1911; Bearth, 1939;

Bearth, 1952; Dal Piaz, 1964; Dal Piaz, 1966;
Franchi, 1903; Frey et al., 1976; Hunziker, 1970;

Mattirolo et al„ 1913; Reinhardt, 1966), the
evolution and paleogeographic provenance of the
Monte Rosa nappe remain controversial. It
contains widespread evidence of a protracted poly-
metamorphic history: Voluminous Variscan granitoids

intruded a high-grade gneiss basement,
including deformed migmatites, causing contact
metamorphism; subsequent regional metamor-
phism affected this complex, still during the
Permian; the Alpine orogeny first produced
prominent eclogites and other high-pressure
rocks, followed by a widespread Barrovian overprint

reaching greenschist facies in the West and
amphibolite facies in the eastern portions of the

nappe. In terms of tectonic position in the Alpine
nappe stack, the Monte Rosa nappe (Fig. 1) lies at
a level corresponding, in the West, to the Gran

Paradiso and Dora Maira "massifs" and, further
East, to the Adula nappe, all of which contain
Alpine eclogites as well. For the Adula nappe, for
example, rapid exhumation from depths in excess
of 70 km during the mid Tertiary is well established

(e.g. Frey and Ferreiro Mählmann,
1999; Nagel, 2000). To what extent the high pressure

relics in all of these tectonic units may be

interprétable in terms of one coherent subduction/
emplacement history is a key question in Alpine
geodynamics and is relevant in the context of col-
lisional orogeny in general. Current understanding

of the kinematic sequence of events and their
thermal consequences, in particular, is certainly
far from complete in any orogen. including the
Alps.

Progress on these questions depends to no
small degree on reliable temporal links between
several stages of evolution documented by
penological and structural studies for each of these
units. For the Monte Rosa nappe, pétrographie
work by Bearth (1952, 1958) and Dal Piaz
(1971) documented that, due to localized strain
within the nappe, plurifacial assemblages are not
just locally preserved, but occur in several km2-
size domains. Previous efforts to constrain the

WeisMtil
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Fig. 1 Tectonic overview of the Monte Rosa (MR) nappe, with major tectonic units from the Tectonic Map of
Switzerland (Spicher, 1980). BN Bernhard nappe, SLO Schistes lustrés - Ophiolite zone, Ca Canavese zone, Iv

Ivrea zone, MoZ Moncucco zone, ML Monte Leone nappe, PCZ Pioda di Crana zone, Pg Portjengrat unit;
PV Permian volcanics, Se Sesia Zone, VG late Variscan granites, ZO Zone of Orselina. Sample locations
shown by X.
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temporal evolution of the Monte Rosa nappe
(Bearth. 1952; Chopin and Monié, 1984; Dal
Piaz and Lombardo, 1986; Frey et al., 1976;

Hunziker, 1970; Hunziker and Bearth, 1969;

Hunziker et al„ 1992; Hunziker and Martinot-
ti, 1984; Koppel and Grünenfelder, 1975;
Monié, 1985; Romer et al., 1996; Rubatto and
Gebauer, 1999) indicated Alpine, Variscan, and
older ages. Substantial disagreement remains
regarding the significance of many of the meta-
morphic ages in these studies and the discrepancies

between dates obtained (e.g. Paquette et al.,
1989).The difficulty of interpretation is partly due
to problems with specific isotopic systems used

(such as excess argon, partial thermal resetting),
but a major shortcoming has to do with the selection

and documentation of mineral phases used to
date the samples. Unfortunately, the loss of structural

context incurred when separating mineral
fractions from polymetamorphic samples renders
a reliable integration of petrologic information
impossible. Particularly controversial are age data
indicating metamorphism in the Cretaceous,
based on Rb-Sr and Ar-Ar dating (Chopin and
Monié, 1984; Hunziker, 1970; Monié, 1985)
obtained on samples from peripheral parts of the
Monte Rosa nappe, including the Furgg Zone and
the Gornergrat Zone. For the latter,recent results
by Rubatto and Gebauer (1999), who made use
of the high spatial resolution of the ion micro-
probe (SHRIMP) to date multiphase zircons
from a metaquartzite, indicated a long sequence
of events (from -700 to 34 Ma), but with no
indication of activity leading to zircon growth in the
Cretaceous. These authors concluded that the
most external zircon zones, dated at 35 Ma,
correspond to high pressure conditions for the
metaquartzite, estimated at P < 14-15 kbar and T
< 550 °C. It is difficult, however, to ascribe the
dates obtained on a few individual rims of zircon
grains to a specific petrogenetic stage of the meta-
morphic evolution of their host rock. In addition,
the regional significance of these data in not clear,
since Masson et al. (2000) have voiced doubt
whether the Gornergrat slice belongs to the Monte

Rosa nappe (see also Dal Piaz, 2001). For the
main part of the latter, no corresponding age
dates are available, but it is worth noting that
high-pressure garnet from Dora Maira gave a Lu-
Hf age of 32.8 ±1.2 Ma (Duchène et al.,1997).

Granitoid rocks predominate the Monte Rosa

nappe. A pioneering study by Frey et al. (1976)
combined petrology, oxygen isotope thermometry,

and geochronology to investigate granitic
samples. While substantiating the complex poly-
orogenic history, with Variscan and Alpine parts,
the results of that study lacked in resolution to

document the evolution in detail, both with
respect to the temporal and metamorphic conditions.

Chopin and Monié (1984) and Dal Piaz
and Lombardo (1986) added quantitative detail
to the Alpine metamorphic high-pressure conditions

by studying, respectively, pelitic and mafic
samples. However, both of these studies obtained
their samples from mélange zones near the margin

or roof of the Monte Rosa nappe, and it is not
clear when and how these fragments became
incorporated in the main mass of the thrust sheet.

To overcome some of the limitations of granitic
samples, the present investigation put its focus

on pelitic schists and subpelitic paragneisses.
These make up a good part of the pre-Variscan
basement complex and occur, more sparsely, within

the large granitoid masses as well (Bearth,
1952; Dal Piaz, 2001). We report on pelitic samples

collected from central and eastern parts of
the Monte Rosa nappe, where paragneiss units
had been mapped notably by Mattirolo et al.
(1913), Bearth (1952), and Reinhardt (1966).

Following an account of the geological setting
and previous results, we present microstructural
and petrologic evidence used to constrain the
metamorphic evolution of our metapelite samples.

Wherever possible, we obtained thermo-
barometric results for the same samples, from
which single grains of monazite had been selected
and separated from thin section, using a set of
consistent selection criteria. Chemical Th-U-Pb
dates and isotopic Th-Pb ages (obtained using
laser ablation P1MMS) for these monazite grains
are presented (Scherrer et al., 2001a). Because
our approach utilizes the full context information
about the grains we dated, and because monazite
has such a high closure temperature for Pb-diffu-
sion (Parrish, 1990), the results obtained afford a

reliable interpretation of several stages of the
metamorphic evolution. Implications are
addressed in two chapters, first in terms of the
polymetamorphism of pelites and the behaviour
of monazite in these, and then in terms of the
evolution of the Monte Rosa nappe as a whole. Finally.

the significance of this nappe in the Alpine
collision belt, its emplacement and the exhumation
of high-pressure rocks are discussed.

2. Geological framework

Figure 1 shows the Monte Rosa nappe in its
present tectonic context, at the same level as the
Gran Paradiso nappe of the Western Alps (Dal
Piaz and Lombardo, 1995) and the Adula nappe
of the Central Alps further east (Pfiffner and
Trommsdorff, 1998). The Monte Rosa nappe is
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Fig. 2 Metamorphic conditions compiled for the Monte Rosa nappe. Note two distinct stages of evolution:
1. Thermobarometric data in boxes refer to conditions of early Alpine high-pressure (eclogite) stage. Data symbols:

For eclogites: oval - Dal Piaz and Lombardo (1986); star - Borghi et al. (1996); for metagranites: oval - Frey
et al. (1976); for metapelite: circle - Chopin and Monié (1984); for phengite-quartzite: rectangle - Rubatto and

Gebauer (1999).
2. Mineral zone boundaries and isotherms (600, 625, 650 °C) characterize Barrovian overprint (the "meso-Al-

pine" stage of Hunziker et al., 1992), the thermal structure of which crosscuts major tectonic boundaries. Albite-
oligoclase isograd from Bearth (1958), staurolite zone boundary from Niggli (1970), Barrovian isotherms from
Todd and Engi (1997). For tectonic units refer to Fig. 1.

immediately rimmed by several Pennine thrust
sheets comprising Mesozoic ophiolites and meta-
sediments, and showing abundant evidence of
high-pressure Alpine metamorphism. The pre-
Variscan metamorphic basement of the Monte
Rosa unit is of sillimanite-Kspar-grade, includes
niigmatites and was intruded by massive granites
(initial 87Sr/86Sr: 0.712) and granodiorites during
the late Paleozoic, as interpreted by Hunziker
(1970; Rb-Sr isochron: 310 + 50 Ma), Koppel and
Grünenfelder (1975; U-Pb monazite: 260 ± 5

Ma) and recently confirmed by Lange et al.

