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Abstract The Sesia-Lanzo Zone is a polymetamorphic
unit containing Hercynian granulite relics overprinted
by eclogite and greenschist facies metamorphism and
deformation during the Alpine orogeny. Different parts
of the unit record different stages on the P-¹-deforma-
tion evolution, allowing multi-system isotopic studies
to unravel the precise timing of the metamorphic his-
tory. New Rb—Sr white mica and U—Pb sphene data
constrain the age of eclogite facies metamorphism and
deformation to 60—70 Ma. This substantially alters the
common view of early- to mid-Cretaceous eclogite fa-
cies metamorphism in this unit. The new results are
more consistent with the established geotectonic frame-
work for the Alpine orogeny, since they do not require
a prolonged period of depressed geothermal gradient at
a time when the region was in extension. It is also more
concordant with recent studies of other units that de-
monstrate post-Cretaceous high-pressure metamor-
phism. Step-heated 40Ar—39Ar analysis of phengites
yields good plateaux giving ages older than the corres-
ponding Rb—Sr age. Such anomalously high ages indi-
cate the presence of radiogenic argon-rich fluids in the
grain boundary network under the fluid/pressure con-
ditions acting during this high-pressure metamorphic
event. The U—Pb sphene ages are variable in poly-
metamorphic rocks, and show inheritance of older Pb
or sphene crystals into the high-pressure event. Two
monometamorphic assemblages yield concordant ages
at 66$1 Ma, reflecting crystallisation of the eclogite
facies assemblage. The Gneiss Minuti Complex (GMC)
lies structurally below the Eclogitic Micaschists, and its

pervasive greenschist facies fabric yields tightly clus-
tered Rb—Sr white mica ages at 38—39 Ma. This green-
schist event did not affect the majority of the EMC. The
40Ar—39Ar ages of micas formed at this time were very
disturbed, whereas micas surviving from an earlier
higher pressure assemblage had their 40Ar—39Ar system
reset. The greenschist event did not strongly affect
U—Pb systematics in Hercynian age sphenes, sugges-
ting that the GMC did not uniformly suffer an eclogite
facies metamorphism during the Alpine cycle, but was
juxtaposed against the EMC later in the orogeny. This
model still requires that the locus of deformation and
metamorphism (and possibly fluid flux) moved out-
board with time, leaving the Sesia-Lanzo basement as
a shear-bounded unreactive block within the orogenic
wedge.

Introduction

Understanding the geodynamics of high-pressure
metamorphic terrains is an important goal in the study
of orogenic processes, offering insights into the mecha-
nical and thermal behaviour of the lithosphere. High-
pressure metamorphic assemblages are common in
rocks of oceanic affinity that have been exhumed from
fossil subduction zones, and although the mechanisms
of exhumation are not well understood, the driving
force behind their deep burial is clear. More problems
arise in continental crust that preserves a high-pressure
history because it is difficult to envisage how such
buoyant material can be subducted to the depths re-
quired to stabilise eclogite assemblages. Moreover,
doubts are often expressed about the thermal regime in
which such material could be returned to the surface at
sufficient speeds to escape retrogression (Ernst 1975;
Rubie 1984). The timing of key points in the meta-
morphic and tectonic evolution of such units is there-
fore an important constraint on the geodynamics of



Fig. 1 Tectonic units of the Western Alps (GP Gran Paradisio, DB
Dente Blanche, MR Monte Rosa)

Fig. 2 Geology of the Sesia-Lanzo Zone showing sample localities;
after Compagnoni (1977)

eclogite metamorphism. Unfortunately, many geo-
chronological studies of eclogite terrains have been
hindered by disequilibrium effects and partial retro-
gression, to the extent that even the age of the meta-
morphic peak is rarely known with the precision nece-
ssary for studying tectonic processes in young moun-
tain belts.

Eclogite metamorphism is recorded in several units
of the European Alps. These units are particularly
important in understanding the dynamics of the Alpine
orogeny because the available timescale for the colli-
sion, burial and exhumation cycle is known to be less
than 100Ma. This study focuses on the Sesia-Lanzo
Zone, an extensive unit of eclogite-bearing continental
crust with affinity to the African continent prior to the
Eocene collision with Europe. Its metamorphic history
is quite well constrained, but the timing of key points
on its pressure-temperature evolution is more contro-
versial (Compagnoni et al. 1977; Oberhänsli et al. 1985).
The Zone contains a wide variety of lithologies preserv-
ing different parts of the pressure-temperature and de-
formation history, offering the potential for multi-sys-
tem isotopic dating of key episodes in this history. In
addition to direct tectonic constraints, this approach
can yield information on the behaviour of geo-
chronometric systems during the metamorphic cycle
which does not become apparent when dealing with
a single mineral/isotope system, which may be subject
to special controls in the high-pressure environment.

Geological setting

The Sesia-Lanzo Zone (SLZ) crops out over approximately
1200 km2 in the Italian Western Alps (Fig. 1). It has been divided
into two major tectonic elements (Fig. 2). The uppermost element is
known generally as the Seconda Zona Diorito-Kinzigitica (IIDK)
(Williams and Compagnoni 1983), and is mostly composed of Her-
cynian metamorphic rocks that have suffered limited thermal effects
of the Alpine orogeny. This unit will not be considered further here.
The lower element is a complex of metamorphosed sediments and
igneous rocks that mostly represent Austro-Alpine continental crust
of the African-Adriatic plate. Different parts of this element record
different stages in the Alpine tectonic and metamorphic evolution
(Compagnoni 1977; Compagnoni et al. 1977; Lardeaux and Spalla
1991). The upper unit is known as the Eclogitic Micaschist Complex
(EMC), comprising metasedimentary and metaigneous rocks that
preserve eclogite facies assemblages overprinting relic amphibolite-
granulite Hercynian assemblages (Fig. 3). Recent mapping by Italian
and Swiss geologists (Venturini et al. 1991, 1994) has identified
a sub-unit of the EMC that retains no amphibolite-granulite meta-
morphic relics, and has lithological affinities with European margin
cover sequences of the Combin Zone. It is likely that these rocks
therefore entered the Alpine orogenic cycle as sediments and have no
Hercynian history. The recognition of units that may not have
a pre-Alpine metamorphic record offers important targets for new
sampling because they avoid the effects of inherited isotope signals.

The lowermost, eastern sector of the Sesia-Lanzo Zone is the
Gneiss Minuti Complex (GMC), a series of metamorphic rocks,
dominantly metaigneous, that record a pervasive greenschist facies
metamorphism. Between these units is a narrow transition zone
where EMC assemblages are partially overprinted by the greenschist
facies episode. In addition to this general lithotectonic stratigraphy,
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Fig. 3 Summary P-¹-d evolution of the Sesia-Lanzo Zone, showing
Variscan high-grade history (grey, H), Alpine eclogite-facies phase
(vertical ornament) and Alpine greenschist facies phase (diagonal
ornament). Deformation phases are those referred to in text

there are along-strike variations in the recorded metamorphic his-
tory at similar levels (Compagnoni et al. 1977).

