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ABSTRACT

The tectonic and rheological evolution of the southern Alpine
continental crust is reconstructed from structural, petrological, and
radiometric studies in the Ivrea and Strona-Ceneri basement units.
The deep crust of the southern Alps acquired its present compositional
and metamorphic zonation during Paleozoic magmatism and amphib-
olite-to granulite-facies regional metamorphism. Inferred strength con-
trasts between lower crustal and upper manile rocks in the Ivrea zone
are low at the high temperatures of regional metamorphism. Late
Paleozoic transtension and basic to intermediate magmatism in all
crustal levels preceded extensional faulting associated with the forma-
tion of a passive continental margin during early Mesozoic time. Ex-
tensional uplift and cooling of the basement section is coupled with
crustal-scale trends of increasing rheological stratification, grain size
reduction, and strain localization, Mylonitic shear zones in the lower
crust and a broad zone of nonceaxial shear at the base of the interme-
diate crust in the Ivrea zone are inferred to have controlled ihe high-
strain rheology of the attenuating southern Alpine crust. The deep
crust in the thinned Ivrea crustal cross section transferred noncoaxial
strain from the upper manile to the intermediate and upper crust. Final
uplift and exposure of the deep southern Alpine crust occurred during
Late Cretaceous to Tertiary Alpine thrusting.

INTRODUCTION

Much of what is currently known about lithospheric rheology stems
from a combination of geophysical surveys (reviews in Barazangi and
Brown, 1986; Mooney and Brocher, 1987) and laboratory experiments on
rocks and minerals designed to simulate physical conditions in the litho-
sphere (Carter, 1976; Tullis, 1979; Kirby, 1983; Carter and Tsenn, 1987).
The correlation of experimentally predicted strength-depth profiles and
deformational modes with crustal seismicily is generally consistent with
the concept of a compositionally and rheologically stratified continental
lithosphere (Brace and Kohlstedt, 1980; Kirby, 1980; Meissner and Streh-
lau, 1982; Sibson, 1982, 1983; Smith and Brun, 1984; Ranalli and
Murphy, 1987). Existing models adequately describe low-strain intraplate
rheology (for example, Kuznir and Park, 1986), but lithospheric rheology
at active plate margins is much more complex due to changing thermo-
barometric conditions during deformation as well as to the marked
lithological and structural heterogeneily in the crust prior to deformation.

Geological Society of America Bulletin, v. 103, p, 236-253, 11 figs., February 1991,

The Ivrea crustal cross scction in northwestern Italy and southern
Switzerland (Fig. 1) is an excellent area to test geophysical models of the
continental crust. The section actually consists of two basement units, the
Ivrea zone and the Strona-Ceneri zone, which represent thinned lower to
intermediate continental crust of the southern Alps (reviews in Zingg,
1983; Boriani and Origoni Giobbi, 1984; Zingg and others, 1990). The
Permian-Mesozoic sedimentary cover of the Strona-Ceneri zone crops out
to the south of the basement section (Fig. 1). The history of the Ivrea and
Strona-Ceneri zones is loosely subdivided into three tectonometamorphic
episodes (Fig. 2). Large-scale magmatism and regional metamorphism
during the Paleozoic era (episode 1) arc responsible for the general compo-
sitional and metamorphic zonation presently observed in the crustal sec-
tion. Crustal attcnuation and rifting during late Palcozoic and early
Mesozoic time (episode 2) thinned the crust to a thickness of 10 to 20 km
and brought the basement section to shallower crustal Jevels, The final
emplacement and steepening of the Ivrea crustal section in the upper crust
(episode 3) resulted from polyphase Alpine transpressional tectonics
(Laubscher, 1971; Schmid and others, 1987).