(2000; U-Pb data on magmatic zircon and monazite)

and Liati et al. (2001; U-Pb SHRIMP data
on zircon: 272 ± 4 Ma). Deformed Monte Rosa
granite dated by Hunziker (1970; Rb-Sr
isochron: 260 ± 10 Ma, initial 87Sr/86Sr: 0.713) and

ages near 250 Ma obtained on the regionally
widespread foliation-forming white micas (Hunziker

and Bearth, 1969) lead these authors to
propose a late-Variscan (Permian) metamorphic
event. Its character remains ill constrained (Frey
et al., 1976; Hunziker et al., 1992) but it seems to
correlate in time with magmatic activity that
produced both granitic stocks and dykes (aplites and
pegmatites), but no mafic dykes. Changes
produced during the Alpine orogenic cycle differ in

intensity, leaving relics in many areas and rock
types. The overprint is strongest near shear zones.

in peripheral part ("Schieferhülle"; Bearth,
1952) of the Monte Rosa granite, and in the
easternmost section of the nappe, i.e. the Southern
Steep Belt between Valle d'Ossola and Locarno.
While in the latter area an amphibolite facies

overprint effaced most of the high-pressure
characteristics of the earlier Alpine metamorphism,
this overprint diminishes in intensity and
pervasiveness towards the West. Low-temperature
eclogite facies relics thus occur far more frequently
to the West of Valle d'Ossola, despite the regionally

characteristic postkinematic albitization
(Bearth, 1952) that may be linked to late Alpine
hydrothermal activity (Pettke et al., 1999). Notably,

in the abundantly undeformed portions of
Monte Rosa granite, no evidence has been reported

of the high-pressure breakdown of plagioclase
to sodic pyroxene + zoisite + quartz, which is a

widespread assemblage in the adjacent Sesia-
Lanzo zone (e.g. Monte Mucrone; Compagnoni
and Maffeo, 1973; Oberhänsli et al., 1985). As
outlined above, the age of Alpine high-pressure
conditions in the Monte Rosa nappe is still being
debated (mid-Cretaceous or Eo-/Oligocene?),
whereas the age of the later thermal overprint is

constrained to 34-28 Ma (Koppel et al., 1981;
Romer et al., 1996; Pettke et al., 1999). Looking
at the polymetamorphic history of the entire
nappe in some more detail, a number of limits in
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the present state of understanding emerge, to
which the present study may contribute:

- Peak metamorphic conditions reached during

the pre-Variscan evolution are not quantitatively

known. However, assemblages and local
textures were meticulously documented by
(Bearth, 1952) and show the following reaction
sequence to be regionally widespread in meta-
pelites: Cordierite first formed at the expense of
biotite and was then pseudomorphosed by silli-
manite; garnet + sillimanite + biotite occur as a

restite assemblage veined by quartz-feldspar-
metatectites; K-feldspar is abundant, with much
of the muscovite (and sericite) appearing textur-
ally late. Jointly, these observations indicate partial

melting under upper amphibolite fades
conditions at medium to low pressures. The absence
of andalusite and orthopyroxene, as well as the
sparsity of kyanite indicate temperatures near 700
°C and pressures of 3-6 kbar. No regional
metamorphic gradients have been documented for this
pre-Variscan stage. While early studies ascribed
kyanite to a late (but pre-granitic!) stage, subsequent

workers (Dal Piaz, 1971; Dal Piaz and
Lombardo, 1986) reinterpreted kyanite to be
part of early Alpine assemblages.

- The Permian metamorphism is even less
well constrained, presumably because it reached
conditions of a lower grade than hoth the earlier
metamorphism and the subsequent Alpine high-
pressure stage. In granitoids regionally
widespread assemblages include oligoclase, orthoclase,
and 2M, muscovite (in contrast to to Alpine HP-
assemblages with microcline, (2M, or 3T) phen-
gite plus either oligoclase or albite + epidote);
oxygen isotope temperatures for muscovite indicate

temperatures between 520 and 560 °C (Frf.y
et al., 1976). Pressures estimated in that same
study are given as 2-4 kbar, but the precise basis is

not clear. No studies of mafic or pelitic rocks have
been conducted so far to derive pressure conditions

for the Permian metamorphism or to document

the spatial variability of its intensity and
character, hence possible tectonic implications
remain mysterious. Temporally, the relation
between Variscan magmatism and the Permian
metamorphic overprint is certainly close. Spatially,

the situation is not so clear, since no discrete
thermal aureoles have been recognized away
from the intrusive contacts (e.g. in the W and SW
parts of the nappe), though these are undisturbed
in several areas (Bearth, 1952). (We interpret the
high grade gneiss schollen described in that study
from within undeformed portions of the Monte
Rosa granite as fragments of the pre-Variscan
metamorphic basement.) Evenso, it seems entirely

possible that the Permian event essentially rep¬

resents contact metamorphism, i.e. that heating
was due mostly to acid magmatism rather than
crustal thinning.

- The early Alpine phase, apart from the age
uncertainty mentioned, is fairly well established
as a high pressure overprint. Evenso, the number
of samples documented by modern methods is

quite limited: Frey et al. (1976) derived oxygen
isotope temperatures of 440-490 °C from five
phengite samples of Monte Rosa metagranite.
Using this range and the compositions of phengite
(3.3-3.4 Si per formula unit) reported in that
same study, the calibration by Massonne and
Schreyer (1987) indicates maximum pressures
of 9-10 kbar. A similar range, bracketed between
9+1 and <14 kbar was delimited from low-temperature

eclogites by Dal Piaz and Lombardo
(1986), with temperatures between 402 and 536
°C based on garnet-clinopyroxene thermometry.
(Note that these temperatures were obtained
using the calibration by Ellis and Green (1979).
The more recent version by Kroch (1988) yields
337-488 °C.) For three garnet mica schists studied
by Borghi et al. (1996), thermobarometry gave
515-545 °C and 11-14 kbar for what these authors
identified to be "first generation assemblages" on
textural grounds, but with no mineral age data
available. On the basis of three samples from each
of the Internal Pennine "Massifs" (Monte Rosa,
Gran Paradiso, and Dora Maira), these authors
also inferred a PT-path for the Alpine HP-evolution,

supposed to be valid for all of the units. The
regional distribution of all of the PT-data available

so far for this stage is shown in figure 2. It
would be hazardous to infer a metamorphic field
gradient from these data, owing to likely systematic

differences between the methods used and
the possibility of partial re-equilibration following

emplacement. Higher pressures, at temperatures

near 500 °C, have been reported from
peripheral parts in the SW of the Monte Rosa nappe.
Thus, Chopin and Monié (1984) obtained 16 kbar
from an unusual metapelite sample, and Le Bay-
on et al. (2001) derived pressures as high as 23
kbar from whiteschists (see Pawlig and
Baumgartner, 2001); the latter conditions are said to
reflect the peak of Alpine eclogite facies
metamorphism in that area.

- Conditions for this ("meso-") Alpine lower-
pressure overprint reached only greenschist
facies in the western portion of the Monte Rosa
nappe, with a well defined albite-oligoclase iso-
grad (Bearth, 1958) and, some kilometers
further to the NE, the staurolite zone boundary
(Dal Piaz, 1971; Niggli, 1970) indicating a field
gradient (Fig. 2) that mimics the pattern of regional

isotherms for the Central Alps (Todd and
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Engi, 1997). Only for this last overprint is it clear
that P-T-conditions within the Monte Rosa nappe
are comparable to those of neighbouring tectonic
units; for the early Alpine and previous phases of
the polymetamorphic evolutions, this has not
been established and indeed appears unlikely to
be the case. The age and duration of that last
Alpine thermal overprint are difficult to delimit
precisely. A decreased in intensity and age from
East to West is probable, but the time interval
over which mineral transformations took place
probable increased in the same direction. This
pattern is indicated by available isotopic and
fission track ages (discussed by Zingg and Hunzi-
ker, 1990, Hunziker, 1992, and Romer et al.,
1996), and such a pattern is also expected on the
basis of thermal models (Engi et al., 2001;
Roselle et al., 2002) for the thermal relaxation
following peak regional metamorphism.

Paleogeographic reconstructions for the Monte
Rosa nappe have come to widely differing

conclusions, with some authors attributing the slice of
continental crust to paleo-Africa, to the Bri-
ançonnais, or to the European margin. Though
the debate is ongoing, recent suggestions
(Froitzheim, 2001; Dal Piaz, 2001) favor the latter

scheme, based on the high pressure metamorphism

(Froitzheim, 1997; Gebauer, 1999; Ru-
batto and Gebauer, 1999) having reached its
maximum depth on subduction during Eo- to
Oligocène times.

3. Selection and analysis of
single grain inonazite

Samples collected for the present study are listed
in table 1, which also gives summary of minerals
observed. Monazite grains occur in most of the
paragneiss samples of the Monte Rosa nappe, but
their abundance, size, and structural context are
quite variable (Scherrer et al., 2001a).

The microscopic context, e.g. monazite inclusions

in garnet versus single monazite grains or
clusters within the matrix, permits a clear separation

of two phases of monazite growth in the
metapelites. Well shielded monazite inclusions in

garnet are compositionally homogeneous and

range in size from <10 pm to >100 gm. In pelites
and subpelites, such inclusions are found in large
garnet porphyroblasts. A texturally different type
of monazite inclusions, displaying symplectic
textures (Scherrer et al., 2001a) occurs as well, and
these have been attributed to rapid decompression

following high pressure conditions during
Eo- to Oligocene times (Scherrer et al., 2001b).
Far more abundant than either of these types are

monazite grains in the matrix, occurring either at
grain boundaries or, quite commonly, within
biotite, white mica, or one of the aluminosilicate
phases. These matrix monazites display many
different morphologies, from fine grained trails or
single grains to porphyroblastic relics. Texturally,
they commonly appear partially recrystallized in
between matrix minerals or fully recrystallized
with these.