Deformation recorded in the SLZ also varies throughout the
zone. Fabrics and structures in the EMC formed under high-pres-
sure conditions — the metamorphic foliation is defined by high-
pressure phengites and post-dates the occasional relic Hercynian
granulite banding. The foliation is folded but not pervasively trans-
posed, suggesting that it underwent no penetrative deformation at
later points on the pressure-temperature history than the eclogite
stage. Fabrics within the Gneiss Minuti Complex, by contrast, are
ubiquitously defined by greenschist facies minerals suggesting pen-
etrative syn-tectonic recrystallisation. Relict high-pressure phases
have been reported in rocks that are now assigned to the GMC,
implying that the whole of the Sesia-Lanzo Zone acted as a mechan-
ically contiguous unit throughout its post-eclogite Alpine meta-
morphic history (Pognante et al. 1987; Ridley 1989).

Metamorphic history

The polymetamorphic history of the SLZ, together
with a dearth of low-variance assemblages, has hin-
dered the estimation of metamorphic conditions pre-
vailing during the Alpine cycle. After amphibolite/
granulite facies conditions in the Hercynian, the early
Alpine high-pressure metamorphism recorded in the
EMC resulted from pressures in excess of 15 kbar,
possibly as high as 20 kbar, and temperatures of
550$50 °C (Compagnoni et al. 1977; Williams and
Compagnoni 1983; Pognante et al. 1987). The Alpine
greenschist metamorphism occurred at temperatures
closer to 450—500 °C, and pressures lower than 13 kbar
(Williams and Compagnoni 1983; Pognante et al. 1987;
Pognante 1989). Although the relationship between
metamorphic conditions and deformation phases vary
slightly depending upon locality, in this study, dealing
mainly with samples from the central and southern

parts of the SLZ, the metamorphism can be related to
deformation in the following general sequence (Rams-
botham et al. 1994):
D

0
/M

0
. Amphibolite to granulite assemblages and fab-

rics now preserved as relics in EMC units.
D

1
/M

1
. High-pressure planar fabrics (T

E
), formed in

a regime of general non-coaxial shear with top-east
vorticity. Later stages of this deformation generated
crenulation cleavages (T

##
).

D
1"

/M
1"

. Partly transpositional sub-vertical cleavage
developed under retrograde (blueschist) conditions.
D

2
. In the transitional zone, where high-pressure as-

semblages have been partially overprinted by greens-
chist facies minerals, T

E
fabrics are rotated into paral-

lelism with T
G

fabrics (below). This may therefore be
linked to D

3
but may post-date it.

D
3
/M

3
. In the Gneiss Minuti Complex, a thorough

recrystallisation under greenschist facies conditions
was associated with formation of a penetrative planar
fabric (T

G
) whose kinematics are uncertain. These fab-

rics do not extend into the EMC.
Note that these D/M annotations are used to relate
only to the local history and should not be correlated
with the same numbers used by other authors. Contro-
versies stem from the relationships between the EMC
and GMC. Williams and Compagnoni (1983) and Pas-
schier et al. (1981) asserted that the two units had
different early metamorphic histories and were jux-
taposed by thrusting after the peak of the high-pressure
metamorphism, whereas Pognante et al. (1987) and
Ridley (1989) suggested that the units have remained
mechanically contiguous since early-Alpine times, and
the difference in metamorphic record represents a shift
in the locus of metamorphic and tectonic recrystallisa-
tion, possibly engendered by fluid flow. Isotopic dating
of metamorphic histories may offer important addi-
tional data to discriminate between such models.

Geochronology

The age of high-pressure metamorphism in the Sesia-
Lanzo Zone is often cited as ‘‘130—85 Ma,’’ (Hunziker
et al. 1989) reflecting the poor resolution of dating
techniques that have been applied. Oberhänsli et al.
(1985) presented the first detailed geochronological in-
vestigation of the SLZ high-pressure metamorphism,
based on samples from the environs of the Monte
Mucrone metagranitoid. They concluded that the high-
pressure peak occurred at 129$15 Ma, the age yielded
by a whole-rock Rb-Sr isochron from the meta-
granitoid. Subsequent ages yielded by the K—Ar, Rb—Sr
and Ar—Ar techniques were attributed to post-meta-
morphic cooling. Their garnet Rb—Sr mineral isochron
age of 113 Ma may be suspect because of the unusually
high Rb/Sr ratio in the garnet suggesting that the
inheritence of radiogenic phases is controlling the Sr
isotopic composition. Stöckhert et al. (1986) presented
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K—Ar data on phengites and suggested that the EMC
cooled through the closure temperature of 350 °C at
around 80 Ma.

A re-evaluation of the age of high-pressure metamor-
phism in the Sesia Zone is timely for several reasons.
Firstly, K—Ar and Ar—Ar data must be re-assessed in
the light of recent work that demonstrates a highly
heterogeneous and largely undetectable distribution of
excess argon in rocks from the Sesia Zone in particular,
and in high-pressure terrains in general (Arnaud and
Kelley 1995; Kelley et al. 1993; Ruffet et al. 1995; Reddy
et al. in press). In addition, incomplete resetting of
granite whole-rock Rb—Sr isochrons during cooling,
metamorphism and recrystallisation has been demon-
strated in a number of polymetamorphic terrains, and
a single isochron from Monte Mucrone may not neces-
sarily reflect a well-defined metamorphic or tectonic
event (Kwan et al. 1992; Marquer and Peucat 1994).
Secondly, many recent geochronological studies of Al-
pine high-pressure metamorphism indicate that high-
pressure conditions continued into the middle Tertiary
rather than the conventionally accepted ‘‘Creta-
ceous.’’(Tilton et al. 1991; Becker 1993; Bowtell et al.
1994) The present study concentrates on the Rb—Sr
technique on white micas, which does not suffer the
problems of excess radiogenic component to which the
Ar—Ar and particularly K—Ar techniques are prone.
The 40Ar—39Ar data are presented to show that they
deviate from the behaviour predicted by conventional
closure temperatures, bolstering our assertion that
studies in the EMC based only on this system should be
evaluated more cautiously.

We have also dated sphene from calcareous litholo-
gies using the U—Pb technique. This mineral has a clos-
ure temperature higher than the Alpine thermal peak
(Mezger et al. 1991), so if it crystallised as part of the
high-pressure assemblage it should yield the age of that
crystallisation event.

Analytical techniques

Samples were crushed and sieved, and minerals separated by stan-
dard magnetic and heavy liquid methods. Micas were separated by
adherence to paper, which usually gave a concentration of better
than 99%. Where impurities were not quartz, separates were further
purified by hand picking. Carbonate was removed from silicate splits
by washing in dilute acetic acid and water. Pyroxenes, epidotes and
sphenes were all hand picked. Mineral separates were washed in an
ultrasound bath with three aliquots each of methanol and sub-
boiling distilled water. Samples for U—Pb analysis were further acid
washed with 6 M HCl and water. Mixed spikes (84Sr—87Rb and
202Pb—233U—236U) were used and standard ion-exchange proced-
ures were followed. The Rb, U and Pb measurements were per-
formed on the VG Micromass 30 mass spectrometer at the Univer-
sity of Leeds.