We use a combination of structural, petrologic, and radiometric in-
formation to reconstruct the tectonic and rheological evolution of the Ivrea
crustal cross section. The main purpose is to show how the kinematic and
thermal history of the continental crust is linked to its high-strain rheology.
The deep crustal pre-Alpine structures and high-grade metamorphism are
rcmarkably well preserved in the Ivrea and Strona-Ceneri zones because
the obliterating effects of Alpine metamorphism and penetrative deforma-
tion are restricted to the Insubric line and to the Penninic and Austro-
Alpine basement nappes to the north and west (Fig. 1)}. Alpine folds and
faults transect the crustal section and modify the original crustal configura-
tion (Fig, 1), but these structures do not disrupt the gencral continuity
among the different crustal levels,

-

Figure 1. Tectonic map of the Ivrea crustal cross section and
neighboring units in the western part of the southern Alps. Movement
sense of faults compiled from Bertotti (1990), Handy (1987), Schmid
and others (1987), and our own observations.
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TECTONIC AND RHEOLOGICAL EVOLUTION OF IVREA CRUSTAL SECTION, SOUTHERN ALPS

STRUCTURAL STYLE AND INFERRED RHEOLOGY
A Field and Microscopic Approach to Rheology

The magnitude, distribution, and style of strain are used 1o infer the
competence contrast among different rocks and minerals. We note at the
outset that most of our structural observations come from the central to
northeastern part of the Ivrca and Strona-Ceneri zones (between the Val
d'Ossota and the northeastern end of the Lago Maggiore, Fig. 1). This
informational bias also reflects the general distribution of published struc-
tural work in the area,

Broad constraints on the relative viscosity of dilferent rock layers are
obtained by applying experimental and theoretical relationships in de-
formed viscous materials to natural structures. For buckled layers with
similar initial thickness that undergo comparable strains, decreasing viscos-
ity contrast is associated with a successive change in the fold style from
parallel to concentric to similar to ptygmatic (Fig. 3a; Ramsay, 1967). At
very high strains, fold amplitude increases and the style becomes increas-
ingly similar to ptygmatic, irrespective of the initial fold form. The viscos-
ity contrast between composite layers can be expressed as (after Biot,
1964; Ramberg, 1964)

N (Wy/2m)}
T n

. (H

where n, and ny, are, respectively, the viscosities of the competent and
incompetent layers, Wy is the predominant fold wavelength, 1 is the average
thickness of the competent layer, and n is the number of layers. For bulk
extensional deformation, barrel-shaped boudins or porphyroclasts in a
weak matrix generally form in experimentally deformed materials with a
viscosity contrast between constituent phases of an order of magnitude or
greater (for example, Jordan, 1987), At lower relative viscositics, the
boudin shape is highly strain dependent, and the more competent material
tends to form lenticular boudins and pinch-swell structures within the
plane of flattening (Fig. 3a; Ramsay, 1967). The mineral or mincrals that
accommodate most of the strain in a rock are inferred to govern its bulk
strength, Identifying the micromechanisms of flow in these minerals (mi-
crostructurzl criteria in Knipe, 1989} allows us to estimate the rheology of
the rock,

Despite the obvious limitations of this approach (poor constraints on
strain and strain rate, locally inhomogeneous deformation), structures are
reliable qualitative 10 semiquantitative indicators of rheology once their
age and regionzl kinematic significance are known. The age of structures
in different levels of the Ivrea crustal cross section is constrained by corre-
lating the syn-, inter-, and postkinematic conditions of metamorphism with
the radiometrically determined temperature-time curves for different parts
of Ivrea and Strona-Ceneri zones in Figure 4,

Deformation during Regional Metamorphism (Episode 1)

Regional metamorphism generally increases across the crustal section
from amphibolite facies in mica schist, paragneiss, and orthogneiss of the
Strona-Ceneri zone to granulite facies in interlayered paragneiss and meta-
basic and ultrabasic rocks in the northwestern part of the Ivrea zone. At
least two phases of folding affected the Ivrea and Strona-Ceneri rocks
during regional metamorphism {Figs. 3b and 3c). Early isoclinal to ptyg-
matic folds with amplitudes on the centimeter to multimeter scale pre-
ceded open to close, similar folds with amplitudes on the centimeter (Figs.
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3d-30) to kilometer scale (Schmid, 1967 Steck and Titche, 1976). Epi-
sode | structures in the Ivrea and Strona-Ceneri zones indicate the follow-
ing sequence of increasing flow strength: schist < paragneiss < metabasite
= peridotite < pyroxenite. The predominance of boudinage structures with
moderate to high aspect ratios (Figs. 3g-3i) suggests that high-grade re-
gional metamorphism in the intermediate to lower continental crust is
associated with low strength contrasts among all rocks, In addition, the
observations indicate the importance of grain sizc as a determinant of
rclative flow strength at high strains (Fig. 3h and discussion in next
section).