For the purpose of dating specific stages of the
polymetamorphic evolution, we selected samples
with sufficiently large monazite grains (>50 pm if
possible) from texturally interprétable contexts,
i.e. inclusions in garnet porphyroblasts,
equilibrated metamorphic assemblages within the
matrix, or reaction textures attributable to a specific
breakdown reaction. The approach used in this
study for Th-U-Pb dating of monazite is
described by Scherrer et al. (2000,2001a). A
combination of techniques was applied to document
microstructures and select grains for dating.
Besides the pétrographie microscope, SEM and
electron microprobe images (BSE and X-ray
maps) proved most useful. The selection criteria
required by the geochronological methods available

set limits on what types of monazite could be
dated and did not allow, for example, the analysis
of certain fine grained reaction products, such as

symplectitic monazite. Where the size and
homogeneity of grains were sufficient, single monazite
grains were first analyzed by electron microprobe
and then painstakingly extracted from specially
prepared thin sections, using techniques detailed
by Scherrer et al. (2000). Drilled out monazite
grains were then analyzed (Scherrer et al.,
2001a) by XRF microprobe (at University of
Bern) to obtain chemical Th-U-Pb ages, and a

subset of the samples was subsequently dated by
PIMMS (laser-ablation Plasma-Ionisation Multi-
collector Mass Spectrometry, at NIGL, British
Geological Survey).

Chemical and isotopic age data obtained from
monazite grains extracted from our metapelite
samples of the Monte Rosa nappe (Tab. 1) fall
into three classes: Chemically homogeneous monazite

inclusions in large garnet porphyroblasts are
of Permian origin (Fig. 3a, b). Matrix monazite
generally indicate Alpine ages (Fig. 3c, d), or they
have a Permian core surrounded by an Alpine
rim. Heterogeneous grains, some with clear core-
rim structures and others with complex resorption

features, seem to be more common to the
west of the Antrona ophiolite and rare in the
easternmost part of the nappe, i.e. the Southern Steep
Belt. Monazite of Permian age only was observed
in one sample, which apparently has escaped the
effects of Alpine metamorphism.
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Analytical Single Population Number of

Technique grain age age range analyses

LA-PIMMS i 36 ± 6 Ma 16 matrix grains

p-XRF 44 ± 14 Ma 31 matrix grains

Bx
i

x
I1 X

am

»carnoTr9902
34± 1 Ma
35± 1 Ma
36± 1 Ma
40± 1 Ma
46± 2 Ma
34± 8 Ma'
38±12 Ma'
41±10 Ma'

To9801
31± 1 Ma
29±16 Ma'
30±13 Ma'
46±22 Ma'

Mo9804
41± 1 Ma Po9703

33± 1 Ma
37± 1 Ma
58±15 Ma'
67±17 Ma'

Ri9801
36±14 Ma"
36±41 Ma'
48±21 Ma'

Bi9801
26± 1 Ma
32± 1 Ma
33± 1 Ma
42±10 Ma'

An9901C
42±1 Ma

Verbania

Fig. 3 Age data for single monazite grains obtained by chemical and isotopic dating methods applied to the same
grains. p-XRF data denoted by asterisks; all others are LA-P1MMS data (Scherrer et al., 2001a).

(A) Data for Permian monazite population: 9 inclusions in garnet, 3 zoned matrix grains with inherited cores, 10 pre-
Alpine matrix grains; (B) regional distribution of Permian ages. Data in brackets refer to cores of monazite grains
from the matrix; all other grains were included in garnet porphyroblasts. 2cr-error on PIMMS data is smaller than

symbol size; uncertainty given for population of electron microprobe ages is nominal scatter, ignoring the error of
individual EMP ages (60-100 Ma).

Details of the age distribution in each sample
are discussed in the subsequent chapter, in the
context of the local textures and metamorphic
assemblages to which the dated monazite grains
belong. In the following, age results shown are
those with the lowest analytical uncertainty avail¬

able for any monazite grain. Errors (Scherrer et
al., 2001a) are quoted in the text at the 2a-level
and, to identify the technique used, chemical
XRF-dates are identified by an asterisk (e.g. 260 ±
25 Ma*), whereas PIMMS-ages are shown without

a symbol (e.g. 325 + 8 Ma).
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Vi9702
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(330±8 Ma)

Verbar

Za9705
253±7 Ma
281±7 Ma

(268±6 Ma)

Fig. 3 (cont.) (C) Alpine monazite population: all 36 grains from matrix; (D) regional distribution of Alpine ages.
Data in westernmost box from Rubatto and Gebauer (1999) for ophiolitic units adjacent to Monte Rosa nappe;
data in oval boxes from Frey et al. (1976) for Monte Rosa metagranites.

4. Petrologic evolution

4.1. PETROGRAPHIC CHARACTERISTICS
OF MONTE ROSA METAPEL1TES

Thorough pétrographie investigations of me-
tapelites were previously reported by Bearth
(1952), DAL Piaz(1963, 1964. 1966, 1971),
REINhardt (1966), Wetzel (1972), and Borghi et al.

(1996). Typical constituents of Monte Rosa para-
gneisses include quartz, white mica (phengite
and/or muscovite), biotite, garnet, ilmenite, rutile,
apatite, monazite and zircon, with staurolite,
kyanite and/or sillimanite, chlorite, plagioclase
(albite or oligoclase), and allanite ocurring in
some samples only. Local textural and mineralo-
gical observations indicate that some metapelites
retain partial evidence of their polymetamorphic
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Fig. 4 Compositional profile across large garnet porphyroblast in sample Tr9902, arguably representing three
generations of garnet. A monazite inclusion within the core of similar Za9705 garnet indicates a uniform age of 259 ± 14

Ma, whereas large monazite grains in the matrix display a core-rim structure with a Permian core and an Alpine rim.

history, whereas others apparently reset
completely at some stage of their evolution. Hence it
is essential to characterize assemblages at the

grain scale, to check for local mineral (dis)-
equilibria and interpret the state of resetting prior
to performing thermobarometry or mineral chro-
nometry.

Within most of the samples analysed, garnet is

Fe-rich (Alm^j) and commonly occurs in (at
least) two generations and with some grains
showing typical prograde zonation or multiple
overgrowth profiles (Fig. 4). Staurolite is regionally

most abundant east of Val d'Ossola, particularly
in the Southern Steep Belt, where generally few

Tab. 2 Single crystal monazite ages (Tab. 1 and multi-equilibrium thermobarometry (TWQ) for metapelites from
the Monte Rosa nappe.

Sample Bi9801a Mo9801c Pb9901c Ri9801b2 Ri9801c4 Po9703b Pz9905b

# rxn 3 3 3 4 3 3 3

P (kbar) 11.0 ±1.0 11.7 ± 1.3 9-12 12.1 + 1.6 12.0+1.5 10.0 + 1.0 9.2+1.8
T(°C) 610 ± 25 755 ± 65 730 ± 30 735 ± 55 730 ± 50 595 ± 25 620 ± 60

P (kbar) 17-21 *

T (°C) 770 ± 30 *

Age range (Ma) 33 ± 1 to 26 ± 1 41 ± 1 37 ± 1 to 33 ± 1

# grains 3 1 2

# rxn: number of independent equilibria used by TWQ (Berman, 1988)
# grains: number of matrix grains dated p'^Pb/232!!!).
# relic higher pressure stage indicated by some equilibria.



METAMORPHIC EVOLUTION OF PELITIC ROCKS OF THE MONTE ROSA NAPPE 315

relics of high pressure metamorphism have been
reported for the Monte Rosa nappe. However,
staurolite of an earlier generation is present also
in several samples from further West, outside the
staurolite zone boundary (Niggli and Niggli,
1965; Niggli, 1970), in samples retaining high
pressure assemblages. On the other hand, chlori-
toid. phengitic mica (3.3-3.4 Si p.f.u.), rutile, plus
kyanite or sillimanite, have been found only to the
west of the Antrona trough (Fig. 2). Plagioclase is

sparse and where analyzed is of oligoclase composition

(~An30).Three types of white mica could be

distinguished, with paragonitic and phengitic
mica being restricted to the western samples,
whereas muscovite (<3.1 Si p.f.u.) is widespread
throughout the nappe. Where rutile occurs, it is

commonly rimmed by ilmenite, except where
protected within in porphyroblasts of ga^ or stau,.
Chlorite appears mostly linked to late greenschist
fades overprinting, but in some samples it is clearly

part of the higher pressure assemblages.
Based on textural relationships, Alpine meta-

morphic assemblages can be divided into higher
and lower pressure assemblages, as previously
discussed by Borghi et al. (1996). At higher pressure

the assemblages include Qtz-Ph-Cld-Chl,-
Grt,-Ky-Rt±Ilm±Pg±St, and at lower pressure
Qtz-Ms-Bt-Grt2±St2±01ig/Ab+Ep.

A select set of individual samples (Tab. 2) and

groups thereof are presented below according to
petrological criteria and monazite age data.