Lead isotopes were corrected for fractionation by comparison
with the NBS-981 standard, and for blank by analysis of a total
procedural blank with each batch of 5 samples. The U—Pb measure-
ments utilised a mixed 202Pb—233U—236U spike whose U/Pb ratio
was determined by analyses of SRM 612 trace element glass, and

checked against a standard zircon solution and a mixed gravimetric
solution kindly provided by the late J.C. Roddick. The standard
error of the mean of these analyses suggests the U/Pb ratio of the
spike is known to within $0.25%. Strontium was analysed on the
VG Isomass 54E at Leeds, corrected by reference to the NBS-987
standard whose measured 87Sr/86Sr averaged 0.710300$0.000022
(187 runs) throughout this study and whose ‘‘true’’ value was taken
as 0.71024. Errors in 87Sr/86Sr and 87Rb/86Sr were assessed by
replicate analysis of homogeneous natural mica samples, which
yielded 2-sigma reproducibility of 0.005% in 87Sr/86Sr and 1.2% in
87Rb/86Sr. These errors were propagated through the age equation
by a perturbation algorithm (Rees 1984).

The 40Ar—39Ar analysis followed the method described by Rex
et al. (1993) with the following variations: Samples were irradiated at
the Ford Reactor, Ann Arbor, Michigan, interference correction
factors were (40/39)K"0.03, (36/39)Ca"1000 and (37/39)Ca
"0.24. An internal standard biotite (Rex and Guise 1986) was used
in addition to interlaboratory hornblendes MMHb-1 and Hb3gr.
Isotopic analyses were performed with a modified MS10 mass spec-
trometer, measured atmospheric 40Ar/36Ar was 288.8$0.2% and
sensitivity 1.35]10~7 cm3V-1.

Rb–Sr white mica ages

Eclogitic Micaschist Complex

Samples from the EMC yield ages from 30 Ma to
69 Ma (Table 1) and appear to show no systematic
variation with geographical position or structural level
(Fig. 4). Sample 56136 was collected very close to the
30 Ma Biella syenite intrusion, and may be discounted
as reset during contact metamorphism. Otherwise, only
55498 shows evidence for significant retrogression,
leaving a range of 52—69 Ma for samples that apparent-
ly comprise primary eclogite facies assemblages. Close-
ly associated samples may show age differences of up to
14 Ma, suggesting that the ages are not simple cooling
ages, since closely associated samples would have ex-
perienced the same thermal history. This is not surpris-
ing since the temperature estimates for the eclogite
metamorphism are around 550 °C, the effective closure
temperature for white mica Sr dating; the rocks did not
experience a protracted high-temperature history that
achieved thorough homogenisation. To explain the
pattern of Rb—Sr ages in this unit, we must therefore
appeal to factors other than purely thermally activated
diffusion in white micas with a unique closure temper-
ature and common thermal history.

Since there is no evidence of relict high-grade assem-
blages preserving Hercynian white micas, we can pre-
sume that the high-pressure assemblages crystallised
with an entirely new white mica population. This is
supported by reconnaissance SEM work that suggests
that where compositional variation exists in EMC
phengites, cores are of high-phengite (i.e. high-pressure)
compositions. The oldest ages are therefore a minimum
estimate for the age of the onset of high-pressure condi-
tions. The range of ages obtained from the rest of
the sample set suggests that Sr exchange continued
to varying degrees after the peak of high-pressure
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Table 1 Rb—Sr data for
Eclogitic Micaschist Complex.
(EMS eclogitic mica-schist)

Sample Rb ppm Sr ppm 87Sr/86Sr 87Rb/86Sr Age
Lithology Location $2SD

53960 EMS Quinseina
Phengite 283.4 58.6 0.72479 14.01 53.8$0.7
Paragonite 71.7 378.6 0.71438 0.55
Epidote 4.0 4111.4 0.71414 0.00

54212 Marble Pont Canavese
Phengite 351.2 16.4 0.76403 62.42 63.3$0.8
Calcite 0.4 432.9 0.70789 0.00

54216 Marble Quinseina
Phengite 347.5 85.9 0.71695 11.71 57.0$1.2
Calcite 4.7 1878.2 0.70748 0.01

55217 Leucogneiss Soglio
Phengite 1 310.0 7.2 0.81224 126.52 52.3$0.6
Phengite 2 307.0 6.4 0.82150 139.46
Epidote 12.8 1763.7 0.71837 0.02

55497 Leucogneiss Quinseina
Phengite 300.7 15.7 0.76680 55.81 59.8$0.7
Epidote 15.1 6655.0 0.71940 0.01

55498 EMS Quinseina
Phengite 297.5 495.7 0.72180 1.74 46.4$2.1
Omphacite 8.2 346.3 0.72070 0.07

55014 Marble Chiaremonte, Val Chiusella
Phengite 332.0 21.8 0.74732 44.20 63.0$0.8
Calcite 1.0 315.6 0.70778 0.01

55044 Marble Quassolo
Phengite 361.7 138.2 0.71553 7.58 64.5$0.9
Calcite 0.0 887.6 0.70859 0.00

55046 Marble Fontainemore
Phengite 299.6 3.2 0.94946 273.45 61.0 $0.7
Calcite 0.2 439.0 0.71086 0.00

55045 Marble Fontainemore
Phengite 275.2 33.2 0.72999 23.05 58.5$0.7
Calcite 0.3 571.2 0.71009 0.00
Clinopyroxene 2.7 13.7 0.71046 0.57

77519 EMS Monte Mars
Phengite 389.4 240.7 0.72414 4.71 68.8$2.2
Clinopyroxene 87.6 116.2 0.72167 2.18

56136 EMS Monte Mucrone
Phengite 353.8 340.8 0.71779 3.00 30.4$1.3
Clinopyroxene 9.0 75.1 0.71664 0.35

56128 EMS Monte Mucrone
Phengite 341.3 290.2 0.71714 3.41 53.8$1.8
Clinopyroxene 15.0 36.2 0.71545 1.20

56131 Metagranite Monte Mucrone
Phengite 356.4 51.8 0.73343 19.97 63.0$1.3
Clinopyroxene/
Epidote 23.8 1409.2 0.71559 0.05

56137 Eclogite Monte Mucrone
Phengite 178.1 198.5 0.70977 2.60 68.6$3.1
Clinopyroxene 0.8 137.6 0.70726 0.02

metamorphism. What processes might have controlled
this exchange?