Episode 1 microstruciures are strongly annealed under the conditions
of regional metamorphism. This annealing obscures most traces of the
microrheological behavior (Figs. 5a-5c¢). The best examples of episode 1
microstructures come from metabasic and ultrabasic rocks, because they
are less affected by episode 2 shearing than are paragneiss and schist.
Thermal equilibration of the microstructures (straight grain boundaries
and stable grain-boundary triple junctions) is generally more complete in
the metagabbro than in the peridotite (Kruhl and Voll, 1978/79), suggest-
ing that the olivine in peridotite was somewhat weaker (that is, flowed
more and/or longer) than the feldspar-amphibole-pyroxene aggregates in
metagabbro.

Migmatites are frequently observed in the transitional region between
intermediate and lower crust in the Ivrea crustal cross section, that is,
within upper-amphibolite—facies paragneiss and locally along the contact
between paragneiss and metabasite (Schmid and Wood, 1976; Zingg,
1980). Unfortunately, the strong anncal of the rocks makes it impossible to
eslablish whether or not melt-enhanced movement occurred. Certainly,
partial melt layers do not appear to offset rock series with different litho-
logical, metamorphic, or radiometric characteristics. Syntectonic anatexis
has been proposed to explain intracrustal detachment in other Variscan
terrains of central Europe (Eisbacher and others, 1989}, but in the Ivrea
crustal section, field evidence for regionally significant melt-enhanced
shearing during the Paleozoic remains equivocal.

When assessing the rheological significance of episode 1 structural
style across the crustal section, it is important to realize that the Ivrea and
Strona-Ceneri zones may have occupied laterally different tectonic posi-
tions in the crust during at least part of the Paleozoic. The Ivrez zone
contains coaxial, predominantly northeast-plunging folds and associated
intersection and stretching lineations (Schmid, 1967; Kruhl and Voll,
1976; Steck and Tiéche, 1976), whereas the folds and lineations in the
Strona-Ceneri zone trend and plunge variably (Boriani and others, 1977)
owing to the interference of multiple folding events (Handy, 1987). The
discrepancy in episode 1 fold and lincation orientations between the Ivrea
and Strona-Ceneri zones may reflect primary differences in the Paleozoic
tectonic evolution of the two basement units in addition to the modifying
effects of later episode 2 shearing concentrated within the structurally
deeper Ivrea zone. Morcover, the entire contact between the Ivrea and
Strona-Ceneri zonces is tectonic according to Beriani and Sacchi (1973),
and the divergent radiometric temperature-time paths on ¢ither side of this
contact (Fig. 4a) suggest that it may have accommodated substantial Pa-
leozoic thrusting and thickening prior to episode 2 extensional shearing.
The Paleozoic kinematic framework in the Alps is obscured by the early
Mesozoic and Alpine overprint, but local geochemical (basic rocks with
oceanic affinity) and petrological (high-P/low-T relics) data support the
view that the Ivrea zone was located within a convergent margin during
early Paleczoic time (Sills and Tarney, 1984) and that crustal shortening
affected both the Ivrea and Strona-Ceneri zones during the Variscan orog-
eny (for example, Boriani and others, 1977).
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Crustal Attenuation, Magmatism, and Rifting (Episode 2)

Deformation of the southern Alpine basement during episode 2 in-
volved mylonitic shearing combined with an overall transition {rom high
temperatures (600-900 °C) to low temperatures (<300 °C) in the Ivrea

zone (Figs. 4a and 4b). The successive closure of mineral isotopic systems
documenting this late Palcozoic to carly Mesozoic thermal transition
probably represents the superposition of thermal regimes related to differ-
ent regional tectonic events that are more readily differentiated in the
upper crust of the southern Alps. We tentatively distinguish two stages of
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Figure 3. Episode 1 structures.