4.2. METHODS USED

The characterization and interpretation of
polymetamorphic samples demands particular
attention to microstructural characteristics, such
as relics and domains containing neoblasts of one
or more phases overgrowing older assemblages.
Apart from careful petrography and comparison
to suitable petrogenetic grids, the availability of
monazite ages from several individual structural
domains of a sample has proven most helpful.
Assemblages used in this study to constrain meta-
morphic P-T-conditions were selected after monazite

grains from the same domain had been age-
dated with credible results. The aim was thus to
obtain thermobarometric data for a particular
stage in the metamorphic evolution of the sample.
Of course the simultaneity of monazite growth
(or complete recrystallization) and of chemical
equilibration of the silicate-oxide assemblage
used for P-T-determinations cannot be guaranteed.

However, criteria such as the chemical
homogeneity of monazite and of the major
constituent phases analyzed, their alignment in one

and the same penetrative foliation, as well as
clean boundaries indicative of textural
equilibrium, have been used to support (or reject) the
hypothesis. Despite these precautions, the
thermobarometric multiequilibrium approach used
indicates that we were not always successful in
avoiding disequilibrium assemblages. In a few
samples, mineral disequilibria were thus detected
only when computing phase diagrams based on
microprobe data.

All phases of potential equilibrium assemblages,
selected from dated samples, were analyzed by

electron microprobe (Cameca SX50, 15 kV, 20
nA; WDS mode, using synthetic and natural
standards). Analyses were obtained within small
domains selected in thin section, where possible
on grains in direct contact. Data were screened to
ensure sufficient quality of analyses used. Probe
data were normalized according to the requirements

of the thermodynamic analysis, using TWQ
(Berman, 1991) with the dataset by Berman and
Aranovich (1996). In addition, we adopted the
revised phengite model by Massonne and Szpur-
ka (1997), the improved thermodynamic properties

for staurolite by Nagel et al. (2001), and an
ideal activity model for Mg-Fe-chlorite. To avoid
large uncertainties in activities, we excluded mineral

components present in very low concentration.
i.e. Xcomponen, <0.05 (Todd, 1998).

To evaluate the P-T-conditions preserved in
any analyzed assemblage we considered all of the
(fluid-absent) equilibria computed to be stable
anywhere in the P-T-domain [200-1200 °C, 1-20
kbarj.The intersection pattern of all of the stable
and metastable branches of these possible
equilibria was inspected as a first indication of the
suitability of the complete assemblage. Depending

on the number of phase components involved,
the number of independent equilibria turned out
usually between 4 and 2. In the latter case, a

unique P-T-intersection results, reflecting merely
the paucity of the assemblage, the quality of
which then cannot be evaluated using TWQ
alone. In such cases, it was sometimes possible to
check the quality of the P-T-result by comparing
the observed assemblage against a suitable
petrogenetic grid and by performing the following

experiment: Assume that the activity ofTi02
and/or Al2Si05 equals unity, i.e. that the assemblage

was in fact saturated in rutile and/or
kyanite (or sillimanite), compute the P-T-diagram
again. Then evaluate all of the additional
equilibria generated as limiting the space for which
a(Ti02) <1 and/or a(Al2SiOs) <l.This approach
thus utilizes not only the phases present, but also
includes the observed absence of the respective
titanium or aluminosilicate phase(s). Judging by
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Temperature (°C)

Fig. 5 P-T-diagram showing location of fluid-absent equilibria computed using TWQ for phase compositions measured

in samples Po9703 and Bi9801. P-T-uncertainty shown by ellipse. Thermodynamic models used and restrictions
applied are discussed in text. Individual equilibria are numbered, for reactions see Appendix.
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Fig. 6 P-T-diagram showing location of fluid-absent equilibria computed using TWQ for phase compositions measured

in samples Pz9905 and Pb9901c. See text and Fig. 5 for further details.
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Fig. 7 P-T-diagram showing location of fluid-absent equilibria computed using TWQ for phase compositions measured

in samples Mo9801 and in two domains of sample Ri9801. See text and Fig. 5 for further explanations.
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the consistency of P-T-intersections and the narrow

P-T-fields obtained using this approach, we
conclude that many of the metapelites investigated

appear to be only very slightly undersatu-
rated in the respective phases. In such cases, this
experiment sets very useful additional limits in
thermobarometry. Its application is, of course, not
restricted to "poor" assemblages, i.e. with only
two independent reactions.

Where 3 or 4 equilibria were independent, the
dispersion of invariant points in P-T-space was
inspected and, in some cases, overall equilibrium
appeared to be well preserved (e.g. Figs 5, 7). In
other cases, all but a few equilibria seemed well
behaved, and outliers involved one particular
phase component (Fig. 6). This was commonly
found to be siderophyllite or rutile. In the former
case, the discrepant results may well be caused by
an inadequacy in the thermodynamic model,
whereas for rutile pétrographie evidence usually
indicated an irreversible reaction, such as partial
replacement by ilmenite. In either case, the
hypothesis of a completely intact equilibrium
assemblage could not be maintained, the violating
mineral species or component was eliminated,
and TWQ analysis continued without it. Results
shown in the subsequent paragraphs indicate that
completely convincing equilibrium assemblages
are indeed rather rare in the samples we investigated,

but reliable thermobarometric constraints
can be derived from a few of them.

4.3. PERMIAN METAMORPHISM

In several areas, including the central portion of
the nappe to the West of Macugnaga, Bearth
(1952) had mapped metasediments showing little
or no Alpine overprint. A suite of metapelites,
sandwiched between the main mass of Macugnaga

augengneiss and granitic tectonites of the Stelli
zone, was sampled near Alpe Pedriola. NW of Piz-
zo Bianco. Most of these samples (Za-suite in
Tabs 1 and 2; cf. Fig. 1) show the early stages well
preserved In particular, Za9702 displays no signs
of a high pressure or retrograde greenschist facies
overprint, i.e. the sample appears to have largely
escaped Alpine metamorphism. In contrast to
samples of chloritoid bearing garnet-mica gneisses

(Za9703. Za9705) from the same area, Za9702
also lacks a penetrative foliation. It contains
exceptionally abundant fibrolite and K-feldspar,
three generations of garnet, and unusual textural
characteristics of biotite and white mica. The
earliest generation of garnet is present as subidio-
morphic grains (-5 mm in diameter), with no
evidence of corrosion or overgrowth on them, but

with random needles (sillimanite? up to 3 mm in
length) crosscutting the grains. Surrounding this
earliest generation of garnet is a fine grained felt
of fibrolite plus quartz. This sillimanite-rich felt is

thickest at opposing ends of garnet porphyro-
blasts, suggesting the replacement of previous
pressure shadows. A dense cluster of roundish
garnet grains overgrew the felt and partially
replaced it. The only hint at a weak foliation in this
sample is given by corroded platelets of coarse
biotite that surround the felt rimming the first
generation garnet. Biotite is conspicuously
reddish-brown, may show delicate symplectic fringes
and was replaced, near its margin to fibrolite, by
elongate poikilitic garnet containing quartz, K-
feldspar. and abundant tiny ilmenite grains as
inclusions. These textural and mineralogical
features, notably the extreme enrichment in sillimanite,

lead us to interpret this sample as a restitic
metapelite. In view of the regional homogeneity
of the metapelites (Bearth, 1952), it appears that
a significant portion of the leucosome was lost
from its pelilic protolith during or following partial

melting. Millimeter-size pockets dominated
by quartz and K-feldspar, containing some 30%
randomly oriented muscovite and biotite. with
only traces of sillimanite, may represent seggre-
gates of such leucosome.

Four monazite grains from the matrix of sample

Za9702 were dated, yielding a median age of
252 ± 9 Ma (PIMMS data,Tab. 1).These ages are
but slightly younger than those obtained from
monazite enclosed in garnet in sample Za9705
taken a few hundred meters away, for which 281 ±
16 Ma resulted. These data represent maximum
ages for the garnet from which the respective
monazite inclusions were extracted, hence no
significant age difference between the porphyro-
blasts and the matrix monazite can be detected. In
sample Za9705, however, monazite grains in the
matrix indicate that it has been partially reset,
probably due to recrystallization of monazite in
the matrix. Ages obtained gave a bimodal
distribution: Three monazite grains evidently recystal-
lized at Alpine times (30 ± 5,46 ± 1.61 +32 Ma*2 );
two grains are zoned, one of which gives an
intermediate age (145 + 5 Ma) probably due to
overgrowth of a Permian core by an Alpine rim. the
other one appears unaffected (268 ± 6 Ma), as
does another matrix monazite (290 ± 1203 Ma). In
a third sample of that suite (Za9703), all of the
monazites from the matrix show Alpine ages be-

2 Where no PIMMS-data are available, XRF-
data are quoted and denoted by an asterisk.
3 Large error due to low Th-contents of grain.



320 M. ENGI, N.C. SCHERRER AND T. BURR1

tween 43 ± 3 and 55 ± 17 Ma. Evidently this suite
of high-grade metapelites experienced unequal
amounts of recrystallization in post-Permian
times, with some samples showing Alpine chlori-
toid + staurolite ± chlorite, but Za9702 does
appear remarkably unaffected by Tertiary events.