One possibility is that the temperatures during and
immediately after the peak of metamorphism were
close to the closure temperature for Sr, and that Sr
exchange was achieved by volume diffusion in samples
where local kinetic conditions were favourable. Minor

deformation-induced recrystallisation would have fa-
voured Sr exchange at these conditions (Inger and Cliff
1994), indeed the abundance of bent and kinked
phengites in this unit suggests that unrecovered micro-
structural defects would be available to enhance Sr
transport rates on a grain scale. Another option is that
crystallisation of the peak assemblage occurred over
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Fig. 4 Rb—Sr white mica ages from Sesia-Lanzo Zone (in Ma,
2-sigma errors)

a period of time, again controlled by local kinetics,
yielding different near-crystallisation ages in different
rocks.

Some samples may contain new retrograde mica
growths, yielding a mixed age. The growth of partial
overprinting assemblages may be assessed petrographi-
cally, although total recrystallisation of white mica may
occur without replacement of the whole assemblage
and might not be simple to distinguish. The micas
analysed in this study all appear to be dominated by
a single compositional generation, with in some cases
a minor ((2%) overgrowth which would contribute
very little to the Sr budget of the separate and hence
would not shift the age significantly.

Age determinations may be sensitive to the choice of
phases used to constrain initial 87Sr/86Sr ratios. The
best minerals are those with low Rb/Sr ratios which
should ideally have been open to Sr exchange with the
micas during the event of interest. Carbonate is fa-
voured because it dominates the Sr budget of calc-
silicate rocks so would certainly have dominated the Sr
reservoir with which micas were in equilibrium during
growth, diffusive exchange, and possibly recrystallisa-
tion. Aragonite would be the stable carbonate phase at
eclogite facies conditions. The inversion to calcite,

although a form of retrogression, would not have dis-
turbed the Sr distribution because the carbonate phase
is by far the dominant Sr reservoir, and on the scale of
our sampling would not have exchanged Sr with any
other reservoir during inversion. It may however be
prone to contamination by other Sr-rich carbonate
phases introduced as veins by externally derived fluids.
Omphacite is also used because it was probably
growing as part of the high-pressure metamorphic as-
semblage at the same time as the phengites, and so
incorporated the same bulk-rock Sr isotope ratio. If
omphacite had a high ¹

#
, and if the phengite (re)crys-

tallised after omphacite growth it may not have ex-
changed Sr with the omphacite. The age yielded in this
case would depend upon the phases with which the
phengite was able to exchange Sr, and a phengite-om-
phacite age would fall between the growth and recrys-
tallisation stages. Epidote has also been used to esti-
mate initial 87Sr/86Sr, but suffers from the suspicion
that it may be a retrograde phase, or that it did not
exchange Sr with micas because of a high ¹

#
. Since the

range of EMC ages do not show any systematic vari-
ation with the phase chosen to estimate initial ratio, we
can say that some of the scatter in the age range may
result from incomplete homogenisation between phen-
gites and low-Rb/Sr phases, presumably after crystal-
lisation of the peak metamorphic assemblage.

We conclude that the Rb—Sr ages from the EMC
represent either:
1. Crystallisation and homogenisation of high-pres-
sure assemblages over a period that spanned at least
70—55 Ma, or:
2. A partial resetting of pre-70 Ma Rb—Sr ages by an
event younger than 55 Ma.

Gneiss Minuti Complex

Gneiss Minuti Complex samples present a much less
ambiguous result, at least from the point of view of
Rb—Sr dating (Table 2). Data clustering at 39.5 Ma
strongly suggest either:
1. Regional cooling below blocking temperature at
&39$1 Ma, or:
2. Recrystallisation accompanied by thorough inter-
crystalline Sr equilibration at &39 Ma.
An intriguing exception is sample 55017, which con-
tains two mica compositions sufficiently different to be
separated magnetically, and which yield different ages.
This specimen is a highly strained calc-schist from the
shear zone at the very base of the Sesia-Lanzo unit,
where it overlies the Piémont unit. The strong fabric
makes it impossible to distinguish the micas texturally.
The easiest explanation would be that the 37.4$1 Ma
‘‘white mica’’ crystallised during the greenschist facies
shear event, whereas the more phengitic ‘‘green mica’’ is
a relic of an earlier assemblage that was not fully
recrystallised during the shear event. The 51.2$0.6
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Table 2 Rb—Sr data from
Gneiss Minuti Complex (¼R
whole rock)

Sample Rb ppm Sr ppm 87Sr/86Sr 87Rb/86Sr Age
Lithology Location $2SD

54365 Schist Bosco
White mica 389.0 15.4 0.76270 73.45 38.9$0.5
WR-mica 14.1 32.2 0.72283 1.27

54369 Schist Bosco
White mica 396.6 14.8 0.76407 78.19 38.6$0.5
WR-mica 17.3 20.9 0.72251 2.39

55020 Calc-schist Col de Bochetta, Val Chiusella
White mica 423.3 54.8 0.72133 22.39 39.6$0.5
Feldspar 2.2 46.5 0.70883 0.13
Calcite 0.4 2098.9 0.70878 0.00

55017 Calc-schist Santanel, Val Soana
White mica 496.2 41.1 0.72634 34.95 37.4$1.0
Calcite 3.3 502.8 0.75393

55017 Calc-schist Santanel, Val Soana
Green mica 566.6 25.9 0.75393 63.46 51.2$0.6
Calcite 3.3 502.8 0.75393

56140 Schist Pallasina
White mica 277.7 45.0 0.71995 17.87 38.4$0.9
Epidote 11.9 1907.4 0.71020 0.02

Ma age of the green mica may be close to its real age,
since the carbonate Sr composition used as an initial
ratio estimate is unlikely to have changed much and
recrystallisation of the mineral would have resulted in
a bulk composition at equilibrium with prevailing P-¹
conditions, i.e. the white mica.

We interpret the GMC Rb—Sr data as dating the perva-
sive development of a new fabric with very little remnant
higher grade assemblage. The &39 Ma age has been
found for a number of units showing this greenschist
grade of fabric development (Hunziker et al. 1992; S Free-
man, RWH Butler, S Inger, RA Cliff, submitted), and
these results further confirm the generally accepted model
that many units in the Western Alps suffered recrystallisa-
tion under greenschist-facies conditions at 39 Ma.

40Ar/39Ar data

Eleven samples have been analysed for 40Ar/39Ar dat-
ing by step-release heating (Table 3). The release
spectra are mostly well-defined plateaux (Fig. 5), which
would usually be interpreted as representing undistur-
bed argon systematics. Plateau ages range from 39 Ma
(in the GMC) to 93 Ma (in the EMC), with more
disturbed spectra yielding steps in the 90—105 Ma
range. The 40Ar/39Ar white mica ages are conven-
tionally interpreted in terms of cooling through a clos-
ure temperature of &350 °C, but in these samples the
40Ar/39Ar are, with the exception of 55497, older than
Sr ages from the same rocks. This shows that these data
cannot be interpreted in terms of conventional cool-
ing/¹

#
arguments unless extreme compositional effects

(Scaillet et al. 1992) make the SLZ phengites so reten-
tive for Ar that their ¹

#
is substantially higher than

550 °C.
Excess argon, which would lead to spuriously old

ages, can sometimes be identified from 39Ar/40Ar ver-
sus 36Ar/40Ar correlation plots. These can demonstrate
a contribution of 40Ar which is not accounted for by
the air correction, and so does not result from
radiogenic decay since the mineral was last closed to Ar
loss. In most of our samples good correlations cannot
be obtained because too many of the steps lie close to
the 39Ar/40Ar axis (Fig. 5). Steps which fall on an
apparently linear trend are those which account for the
small proportion of gas released at low temperature.
No excess radiogenic component was identified. The
good plateaux show that the argon composition within
these mineral grains is homogeneous with respect to
retentivity in the furnace, which may or may not reflect
retentivity during geological processes. The early, low-
temperature steps may represent a contaminant in the
less retentive — and therefore more easily reset — sites, or
partial argon loss from those sites in a polymetamor-
phic history. Heterogeneous grain-scale argon com-
positions have been identified in sample 77519 (Kelley
et al. 1993 and Reddy et al. in press), while Ruffet et al.
(1995) showed widely variable ages but uniform grain-
scale age maps and good plateau ages from closely
spaced EMC rocks. Both studies concluded that con-
ventional age determinations were being clouded by
excess argon retained in the micas prior to cooling
through closure temperature and introduced through
microstructural defects. This problem has been widely
identified in polymetamorphic and high-pressure
rocks (Chopin and Maluski 1980), and may result from
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Table 3 Step-release argon analyses
54212 White mica, run 1742, weight"0.06051 g, J value"0.005070$0.5%
Integrated values, analytic and J errors (1 sigma)
Age (Ma) 68.57 0.15 0.69
*40/39 K 7.640 0.22%
Wt%K"8.403, *40"228.23]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

670 2.755 2.086 0.038 1.507 6.786 63.1 61.03 2.18 1.5
770 10.492 1.116 0.123 0.212 7.354 23.0 66.04 0.40 5.8
830 88.877 0.301 1.057 0.007 7.736 8.3 69.41 0.11 49.2
875 21.513 0.000 0.258 0.000 7.911 6.5 67.43 0.19 11.9
960 26.433 0.017 0.314 0.001 7.525 5.7 67.55 0.23 14.6

1360 30.681 0.514 0.372 0.033 7.727 7.2 69.33 0.37 17.0

54216 White mica, run 1739, weight"0.04518 g, J value"0.004940$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 69.78 0.28 0.74
*40/39 K 7.983 0.41%
Wt%K"8.273, *40"228.73]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

650 1.321 0.607 0.039 0.914 7.661 47.7 67.02 6.31 1.0
750 5.033 0.915 0.057 0.362 7.767 42.5 67.93 1.53 3.9
800 36.715 0.193 0.443 0.010 8.078 18.6 70.59 0.39 28.4
845 41.231 0.000 0.487 0.000 7.971 6.3 69.67 0.35 31.8
900 10.533 0.060 0.124 0.011 7.966 7.5 69.63 0.63 8.1

1000 15.601 0.126 0.187 0.016 7.900 9.7 69.06 1.25 12.1
1340 19.021 0.321 0.232 0.034 7.982 7.6 69.77 0.68 14.7

55014 White mica, run 1862, weight"0.04234 g, J value"0.00650$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 73.9 0.2 0.4
Wt%K"6.6, *40"192]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

770 6.8 2.09 0.10 0.62 6.148 44.9 70.7 1.6 5.3
810 3.6 0.00 0.05 0.00 6.503 16.0 74.7 1.4 2.8
875 36.2 0.05 0.45 0.00 6.425 16.2 73.8 0.2 28.6
900 18.7 0.00 0.23 0.00 6.398 12.3 73.5 0.8 14.8
950 7.0 0.03 0.09 0.01 6.393 12.5 73.5 1.5 5.6

1005 8.3 0.00 0.10 0.00 6.351 13.3 73.0 0.7 6.6
1180 33.5 0.11 0.41 0.01 6.446 11.7 74.1 0.3 26.5
1325 12.4 0.00 0.15 0.00 6.679 11.4 76.7 1.0 9.8

55017 White mica, run 1863, weight"0.03909 g, J value"0.00650$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 44.1 0.3 0.3
Wt%K"7.6, *40"132]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

640 3.0 2.22 0.08 1.50 2.937 49.0 34.1 2.8 2.2
770 13.2 3.12 0.16 0.47 3.562 38.0 41.3 0.8 9.7
830 31.4 0.14 0.39 0.01 3.894 11.2 45.1 0.3 23.1
875 28.5 0.08 0.35 0.01 4.087 7.6 47.3 0.5 21.0
920 32.3 0.07 0.39 0.00 4.014 7.4 46.5 0.4 23.8
980 15.2 0.29 0.19 0.04 3.352 11.2 38.9 0.9 11.2

1110 10.1 0.00 0.12 0.00 3.405 7.0 39.5 0.9 7.4
1310 2.1 0.71 0.03 0.66 3.733 35.6 43.2 4.8 1.6

(continued)
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Table 3 (continued)

55017 Green mica, run 1864, weight"0.05793 g, J value"0.00650$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 39.5 0.2 0.2
Wt%K"8.3, *40"128]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

660 4.4 4.21 0.11 1.89 3.094 65.0 35.9 2.8 2.0
765 9.2 1.40 0.11 0.30 3.348 9.4 38.8 1.0 4.2
840 35.4 0.02 0.43 0.00 3.337 12.6 38.7 0.2 16.2
900 101.2 0.18 1.23 0.00 3.412 5.7 39.6 0.1 46.4
950 43.6 0.03 0.53 0.00 3.431 4.0 39.8 0.4 20.0

1000 16.2 0.17 0.20 0.02 3.381 5.9 39.2 0.6 7.4
1120 7.1 0.34 0.08 0.10 3.753 8.1 43.5 1.2 3.3
1330 1.0 0.18 0.01 0.36 4.834 1.8 55.8 8.4 0.5

55020 White mica, run 1865, weight"0.03823 g, J value"0.00650$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 59.8 0.3 0.4
Wt%K"7.8, *40"185]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

650 1.2 3.51 0.03 6.00 4.716 66.4 54.5 7.3 0.9
755 4.1 3.19 0.06 1.54 4.461 54.0 51.6 3.3 3.0
800 14.5 0.23 0.18 0.03 4.945 16.3 57.1 0.7 10.7
855 50.1 0.18 0.62 0.01 5.368 7.2 61.9 0.2 36.7
900 31.8 0.02 0.39 0.00 5.232 8.0 60.3 0.4 23.3
945 18.5 0.02 0.23 0.00 4.887 7.0 56.4 0.8 13.6