Even more exceptional is sample Ti9801 from
taken just SW of Pizzo Tignolino, some 8 km SE of
Domodossola. Despite the strong strain evident
in the Southern Steep Belt portion of the Monte
Rosa nappe, this staurolite-chlorite-tourmaline
bearing garnet-biotite-muscovite schist indicates
the preservation of Permian (and possibly older)
ages of monazite within garnet porphyroblasts
and in the matrix! For the latter, the median age is
260 ± 25 Ma* from XRF chemical dating, whereas
one grain dated by PIMMS gave 325 ± 8 Ma; only
one monazite inclusion in garnet could be dated,
yielding 303 ± 44 Ma*. As in the previous suite, we
infer that the Alpine metamorphism, which in this
locality reached lower amphibolite facies conditions,

did not reset the Permian ages even in the
matrix. Yet the silicate assemblage in this case
does not look particularly different from those in
neighbouring samples, many of which demonstrably

did equilibrate during Alpine times (below).
We cannot be sure whether the silicate assemblage

in Ti9801 does retain the characteristics of
the Permian metamorphism. However, since this
sample as well as Za9702 discussed above were
taken but a few hundred meters away from intrusive

contacts to major granitic bodies, it seems

likely that the assemblages were formed by Varis-
can contact metamorphism and not by a Permian
regional event. The P-T-conditions of formation
or equilibration were not investigated further.

In several other samples (Tr9902, Tr9904,
Vi9702) monazite inclusions in garnet indicate
Permian ages, but in all of these the matrix
assemblages, including monazite, had evidently recrys-
tallized in Alpine times. Though garnet (gar,) in
these samples typically contains numerous
inclusions, none of them had sufficiently complete
inclusion assemblages to warrant thermobarometry.
For this reasons, no precise P-T-conditions could
be determined for the Permian regional
metamorphism.

4.4. ALPINE HIGH PRESSURE OVERPRINT

A group of our samples shows complex zoning in

garnet porphyroblasts and characteristic
overgrowth textures that document the transition
from pre-Alpine to early-Alpine conditions. Typical

in metapelites is a mica-rich matrix dominated
by white mica - commonly muscovite and phen-

gite - but with only subordinate biotite, kyanite
overgrowing and partially replacing fibrolite,
small and commonly roundish garnet of a a
second generation, stubby to long-prismatc staurolite,

bands of mosaic quartz with sporadic oligo-
clase and. in mica-free domains, K-feldspar.

In samples showing tectonite fabrics, however,
the high-pressure overprint is extensive and obvious.

In Monte Rosa metagranites affected (Dal
Piaz and Lombardo, 1986; Frey et al., 1976),
phengite has Si-contents of 3.35-3.41 p.f.u., Ti-
biotite typically shows Mg/(Mg+Fe2+) 0.36 ±
0.06, and assemblages include albite + epidote (or
oligoclase), microcline, quartz, as well as accessory

titanite, garnet, tourmaline, and magnetite.
Phengite in metapelites show Si-contents similar
to these, except where subsequent exsolution
(discussed below) lead to a new generation of
low-celadonite micas. Thermobarometric and age
data for metagranitoids, based on Frey et al.

(1976), are shown in figure 2. Included are only
those samples, for which Fe/Mg exchange data for
phengite and biotite, as well as oxygen isotope
temperatures, indicate the attainment and preservation

of equilibrium (i.e. Hunziker, (1970);
Hunziker et al.. (1992), and this study); pressure
values shown for these samples are based on the
calibration of Massonne and Schreyer (1987)
and Si-values reported by Frey et al. (1976); all
ages shown from that study are Rb-Sr isochron
results. Results from metabasites studied by Dal
Piaz and Lombardo (1986) and Borghi (1996)
are also shown. All three studies indicate a low
temperature eclogite stage, with preserved
equilibria showing mostly 500 ± 50 °C, 10 + 2 kbar, dated

at 35-40 Ma.
In the metapelites we studied, assemblages

differ somewhat from eastern to western parts of
the Monte Rosa nappe. In the East, two samples
from Valle Vigezzo (Po9703 and Bi9801;cf. Figs 1.

5;Tabs 1,2) deserve detailed characterization:

- Po9703 is a banded, tightly foliated garnet-
biotite-muscovite-staurolite-schist sampled NE
of Porcella. Grain boundaries are clean and com-
mony straight, aligned monazite grains occur
abundantly throughout the matrix that contains
recrystallized intergrowths of muscovite and
minor biotite. Roundish grains of garnet do not
appear to represent more than one generation; similarly

pale staurolite is present only in one idio-
morphic habitus, as stubby prisms. The Ti-phase is

ilmenite only, neither rutile nor titanite have been
found. Aluminosilicates are missing, but adjacent
samples commonly contain kyanite. TWQ analysis

indicates equilibration at conditions close to
600 °C and 10 kbar (Fig. 5) which appear consistent

with the assemblage observed, and the field
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delimited by the location of equilibria involving
kyanite (not shown) includes the three invariant
points computed for the observed assemblage.
Hence the P-T-result appears credible. Matrix
monazite dated from this assemblage indicates an

age of 35 + 2 Ma which is interpreted as the age of
equilibration.

- Bi9801 was collected at Alpe Bisoggio, SE
of Beura (E of Villadossola) and is very similar to
Po9703, both texturally and mineralogically,
except that a few larger grains of garnet (gar,)
occur and minor fibrolitic sillimanite (but no
kyanite) are observed in the mica-rich matrix.
Calculated equilibration conditions (Fig. 5) are
shown for mineral compositions excluding si-

derophyllite equilibria. The remaining three
independent reactions indicate similar P-T-conditions,
near 600 °C and 11 kbar, reflecting conditions well
within the kyanite field. A single monazite grain
from a garnet porphyroblast could be extracted
and dated, giving an age of 211 ± 47 Ma*, i.e.
indicating that gar, may represent a Permian relic.
Monazite from the matrix occurs in two textural
types, as single grains and clusters (Scherrer et
al.. 2001a). Our age data indicate recrystallization
between 33 ± 1 and 32 ± 1 Ma. and possibly
(partial?) resetting at 26 ± 1 Ma. One way to interpret
all of these data is to invoke decompression from
>11 kbar, starting around 34-31 Ma, into the
fibrolite field (~5 kbar, assuming isothermal
decompression) by 27-25 Ma.

Samples studied from part of the Monte Rosa

nappe to the West of Valle d'Ossola include those
to the North and South of the upper Val
d'Antrona (localities labelled Pz, Ri. Mo:Figs 1, 6.
7; Tabs 1 and 2). Many of these contain
overgrowth textures and mineralogical evidence of
their polymetamorphic evolution, e.g. chloritoid +
kyanite near sillimanite + K-feldspar. Attempts to
use TWQ for any of these samples produced highly

dispersed patterns with P-T-intersections
commonly outside the stability fields of the observed
assemblages. Two samples do appear well
equilibrated, however:

- Tr9902 is a fine-grained micaschist containing

garnet (gar, porphyroblasts of >5 mm diameter,

sprinkled with tiny inclusions of epidote(?)
and with coarse biotite + phengite + quartz in
adjacent pressure shadows. Abundant roundish,
small grains of garnet (gar2) with dark cores
appear in the mica matrix which contains subordinate

quartz, K-feldspar, chlorite, apatite, and
rutile rimmed by ilmenite. The matrix and the
rock as a whole are not foliated, and the mica
assemblage displays pale biotite as rims around
muscovite and lamellar patches within coarse
white mica. These are interpreted as exsolution

features from phengite breakdown (Ferraris et
al., 2000), and the microstructural evidence does
not suggest extensive recrystallization during or
following that process. Thermobarometric results
for three sets of local mineral compositions
suggests equilibration conditions between 550-610
°C and 9 + 2 kbar. The stability field of the
observed assemblage and the kyanite-absent field
appear to be consistent with the TWQ-intersec-
tions, but with only two independent mineral
equilibria being usable, the control on the P-T-
data is not great. - Monazite occurs both as
discrete grains in the matrix and as inclusions in gar,.
Ages obtained for the former indicate a range
(from XRF-data only) of 34 ± 8 to 50 ± 17 Ma*,
consistent with the only PIMMS date available of
46 + 2 Ma. Monazite inclusions in early garnet
yielded 204 + 33 and 212 + 35 Ma* as a maximum
age for gar, - again seen as evidence of the
persistence of Permian garnet. In an adjacent
sample (Tr9904) early garnet porphyroblasts contain

monazite suggesting an even older age (Tab.
2), as well as xenotime too small to be dated by
the techniques used in this study.

- Pz9905 is a staurolite bearing garnet-biotite-
white mica gneiss collected on the ridge N of
Cime di Pozzuoli. It shows similar characteristics
to Tr9902. and despite soome P-T-scatter TWQ
indicates similar equilibration conditions as well,
620 ± 60 °C and 9.2 ± 1.8 kbar (Fig. 6). No monazite

grains from this sample have been dated, but
the consistency between ages obtained for similar
samples (Tr9902, Tr9904, and Mo9804) from the
NE-portion of the Monte Rosa nappe indicates
that these P-T-conditions probably pertain to a

similar time segment, i.e. -40-35 Ma ago.
Phengite breakdown textures such as those

described above have been observed in many
samples from the northeastern and central parts
of the Monte Rosa nappe, including those of the
Mo- and Pb-suites (Fig. l.Tabs 1 and 2). A typical
example is shown for Pb9901c (Fig. 6), with
pressure-sensitive equilibria scattering broadly for a

single assemblage, as well as from one sample or
microscopic domain to the next. Fe-Mg exchange
equilibria, notably for garnet-biotite, yield far
more consistent temperatures, hence it is tempting
to regard the scatter in pressure intersections as

indicating a possible decompression path. Though
no quantitative pressure bounds can be extracted,
it may be safe to interpret the P-T patterns for
such samples as representing some stages along
their Alpine decompression paths. None of the
assemblages for which reliable P-T intersection
patterns have been documented indicate the preservation

of pressures beyond 12 + 1.5 kbar, but the
textures described make it likely that the nappe
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had in fact reached somewhat higher pressure
conditions previously. Tire lack of complete re-
crystallization during the decompression stage
may also be responsible for at least part of the
dispersion among thermobarometric results of other
samples than those described here in detail.