1000 8.0 0.04 0.10 0.01 4.797 13.3 55.4 0.7 5.8
1100 5.8 0.00 0.07 0.00 5.589 2.8 64.4 2.1 4.2
1320 2.5 0.09 0.03 0.07 6.308 0.1 72.5 5.0 1.9

55044 White mica, run 1868, weight"0.04377 g, J value"0.00650$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 70.9 0.2 0.4
Wt%K"7.9, *40"222]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

665 5.0 6.95 0.13 2.78 5.856 64.9 67.4 1.3 3.2
755 7.9 5.63 0.09 1.42 6.254 28.1 71.9 0.9 5.0
820 15.3 0.65 0.19 0.09 6.288 28.3 72.3 1.1 9.7
860 41.8 0.49 0.51 0.02 6.159 22.9 70.8 0.3 26.5
900 20.5 0.12 0.26 0.01 6.110 22.1 70.3 0.6 13.0
955 19.3 0.09 0.24 0.01 6.136 24.9 70.6 0.7 12.3

1005 25.7 0.06 0.31 0.01 6.217 21.2 71.5 0.3 16.3
1120 12.9 0.06 0.16 0.01 6.052 22.0 69.6 0.5 8.2
1380 9.1 0.28 0.12 0.06 6.330 44.6 72.8 1.3 5.8
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Table 3 (continued)

55045 White mica, run 1866, weight"0.05613 g, J value"0.006500$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 95.70 0.20 0.51
*40/39 K 8.382 0.22%
Wt%K"7.701, *40"294.16]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

660 1.232 7.765 0.268 12.544 8.261 75.5 94.36 9.56 0.6
750 3.852 25.133 0.081 12.985 9.067 28.9 103.32 1.25 2.0
805 5.807 0.588 0.096 0.202 9.229 17.2 105.10 1.50 2.9
860 55.841 0.149 0.745 0.005 7.875 8.4 90.07 0.20 28.3
905 44.283 0.104 0.594 0.005 8.152 6.2 93.15 0.29 22.5
960 31.237 0.109 0.420 0.007 8.388 7.4 95.77 0.38 15.9

1006 16.710 0.575 0.245 0.068 9.291 8.5 105.79 0.51 8.5
1120 13.814 2.688 0.193 0.387 9.237 7.0 105.20 0.54 7.0
1340 24.219 2.902 0.321 0.238 8.538 4.2 97.44 0.28 12.3

55046 White mica, run 1867, weight"0.03066 g, J value"0.006500$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 90.89 0.31 0.54
*40/39 K 7.950 0.35%
Wt%K"9.109, *40"330.00]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

660 1.301 0.602 0.020 0.920 7.504 72.9 85.91 11.85 1.0
755 4.747 0.913 0.063 0.383 7.891 33.8 90.24 1.83 3.7
790 5.474 0.013 0.071 0.005 8.026 19.0 91.75 2.48 4.3
855 47.638 0.031 0.603 0.001 7.959 18.7 91.00 0.12 37.4
900 32.242 0.020 0.415 0.001 7.916 14.1 90.52 0.50 25.3
965 19.485 0.038 0.253 0.004 7.838 13.4 89.64 0.72 15.3
990 5.290 0.036 0.066 0.014 7.759 17.7 88.77 1.37 4.2

1120 6.854 0.044 0.086 0.013 8.118 9.1 92.77 1.02 5.4
1320 4.243 0.256 0.059 0.120 8.682 9.6 99.04 2.99 3.3

55497 White mica, run 1740, weight"0.05245 g, J value"0.00494$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 51.92 0.16 0.54
*40/39 K 5.910$0.31%
Wt%K"10.170, *40"208.17]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

665 4.213 0.091 0.114 0.043 4.245 55.0 37.44 1.68 2.3
740 6.457 0.079 0.074 0.024 5.485 20.5 48.23 0.60 3.5
800 12.550 0.000 0.154 0.000 5.639 7.2 49.57 0.56 6.8
830 13.417 0.000 0.157 0.000 5.705 6.1 50.14 0.35 7.3
900 45.763 0.000 0.539 0.000 6.014 4.2 52.82 0.44 24.8
995 62.669 0.000 0.738 0.000 5.3917 3.8 51.97 0.17 33.9

1170 37.281 0.118 0.434 0.006 6.152 4.1 54.01 0.14 20.2
1320 2.401 0.226 0.031 0.187 6.604 15.0 57.92 1.85 1.3

(continued)
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Table 3 (continued)

77519 White mica (a), run 2132, weight"0.03393 g, J value"0.003900$0.5%
Integrated values, analytic and J errors(1 sigma)
Age (Ma) 95.54 0.31 0.56 (93.9$0.56 Ma without final step — probably contaminated)
*40/39 K 13.945$0.33%
Wt%K"8.908, *40"339.67]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

626 1.336 0.034 0.062 0.051 13.532 44.2 92.79 1.68 1.6
742 4.214 0.000 0.059 0.000 14.137 23.7 96.82 1.31 5.1
802 7.124 0.036 0.093 0.010 13.834 21.2 94.80 1.12 8.6
849 22.881 0.008 0.296 0.001 13.531 13.7 92.77 0.86 27.7
908 18.844 0.000 0.248 0.000 13.832 13.2 94.79 0.20 22.8
946 12.581 0.009 0.164 0.001 13.688 14.0 93.83 0.12 15.2

1001 7.410 0.000 0.097 0.000 13.587 14.6 93.15 0.30 9.0
1095 4.354 0.007 0.059 0.003 13.609 11.8 93.30 0.61 5.3
1325 3.902 0.242 0.107 0.123 18.936 5.6 128.54 0.54 4.7

77519 White mica (b), run 2133, weight"0.03063 g, J value"0.003900$0.5%
Integrated values, analytic & J errors(1 sigma)
Age (Ma) 94.14 0.13 0.58
*40/39 K 13.735$0.15%
Wt%K"8.996 ,*40"337.87]10~7 cm3g~1

¹ °C 39Ar
K

37Ar
C!

38Ar
C-

Ca/K *40Ar/ %Atm Age Error %39Ar
M----vol ]10~9 cm3---N 39K Ma 1 sigma

662 2.613 0.036 0.073 0.027 14.116 39.2 96.68 1.00 3.5
748 5.953 0.000 0.082 0.000 13.999 17.4 95.90 0.39 7.9
808 22.171 0.104 0.287 0.009 13.610 16.2 93.31 0.12 29.4
850 17.608 0.000 0.228 0.000 13.849 12.2 94.90 0.22 23.4
904 11.218 0.048 0.143 0.009 13.786 14.5 94.48 0.26 14.9
950 7.789 0.000 0.099 0.000 13.496 11.3 92.55 0.27 10.3

1000 3.481 0.028 0.044 0.016 13.463 10.2 92.32 0.69 4.6
1100 2.460 0.000 0.029 0.000 13.894 7.9 95.20 1.29 3.3
1320 2.056 0.178 0.031 0.173 13.739 15.9 94.17 1.69 2.7

inwards migration of Ar from a fluid phase, or the
absence of a suitable fluid phase to enhance grain
boundary diffusive venting of argon during the high-
pressure metamorphic stage.

Like Ruffet et al. (1995) and Arnaud and Kelley
(1995), we interpret our 40Ar/39Ar data as indicating
a mixed Ar composition within the grains that was
produced by an externally derived excess radiogenic
component and an in situ radiogenic component that
grew by K-decay within the crystal. The two (or more)
components may originally have resided in different
crystallographic sites, perhaps related to deformation-
accommodating crystal defects, but they are thorough-
ly mixed on the scale of the domains accessed by the
step-heating technique. The fact that flat plateaux are
yielded by micas from 77519, whereas Reddy et al. (in
press) show a rim to core gradient from older to
younger ages on a microscopic scale, certainly demon-
strates that release spectra do not reveal internal het-
erogeneities in Ar compostion, and are therefore geo-
chronologically meaningless in this case. It must surely

call into question the widespread reliance upon
40Ar/39Ar and K—Ar dates to constrain the age of
the high-pressure metamorphism in the Sesia-Lanzo
Zone.

U–Pb data

Sphenes from five calc-silicate samples (four EMC, one
GMC) were analysed by the U—Pb dating technique,
taking the initial Pb composition to be that of a co-
existing low-l phase such as white mica or feldspar
(Table 4). Given the low U content of these rocks, it is
unlikely that the bulk-rock Pb isotope composition
changed significantly over the time span of the Alpine
events, so this measurement is a reliable estimate of the
Pb incorporated into sphene when it crystallised.

Of the four samples from the EMC, 54216 gives
a good concordant age at 66 Ma, while 55044 gives an
indistinguishable age albeit with a larger error in
207Pb*/235U (Fig. 6). The other EMC samples give
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Fig. 5 40Ar!39Ar step-release spectra and correlation plots for
samples from the Eclogitic Micaschist Complex (a) and Gneiss
Minuti Complex (b). Regressions plotted by Isoplot (Ludwig 1990).
No meaningful regression could be plotted for 55497 because data
are too clustered

a concordant age at 141$1 Ma and a discordant
result with a 206Pb/238U age of 107$1.5 Ma.

Interpretation of the sphene ages relies on under-
standing their crystallisation age in relation to the
metamorphic assemblage. Sphenes 54216 and 55044
both come from rocks which show only one meta-
morphic assemblage, that of the high-pressure event, and
can be assigned to the monometamorphic sequence on
the maps of Venturini et al. (1991, 1994). It is therefore
likely that these minerals crystallised during the high-
pressure metamorphism and retain Pb from only that
event. The other samples are from rocks with a clear
polymetamorphic history — they contain relic augitic
pyroxenes as well as omphacite — and the Pb inheritance
is likely since the high-pressure recrystallisation was at
a temperature too low for the complete re-opening of
sphene to Pb diffusion. The 66$1 Ma ages probably
record crystallisation during the high-pressure meta-
morphism. The 141 Ma ages probably reflect mixtures

of old (Hercynian?) and Alpine sphene generations with
different Pb signatures. Although 55045 appears con-
cordant, it is equally compatible with a Hercynian age
(&300—250 Ma) sphene population that underwent
overgrowth or partial Pb loss at around 65 Ma.

The radical discordance of 55046 is difficult to ex-
plain by Pb loss after a Hercynian event, since it lies on
a discordia with an upper intercept at 1.5 Ga, and it is
extremely unlikely that relic sphene would survive for
that length of time. It may have been caused by con-
tamination by detrital zircon in this sample.

The GMC sphene (55020) yields a nearly concordant
age of &249 Ma. Its composition can be modelled by
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Fig. 5 (continued)

10% lead loss (or overgrowth) at 65—40 Ma on a popu-
lation originally crystallised at &280 Ma, its probable
Hercynian age. Rejuvenation of the sphene population
was clearly limited in the pervasive greenschist event,
and this rock clearly did not crystallise abundant new
sphene-bearing assemblages during any presumed
high-pressure period of its history.

Interpreting the age data

Data from the three isotope systems have been plotted
on conventional temperature-time plots, taking the
closure temperatures from Cliff (1993). These re-em-
phasise the problem of interpreting the 40Ar/39Ar ages
by closure temperature. They do however show
concordance between the systems in the mono-
metamorphic lithologies. It is interesting to note that
notwithstanding their anomalously old ages, the Ar
data from the monometamorphic samples form the
least disturbed spectra. In the light of these isotopic
studies, the metamorphic history of the Sesia-Lanzo
Zone can be described as follows;

Hercynian orogenic events are preserved in some
sphene populations from polymetamorphic basement
rocks; Pb isotopes yield mixed ages reflecting partial
resetting or new sphene growth during the Alpine cycle
in the Eclogitic Micaschist Complex. Monometamor-
phic assemblages yield sphene U—Pb ages of

66$1 Ma, recording sphene growth close to the high-
pressure metamorphic climax. The Rb—Sr white mica
ages in these samples are younger than the sphene ages,
reflecting either cooling below phengite closure, or re
juvenation of the Rb—Sr system during recrystallisation.

The Rb—Sr data from the EMC suggest a period of at
least 16 Ma over which high-pressure phengites were
stable. This is consistent with the macrostructural and
textural evidence that under eclogite facies conditions,
the EMC underwent a fabric-forming metamor-
phism/deformation event and subsequent non-penetra-
tive deformation which locally recrystallised the planar
fabric (T

E
) into folds and crenulation cleavages (T

##
).

Such local effects have at least partially reset the Sr
systems in rocks, giving a spread of ages which con-
strains the timing of recrystallisation under those P-¹
conditions to be no older than 70 Ma, possibly younger
than 54 Ma.

The 40Ar/39Ar data are difficult to interpret because
of the widespread presence of excess argon in both
polymetamorphic and monometamorphic units at all
grades. Argon may be controlled by factors other than
thermal diffusion rates, and it seems likely that grain
boundary fluid compositions and connectivity did not
allow resetting of the 40Ar—39Ar system during eclogite
or greenschist facies metamorphism in these samples.
(Resetting of this system requires removal of Ar from
the rock, contrasting with the Rb-Sr system which is
reset by exchange of Sr across grain boundaries, and
does not require a carrier fluid.)
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Table 4 U—Pb mineral data from the Sesia-Lanzo Zone. Initial ratios from phengite except f from feldspar

Sample 54216 55020 55044 55045 55046
Mineral Sphene Sphene Sphene Sphene Sphene

Pb ppm 3.27$0.07 12.02$0.24 8.97$0.20 9.62$0.31 8.68$0.22
U ppm 124.9$0.8 226.08$1.35 33.74$0.05 85.31$0.32 204.04$1.36