4.5. THERMAL OVERPRINT AND
RETROGRADE FEATURES

Many samples from the portion of the Monte
Rosa nappe to the East of Valle d'Ossola are
dominantly characterized by extensive re-equilibration

under medium pressure amphibolite
facies conditions, as evidenced by the abundance
of muscovite and the appearance of a new generation

of idiomorphic staurolite and/or small alman-
dine-rich garnet. Relic phengite is but locally
preserved in masses of celadonite-poor muscovite
that contain ill defined patches or lamellae of
phlogopite in minor amounts (<5%), presumably
again due to exsolution from phengite. In more
recrystallized samples, such intergrowths devel-
opped discrete grain boundaries between muscovite

and biotite; thin lamellae (from <1 to 5 pm) of
pale biotite are observed even in idiomorphic
muscovite grains >200 pm in size. Kyanite is the
stable aluminosilicate polymorph, by contrast to
some pelites in tectonic units adjacent to the
Monte Rosa nappe, especially in eastern parts of
Valle Vigezzo and in Centovalli, where sillimanite
occurs (Niggli and Niggli, 1%5;Todd and Engi,
1997). As outlined for sample Bi9801 (see previous

section), the Monte Rosa nappe may have
been exhumed rapidly enough, such that eastern
portion of the nappe experience decompression
in the sillimanite field, leading to the local formation

of fibrolite (around 26 Ma ago?).
In addition some metapelites show late green-

schist facies retrogression, both East and West of
Valle d'Ossola. In the former case, this is probably
linked to a late imprint after the amphibolite
facies thermal maximum, bot outside the Alpine
staurolite field, it is impossible to discern two
stages. Neither P-T-data not monazite ages
interprétable as a specific stage of retrogression could
be documented.

5. Implications

5.1.TECTONO-METAMORPHIC EVOLUTION
OF THE MONTE ROSA NAPPE

The pre-Variscan metamorphic evolution cannot
be defined clearly on the basis of the present

results. Sporadic monazite ages found along the
southern margin of the nappe (yielding 325 ± 8

Ma in the matrix ofTi9801;330 ± 8 Ma in An990!
inclusions from texturally old garnet porphyro-
clasts) agree, within error, with the Rb-Sr
isochron age of 310 Ma (±50 Ma according to Hun-
ziker, 1970; ±20 Ma according to Frey et al.,
1976), interpreted as the age of formation or
emplacement of the Monte Rosa granodiorite
pluton. Present knowledge, unfortunately, does
not constrain the depth of emplacement of this
major magmatic body. The isolated garnet grains
containing the oldest monazite dated here are
interpreted as contact-metamorphic in origin.

The late Variscan phase of magmatism, dated
by Hunziker (1970) and Hunziker and Bearth
(1969) at 260 ± 10 Ma, produced lesser but
widespread volumes of granitic magmas. Permian contact

metamorphism is thought to have caused well
equilibrated assemblages to form in metapelites
such as the Za-suite described in this study. In
most samples of that suite sillimanite and K-feld-
spar are abundant, and only samples demonstrably

affected by the Alpine event contain texturally

younger kyanite, an approximate pressure
bracket of 5 ± 2 kbar may be estimated for the
intrusive activity around 260 Ma. Monazite grains
from many garnet porphyroblasts and a few matrix

assemblages, covering a very large portion of
the Monte Rosa nappe, indicate ages within error
of this magmatic phase. It appears likely, therefore,

that one cannot separate the thermal effects
of contact metamorphic from those of a regional
metamorphic phase with associated penetrative
deformation (Hunziker, 1970; Hunziker and
Bearth, 1969). In view of the indicated intrusive
depth of 10-20 km, advective heating during the
extended Variscan magmatic activity may well
have raised the geothermal gradient regionally.
Upper amphibolite facies assemblages, such as
those documented in the present study, including
restitic migmatite portions, would thus have
possibly resulted from partial melting during that
phase.This is not to suggest that the granitic
magmatism in this unit at that time resulted from in-
situ partial melting, but the absence of thermal
aureoles, the paucity of skarn-like features, and
the high grade overprint evident in metapelites at
least suggest a close link in space and time.

For the Alpine time period, no early subduc-
tion-related prograde metamorphism is evident
in metapelites, except possibly in a few chloritoid-
bearing assemblages in the central part of the
nappe (e.g. Za 9705). It seems unlikely that the P-
T-t-relations derived from the Alpine assemblages

correspond to the deepest subduction stage,
giVen the widespread evidence of phengite (par-
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tial) breakdown observed. Probably, partial re-
equilibration occurred during ascent or extrusion
of the Monte Rosa nappe. Remarkably, however,
the pressures obtained are almost always around
9-11 kbar, and for a time segment near 35-40 Ma.
No significant regional pressure gradient could be
documented for the exhumation stage (Fig. 8), nor
is a regional age progression discernible, within
the uncertainty of the available data for that stage
(Fig. 3d) of the Monte Rosa thrust sheet.

Whether the higher pressures found by Chopin

and Monié (1984) and Le Bayon et al. (2001)
reflect marginal fragments of the thrust sheet that
attained somewhat deeper levels, or whether
these conditions reflect the (maximum?) depth
reached by the entire nappe, is not clear at the
moment. The temperatures obtained in these two
studies (-500 °C) are remarkably low, compared
to our thermometric results. One certainly cannot
rule out the possibility of substantial heating during

emplacement of the thrust sheet to mid-crus-
tal levels (e.g. Brouwer, 2000; Engi et al. 2001),
but it is also possible that fragmentation of the
Monte Rosa nappe occurred in the subduction
channel, with some parts reaching greater depth.
Evidence for deep extrusion of fragments is available

from the ultra-high pressure (UF1P) conditions
reported from the nearby Lago di Cignana area
(Reinecke, 1998; van der Klauw et al., 1997).

In samples taken to the East of Valle d'Ossola,
the Barrovian overprint is strong and has
traditionally been assumed to have obliterated most of
the earlier high-pressure effects. However, the P-

T-conditions indicated by the best-equilibrated of
the samples presented in this study indicate a

clear discrepancy to the Barrovian conditions
(Todd and Engi, 1997) established for meta-
pelites of adjacent tectonic units (Fig. 8), for
which pressures are at least 2-3 kbar lower.
Assuming that the conditions documented by the
multi-equilibrium thermobarometry correspond
approximately to Tmax and P(Tmax), this discrepancy

in pressure indicates that the Monte Rosa
nappe reached its Tmax-conditions during
emplacement into the surrounding units, and somewhat

earlier (i.e. at a deeper level) than these.
Because the temporal constraints are not tight for
this phase in adjacent units, no precise inference
on the dynamics of emplacement can be derived.
However, the emplacement suggests a tempting
explanation for the remarkable "protrusion" of
the isotherms (Frey et al., 1999) to the SW of the
Lepontine dome, in that the rapid extrusion of the
Monte Rosa nappe may have introduced advec-
tive heat and possibly generated additional shear
heating. This heat source would then have
perturbed the simple geometry of the regional thermal

anomaly depicted by the isotherm pattern
further east (Engi et al., 1995; Todd and Engi,
1997). The temporal constraints available for the
transition from high-pressure to Barrovian conditions

in the Monte Rosa nappe certainly permit
such an interpretation.

Relevant in this respect are also recent age
data by Romer et al. (1996) for a suite of dykes
from eastern parts of the Monte Rosa nappe,

620±60°C
10.2±1.e kbar'450 "C, 10 kbar]

i.34.5±1.7MaJ

580±70°C
10±2 kbar<450°C

<15 kbar
34.9±
1.4 Ma

610±25 °C
11± 1 kbar

490 °C
10 kbar

750±50 °C
15±6 kbar

Fig. 8 Comparison of metamorphic conditions derived for Alpine high-pressure (exhumation) stage in present
study of metapelites, with data from the literature for other rock types. New data shown in rectangular boxes with
broad arrows indicating sample locations; other symbols as in Fig. 2.
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which were very accurately dated for two localities.

U-Pb ages were obtained from zircon at 30 to
28 Ma, and from xenotime at 26 Ma, all interpreted

as dating the postkinematic emplacement of
late magmatic aplites and pegmatites under waning

metamorphic conditions.

5.2. BEHAVIOUR OF METAPELITES
AND MONAZITE WITHIN THESE
DURING POLYMETAMORPHISM

One of the samples studied retains only Permian
characteristics, presumably because it was not
exposed to significant deformation or fluid-rock
interaction during the Alpine cycle. In this case,
both the assemblage of the rock forming minerals
(see previous section) and the U-Th-Pb system in
monazite are interpreted as having preserved a

Variscan state (Tab. 2). These are remarkable
results, as there is no doubt that these samples
experienced subsequent subduction to at least lower
crustal depth, involving reheating to 550-650 °C
and rapid extrusion in a convergent setting. We
note that the classical study by Koppel and
Grünenfelder (1975) reported dates on monazite

separates from Monte Rosa granite and one
of the metapelites (from Campliccioli), and that
both of these gave U-Pb ages of 260 ± 5 Ma!

Many other samples retain partial Permian
characteristics, including undisturbed monazite in
porphyroblasts and -clasts, even where matrix
recrystallization caused complete resetting of the
monazite grains in the micaschist portion of these
samples. Rather few monazite grains indicate
"mixed" ages, presumably due to old cores or
domains having been overgrown by Alpine monazite.

Such intragrain zoning in monazite has
commonly been visualized by means of backscatter
images in the EMP, and the main chemical cause
is due to heterogeneity in Th contents. However,
because EMP techniques are inadequate to date

young monazite chemically (the limit being <100-
200 Ma, depending on Th contents), and the spatial

resolution of the p-XRF and LA-ICPMS
instruments is insufficent to resolve different age
zones (Fig. 3) in single grains of the size available,
"mixed ages" cannot be avoided in some cases

(Scherrer et al., 2001a).
The occurrence of old monazite inclusions in

garnet is best explained if the garnet cores are
also assumed to be of Permian age. This hypothesis

is supported by chemical zoning patterns
observed in some of the large garnet grains that
show a homogeneous core surrounded by one or
more growth rims (chemical profile in Fig. 4). We
thus think that the cores of such garnet grains are

Permian in age, with the rim being due to Alpine
metamorphism. It is not impossible, of course,
that the entire garnet might be Alpine in age, but
with its core portion simply having included old
monazites. This interpretation would require garnet

growth at an early Alpine stage prior to the
recrystallization of monazite. Because garnet
shows a compositional change between core and
the overgrowth rim, the Alpine growth of garnet
would have had to be polyphase. The observed
zoning patterns are thus more in agreement with
a Permian origin.

Even in a sample with strong retrogression
(Ti9801), monazite in a garnet retains a Permian
age, whereas monazite in the chlorite-mica matrix
yield mixed ages (Tab. 2; Fig. 2). The preservation
of Permain monazites in matrix (see also sample
Za9702), as well as the occurrence of mixed ages
in a "Alpine" chorite-mica matrix indicate that the

presence of fluid and certain metamorphic conditions

are not the only factors controlling the

"resetting" of monazite. A process related to
growth and/or recrystallization of monazites are
necessary to reset the monazite. Understanding
monazite forming reactions is needed to use such
data in deciphering the P-T-t evolution. Reactions
of monazite are indicated by symplectites
described in Scherrer et al. (2001b) and can be also
inferred from element compositions. For example,
zoning patterns of yttrium in monazite, with
enriched cores and depleted rims within the
heterogeneous grains, support the observation and idea

put forward by Pyle and Spear (1999) and Foster

et al. (20Ö0), i.e. that high yttrium monazite
growth precedes garnet growth, whereas monazite

growing after garnet nucleation tends to be

depleted in yttrium. Xenotime has been observed
in a few samples of the metapelite suite investigated

here, but its grain size is insufficient for single

grain dating by the methods employed.

6. Conclusions

New P-T-t data have been derived from the
polymetamorphic basement rocks of the Monte
Rosa nappe. Tn-situ' micro-dating of monazite by
PIMMS and u-XRF technology combined with
thermobarometry has been successfully applied
to improve the understanding of the complex
polymetamorphic history of the Monte Rosa

nappe. Two distinct phases of monazite growth
emerged, first in the Permian (around 260 Ma
ago), related to the intrusion of the Monte Rosa
granite; then during Alpine orogeny, around 35

Ma ago, associated with high pressure metamorphism

during Tertiary subduction/obduction.
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As in other internal units of the Eastern, Central,

and Western Alps, a prominent high pressure
phase of Alpine age has been documented in the
Monte Rosa nappe, reaching eclogite facies
conditions during a narrowly constrained period of
40-35 Ma. The record is remarkably similar to
that in the adjacent Zermatt-Saas Fee zone, to the
Adula nappe, Cima Lunga complex, and the Mer-
goscia-Arbedo zone further East, and to the Gran
Paradiso and Dora Maira further to the Southwest.

These units show substantial differences in
the internal structure, rock contents, and their
pre-Alpine evolution. Similarities in the tectonic
and temporal setting of the Alpine metamor-
phism does, however, suggest a coherent Alpine
evolution.The present study contributes new
constraints for its reconstruction. Given the present
tectonic situation of the Monte Rosa nappe with
respect to the Southern Steep Belt and the Insub-
ric Line, it appears that this lineament, or its
precursor, acted as a guiding structural element in the
hangingwall of the Alpine subduction channel,
along which the nappe stack was exhumed. Unlike

the highly fragmented and internally attenuated

character of other units extruded front eclogite

facies depth, such as the Adula nappe, the
Cima Lunga complex, and the Mergoscia-Arbedo
zone including Alpe Arami (Engi et al., 2001 the
Monte Rosa nappe shows that a rather massive,
coherent tectonic body could be also exhumed
along this same channel within the same time
segment and, most likely, a similar overall transpres-
sional regime.

We conclude that the Alpine subduction channel

acted as a conduit for extrusion not only of
highly attenuated fragments, as in the case of the
Southern Steep Belt of the Alps (Engi et al.,
2001 but also to guide the exhumation of rather
more massive upper crustal fragments from
depths >40 km back to upper crustal levels.
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Appendix

MINERAL REACTIONS USED IN TWQ THERMOBAROMETRY

Refers to Fig. 5

Sample: Po9703b 3 linearly independent reactions
TWQ results: P 10.0 ± 1.0 kbar T 595 ± 25 C
Reactions
2): 2 Aim + 2 Msp + Phi 3 Sd + 6 aOz. + Py
3): 3 FSt + 4 Phi + 8 Msp + 4 Aim 24 aQz + 12 Sd + 3 MSt
4): 4 Ann + 3 MSt 3 FSt + 4 Phi
5): 2 Msp + Ann + Aim 6 aQz + 3 Sd

0): Aim + Phi Py + Ann
9): Py + 2 Msp + 2 Ann - Phi + 6 aQz + 3 Sd
15): 3 FSt + 2 Py + 2 Phi + 4 Msp 12 aQz + h Sd + 3 MSt
lb): 3 FSt + 4 Py + 8 Msp + 4 Ann 24 aQz + 12 Sd + 3 MSt

Sample: Bi9801a 3 linearly independent reactions
TWQ results: P 11.0 ± 1.0 kbar T 610±25°C
Reactions
1): Aim + Ann + 2 Msp 3 Sd + 6 aQz
2): 6 FSt + 5 Phi + 30 Msp + 46 Ann 3 Clh + 117 aQz + 81 Sd

3): 2 Ann + 2 Msp + Py - 3 Sd + 6 aQz + Phi

4): 53 Ann + 10 Pill + 12FSt 45Sd+ 18 Msp + 6 Clh + 39 Aim
5 ): 62 Msp + 3 Clh + 46 Aim 5 Phi + 159 aQz + 57 Sd + 6 FSt
6): 27 Aim + 3 Clh + 24 Msp 6 FSt + 45 aQz + 5 Phi + 19 Ann
7): 31 Ann + 5 Phi + 6 FSt 36 Sd + 27 aQz + 3 Clh + 15 Aim
8): Aim + Phi Py + Ann
9): 2 Aim + 2 Msp + Phi 3 Sd + 6 aQz + Pv
10): 14 Ann + 49 Phi + 12 FSt 45 Sd + 39 Pv + 18 Msp + 6 Clh
11): 12 Sd + 23 Py + 16 Msp + 3 Clh - 28 Ph(+ 21 aQz + 6 FSt
12): 6 FSt + 5 Pv + 40 Msp + 56 Ann 3 Clh + 147 aQz + 96 Sd

13): 8 Ann + 3 Clh + 24 Msp + 27 Py 6 FSt + 45 aQz + 32 Phi
14): 16 Ann + 20 Phi + 6 FSt 36 Sd + 27 aQz + 15Py + 3Clh
15): 12 FSt + 63 Phi + 14 Aim 6 Clh + 18 Msp + 53 Pv + 45 Sd

16): 49 Aim + 6 Clh + 18 Msp + 45 Sd 12 FSt + 10 Py + 63 Ann
17): 56 Aim + 3 Clh + 72 Msp 6 FSt + 72 Sd + 189 aQz + 5 Py
18): 8 Aim + 3 Clh + 24 Msp + 19 Pv 6 FSt + 45 aQz + 24 Phi

19): 6 FSt + 36 Phi + 16 Aim 3 Clh + 31 Py + 27 aQz + 36 Sd

20): 32 Aim + 3 Clh + 24 Msp 6 FSt + 45 aQz + 5 Py + 24 Ann
21): 6 FSt + 5 Py + 36 Ann 20 Aim + 3 Clh + 27 aQz + 36 Sd
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Refers to Fig. 6