206Pb/204Pb 58.87$0.21 357.85$1.48 21.33$0.009 39.73$0.06 74.49$0.14
207Pb/204Pb 17.63$0.07 33.13$0.12 15.80$0.008 16.77$0.02 18.56$0.026
208Pb/204Pb 39.43$0.19 129.63$0.54 39.36$0.02 49.48$0.08 67.43$0.10

206Pb/204Pb
*/*5*!-

18.98$0.05 20.00$0.06f 18.70$0.02 21.10$0.02 18.36$0.04
207Pb/204Pb

*/*5*!-
15.78$0.05 15.71$0.04f 15.69$0.02 15.86$0.01 14.76$0.04

208Pb/204Pb
*/*5*!-

39.01$0.15 39.61$0.14f 38.78$0.04 40.22$0.04 36.58$0.12

206Pb*/238U 0.01034$0.00006 0.039$0.0003 0.0102$0.0001 0.0221$0.0001 0.0168$0.0001
207Pb*/235U 0.0664$0.0031 0.278$0.002 0.0585$0.010 0.150$0.004 0.157$0.003

Age (206Pb/238U) Ma 66.3$0.4 250$2 65.5$0.6 141.0$0.7 107.0$1.5
Age (207Pb/235U) Ma 65.3$3.0 248$2 58$10 142$4 147$3

The pervasive fabric-forming greenschist facies event
in the GMC is well constrained at 39$1 Ma from
Rb—Sr data. Previous studies (Hunziker et al. 1993)
have interpreted K—Ar and Ar—Ar ages from this unit
as recording cooling below 350 °C. If they are indeed
cooling ages, the concordance with Rb—Sr indicates
a fast period of cooling after fabric formation. We
prefer to interpret them as close to recrystallisation
ages at low temperatures.

Metamorphic conditions at the time were inappro-
priate for new sphene growth in certain lithologies,
and temperatures were too low to rejuvenate sphene
U—Pb systems significantly. It is unclear whether
the fabric-forming event corresponds to the greenschist
thermal peak. The recognition of an older, higher
pressure mica generation (55017 ‘‘green mica’’) in
the shear zone that juxtaposes GMC and Piémont
units suggests that an earlier higher pressure assem-
blage was overprinted by a fabric related to that
shearing event at 39 Ma. The early mica generation
yields a 40Ar/39Ar age slightly older than the later
micas Rb—Sr age. The early micas were probably reset
during the greenschist event and cooled below their
blocking temperature before the later generation of
micas were generated in a low-temperature shear event.
These later micas incorporated volatile components
from a mixed and changing source, including an ex-
ternally derived Ar component that resulted in their
spurious ages. This explanation is supported by the
field observation that the rock comes from the lower-
most levels of the Gneiss Minuti where a chaotic and
partly brittle shear zone emplaces it against the
Piémont unit.

Geological implications

Two models have been proposed for the mechanical
contiguity of the Sesia-Lanzo Zone during the

Alpine orogeny:
1. It represents three or more tectonic slices that were
juxtaposed during the Alpine collision, and therefore
record individual tectonic and metamorphic histories
prior to this assembly .
2. The GMC and EMC represent a single unit of crust
that was subjected to early-Alpine high-pressure meta-
morphism throughout. During uplift and exhumation,
the locus of deformation and metamorphism migrated
westwards into the lower levels, so that the GMC
records lower grade metamorphism and strain which
did not occur in the EMC.

Although the new isotopic data do not unequivo-
cally distinguish between the two models, they suggest
that the EMC recrystallisation resulted in new sphene
growth that did not occur in similar lithologies in the
GMC. Either the GMC never experienced eclogite fa-
cies conditions, or high-pressure assemblages were
sporadically developed as a consequence of local kin-
etic effects. The former explanation accords with the
structural-metamorphic studies of Passchier et al.
(1981) and Williams and Compagnoni (1983), that dem-
onstrated a difference in metamorphic history across
the EMC-GMC contact. Juxtaposition of EMC and
GMC in the middle crust had occurred before 38 Ma,
by which time penetrative deformation had migrated
down-section to the west and generated greenschist
facies fabrics throughout the GMC and locally in the
transition zone. Ductile deformation in this unit effec-
tively terminated by &37 Ma.

The emplacement of the IIDK above, and in some
cases between, the EMC and GMC remains problem-
atic because the IIDK did not experience temperatures
higher than 350 °C during the Alpine cycle. The contact
has been re-oriented by later deformation, and is
variably defined by blueschist and greenschist strain
fabrics, suggesting that it was active later than 37 Ma,
as temperatures at these crustal levels waned during
uplift. The 30 Ma pyroclastic flows along the Canavese
Line contain clasts of eclogitic EMC and have been
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Fig. 6 U—Pb concordia diagram for samples from the Eclogitic
Micaschist Complex and Gneiss Minuti Complex

c

Fig. 7 Conventional ‘‘temperature-time’’ plots for five samples
based on U—Pb (sphene), 40Ar—39Ar and Rb—Sr closure temper-
atures given in Cliffs (1993)

interpreted as the Oligocene cover to the Sesia-Lanzo
Zone (Scheuring et al. 1974). This implies that the EMC
was exposed at the surface at that time, and constrains
the EMC-IIDK juxtaposition to pre-30 Ma. An aver-
age exhumation rate can be estimated for the EMC of
1.5 mm/year since high-pressure metamorphism, and
3—4 mm/year after the greenschist event in the GMC.

On a broader scale, the data indicate that high-pres-
sure metamorphic fabrics in the Eclogitic Micaschist
Complex of the SLZ formed and deformed in the
70—60 Ma period. The best estimate for the meta-
morphic peak is given by sphene U—Pb ages at 66 Ma.
This contrasts with previous work that suggested
a metamorphic peak at 100—140 Ma and cooling
through phengite argon closure at 350 °C at 70 Ma.
The Sesia-Lanzo Zone is so-called Austroalpine crust
of African affinity, and it has always been problematic
to explain why the unit was at eclogite facies from the
early to the middle Cretaceous. The only way to main-
tain such a low geothermal gradient in continental
crust is to establish a subduction zone adjacent to
thickened continental crust, or to subduct the crust
itself to depths of over 40 km (Ernst 1975). In the early
Cretaceous, however, the Austroalpine was a passive
margin bounding the actively-extending Tethyan basin
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(Coward and Dietrich 1989), a setting difficult to recon-
cile with a thickened crust and subduction zone.

The new data suggest that the onset of convergent
processes in the middle Cretaceous and the establish-
ment of an accretionary wedge resulted in subduction
of a crustal sliver, including Middle Jurassic platform
sediments (Venturini et al. 1994), to depths of '30 km
by 70 Ma. These were then returned to mid-crustal
levels in (30 million years. Moreover, this model is
consistent with data from the Austroalpine domain of
the central and eastern Alps, where eclogite facies was
not attained, but the onset of subduction is stratig-
raphically constrained to be late-Cretaceous (Frisch et
al. 1987). There is no need to invoke a long-lived
subduction zone to maintain a depressed geothermal
gradient for 70 million years in the Western Alps.
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