Sample: Pz9905b 3 linearly independent reactions
TWQ results: P 9.2 ± 1.8 kbar T 620 ± 60 °C
Reactions
5): Aim + Ann + 2 Msp 3 Sd + 6 aQz
8): 3 Aim + 6 mcel 3 Sd + 18 aQz + 2 Phi + Ann
12): 5 Aim + 6 mcel 3 Sd + 18 aQz + 2 Py + 3 Ann
13): 3 Sd + 3 mcel 2 Ann + 3 Msp + Phi
14): 4 Ann + 5 Msp + Py 6 Sd + 6 aQz + 3 mcel
17): 2 Ann + 6 mcel + 3 Py 3 Sd + 18 aQz + 5 Phi

18): 2 Aim + Msp + 3 mcel 3 Sd + 12 aQz + Phi
19): Aim + 3 mcel 6 aQz + Phi + Msp + Ann
20): 3 Sd + 3 mcel + Aim 3 Ann + 3 Msp + Py
21): 4 Aim + 3 Msp + 3 mcel 6 Sd + 18 aQz + Py
22): 2 Aim + 3 mcel 6 aQz + Py + Msp + 2 Ann
24): Aim + Phi Py + Ann
25): 2 Aim + 2 Ms + Phi 3 Sd + 6 aQz + Py
26): Py + 6 mcel + 2 Aim 3 Phi + 18 aQz + 3 Sd

27): 3 mcel + Py 6 aQz + 2 Phi + Msp
28): 2 Ann + 2 Msp + Py 3 Sd + 6 aQz + Phi
29): 3 Sd + 2 Py + 3 mcel - 2 Aim + 3 Msp + 3 Phi
30): 2 Aim + 2 Msp + Phi 3 Sd + 6 aQz + Py

Sample: Pb9901c 3 linearly independent reactions
TWQ results: P(l) 17-21 kbar T(l) 770 ± 30 °C

P(2) 9-12 kbar T(2) 730 ± 30 °C
Reactions
3): Aim + Ann + 2 Msp 3 Sd + 6 aQz
5): 3 mcel + Aim Ann + Ms + Phi + 6 aQz
6): 6 mcel + 3 Aim Ann + 2 Phi + 18 aQz + 3 Sd

9): 5 Aim + 6 mcel 3 Sd + 18 aQz + 2 Py + 3 Ann
11): 3 Py + 6 mcel + 2 Ann 5 Phi + 18 aQz + 3 Sd

12): 2 Aim + Msp + 3 mcel 3 Sd + 12 aQz + Phi

13): 3 mcel + Aim Ann + Msp + Phi + 6 aQz
14): 4 Aim + 3 Msp + 3 mcel 6 Sd + 18 aQz + Py
15): 2 Aim + 3 mcel 6 aQz + Py + Msp + 2 Ann
16): Phi + Aim Ann + Py
18): 2 Aim + 6 mcel + Py 3 Sd + 18 aQz + 3 Phi

19): Py + 2 Msp + 2 Ann Phi + 6 aQz + 3 Sd

20): 2 Aim + 2 Msp + Phi 3 Sd + 6 aQz + Py

Refers to Fig. 7

Sample: Mo9801c 3 linearly independent reactions
TWQ results: P 11.7 ± 1.3 kbar T 755 ± 65 °C
Reactions
1): 2 Msp + Ann + Aim 6 aQz + 3 Sd

2): 6 mcel + 3 Aim Ann + 2 Phi + 18 aQz + 3 Sd

3): 6 mcel + 5 Aim 3 Ann + 2 Py + 18 aQz + 3 Sd

4): 3 mcel + 3 Sd Phi + 3 Msp + 2 Ann
5): 2 Aim + Msp + 3 mcel 3 Sd + 12 aQz + Phi
6): Aim + 3 mcel 6 aQz + Phi + Msp + Ann
7): Aim + 3 mcel + 3 Sd Py + 3 Msp + 3 Ann
8): 4 Aim + 3 Msp + 3 mcel 6 Sd + 18 aQz + Py
9): Py + 5 Msp + 4 Ann 3 mcel + 6 aQz + 6 Sd

10): 2 Aim + 3 mcel 6 aQz + Py + Msp + 2 Ann
11): Phi + Aim Ann + Py
12): Py + 6 mcel + 2 Aim 3 Phi + 18 aQz + 3 Sd

13): 3 Py + 6 mcel + 2 Ann 5 Phi + 18 aQz + 3 Sd

14): 3 mcel + 2 Py + 3 Sd 3 Phi + 3 Msp + 2 Aim
15): Phi + 2 Msp + 2 Aim Py + 6 aQz + 3 Sd
16): Py + 3 mcel Msp + 2 Phi + 6 aQz
17): Py + 2 Msp + 2 Ann Phi + 6 aQz + 3 Sd

Sample: Ri9801b (left) 4 linearly independent reactions
TWQ results: P 12.1 ± 1.6 kbar T 735 ± 55 °C
Reactions
1): Aim + Ann + 2 Msp 3 Sd + 6 aQz
2): Msp + Ab Pg + Kfs
3): 3 Sd + 3 mcel 2 Ann + 3 Msp + Phi
4): 4 Ann + 5 Msp + Py 6 Sd + 6 aQz + 3 mcel
5): Aim + Ann + 2 Pg + 2 Kfs 3 Sd + 6 aQz + 2 Ab
6): 2 Alm + Msp + 3 mcel 3 Sd + 12 aQz + Phi

7): Aim + 3 mcel 6 aQz + Phi + Msp + Ann
8): 3 Aim + 6 mcel 3 Sd + 18 aQz + 2 Phi + Ann
9): 3 Sd + 3 mcel + Aim 3 Ann + 3 Msp + Py
10): 4 Aim + 3 Msp + 3 mcel 6 Sd + 18 aQz + Py
11): 2 Aim + 3 mcel 6 aQz + Py + Msp + 2 Ann
12): 5 Aim + 6 mcel 3 Sd + 18 aQz + 2 Py + 3 Ann
13): 3 Sd + 3 mcel + 3 Ab 2 Ann + 3 Pg + Phi + 3 Kfs
14): 4 Ann + 5 Pg + 5 Kfs + Py 6 Sd + 6 aQz + 3 mcel + 5 Ab

15): 3 mcel + Py 6 aQz + 2 Phi + Msp
16): 2 Ann + 2 Msp + Py 3 Sd + 6 aQz + Phi
17): 2 Ann + 6 mcel + 3 Py 3 Sd + 18 aQz + 5 Phi
18): 2 Aim + 3 mcel + Pg + Kfs 3 Sd + 12 aQz + Phi + Ab
19): Ab + Alm + 3 mcel 6 aQz + Kfs + Phi + Pg + Ann
20): 3 Sd + 3 mcel + Aim + 3 Ab 3 Ann + 3 Pg + 3 Kfs + Py
21): 4 Aim + 3 mcel + 3 Pg + 3 Kfs 6 Sd + 18 aQz + Py + 3 Ab
22): Ab + 2 Alm + 3 mcel 6 aQz + Py + Kfs + Pg + 2 Ann
23): 3 Sd + 2 Py + 3 mcel 2 Aim + 3 Msp + 3 Phi

24): Aim + Phi Py + Ann
25): 2 Aim + 2 Msp + Phi 3 Sd + 6 aQz + Py

26): 2 Aim + 6 mcel + Py 3 Sd + 18 aQz + 3 Phi

27): Ab + 3 mcel + Py 6 aQz + Kfs + 2 Phi + Pg
28): 2 Ann + 2 Pg + 2 Kfs + Py 3 Sd + 6 aQz + Phi + 2 Ab
29): 3 Sd + 2 Py + 3 mcel + 3 Ab 2 Alm + 3 Pg + 3 Phi + 3 Kfs
30): 2 Aim + 2 Pg + Phi + 2 Kfs 3 Sd + 6 aQz + Py + 2 Ab

Sample: Ri9801c (right)3 linearly independent reactions
TWQ results: P 12.0 ±1.5 kbar T 730 ± 50 °C
Reactions
1): Aim + Ann + 2 Msp 3 Sd + 6 aQz
2): 3 Sd + 3 mcel 2 Ann + 3 Msp + Phi

3): 4 Ann + 5 Msp + Py 6 Sd + 6 aQz + 3 mcel

4): 2 Aim + Msp + 3 mcel 3 Sd + 12 aQz + Phi

5): Aim + 3 mcel 6 aQz + Phi + Msp + Ann
6): 3 Aim + 6 mcel 3 Sd + 18 aQz + 2 Phi + Ann
7): 3 Sd + 3 mcel + Aim 3 Ann + 3 Msp + Py

8): 4 Aim + 3 Msp + 3 mcel 6 Sd + 18 aQz + Py
9): 2 Aim + 3 mcel 6 aQz + Py + Msp + 2 Ann
10): 5 Aim + 6 mcel 3 Sd + 18 aQz + 2 Py + 3 Ann
11): 3 mcel + Py 6 aQz + 2 Phi + Msp
12): 2 Ann + 2 Msp + Py 3 Sd + 6 aQz + Phi

13): 2 Ann + 6 mcel + 3 Py 3 Sd + 18 aQz + 5 Phi
14): 3 Sd + 2 Py + 3 mcel 2 Aim + 3 Msp + 3 Phi

15): Aim + Phi Py + Ann
16): 2 Aim + 2 Msp + Phi 3 Sd + 6 aQz + Py
17): 2 Aim + 6 mcel + Py 3 Sd + 18 aQz + 3 Phi
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