241

(a) Dependence of fold and boudinage styles on viscosity contrast between layers.

(b) Relolded fold in migmatitic (?) feldspathic layer (white) within paragneiss in the amphibolite-facies part of the Ivrea zone.

(c) Two generations of folds in a quariz layer (white} within an amphibolite-facies paragneiss of the Strona-Ceneri zone.

(d) Folded contact between pyroxenite (stippled) and phlogopite-bearing peridotite (dashed schistosity) in the granulite-facies part of the

Ivrea zone.

(e} Piygmatically folded amphibolite layer (dotied schistosity) within a paragneiss (dashed schistosity) in the amphibolite-facies part of the

Ivrea zone, Amphibolite was more competent than was paragneiss.

(f) Folded feldspathic layers (white) and amphibolitic layers (dashed) showing that amphibolite was slightly less competent than was

feldspar rock.

{g) Asymmetrically rotated boudins of competent pyroxenite (stippled) within metagabbro (dashed schistosity) in the granulite-facies part

of the Ivrea zone.

(h) Attenuated amphibolite layers (dotted schistosity) within amphibolite-facies paragneiss (dashed schistosity) in the Strona-Ceneri zone.
(i) Coarse-grained olivine augen within fine-grained, foliated peridotite in the granulite-facies part of the Ivrea zone. Coarse-grained olivine

is more competent than is fine-grained olivine.

Scale match in b-{ and i is 3 cm long; hammer in g and h is 55 ¢m long.

~f

episode 2 tectonism (Fig. 2): (1) a late Paleozoic to Early Triassic stage of
high-temperature mylonitization in the lower crust that is contemporane-
ous with widespread basic to intermediate magmatism in all crustal levels
and with the opening of east-northeast-west-southwest—trending “Collio-
Verrucano” basins (Cassinis and others, 1978) in the upper crust and (2) a
Middle Triassic to Early Jurassic stage of high- to low-temperature exten-
sional shearing associated with east-west—directed rifting prior to active
spreading of the Tethyan ocean (Bernoulli and others, 1979; Winterer and
Bosellini, 1981). We hasten to emphasize, however, the difficulty in estab-
lishing an unequivocal temporal distinction between these two stages in
the basement based solely on the correlation of radiometric thermal history
with microstructures (discussion in Brodie and Rutter, 1987, p. 209; Zingg
and others, 1990; and below).

The deformational styte during episode 2 reveals that the competence
contrasts among rocks and mingrals are much more pronounced than
during episode 1. Strain in lower crustal peridotite, metabasite, and
granulite-facies paragneiss (stronalitc) is localized within mylonite zones
that range in width from a few centimeters to as much as 10 m (references
in Fig. 6a). These mylonite zones usually display sharp, discordant to
concordant boundaries with the foliation in the adjoining rock. The strong
anneal in the rock outside the shear zones and the difficulty in distinguish-
ing annealed microfabrics of episodes 1 and 2 make it hard to determine
how much strain, if any, was accommodated outside these shear zones
during episode 2. Deflection of the host-rock foliation adjacent to the
mylonites generally occurs within a broader zone in metabasite than in
peridotite. Kruhl and Voll (1978/79, p. 105) observed that the
amphibolite-facies deformation of metabasite is penetrative, but that peri-
dotite behaves more rigidly and is penetrated only by very discrete
ultramylonitic shear zones. Deformation is very diffuse in the relatively
hydrous middle- to upper-amphibolite-facies paragneiss and schist (kinzig-
ites) at the originally shallower southeastern margin of the Ivrea zone.
These relations indicate that quartz-rich paragneiss was wezaker than meta-
basite and peridotite during episode 2 deformation.

Most rocks affected by episode 2 shearing show syntectonic grain size
reduction of their constituent minerals, This involves a combination of
dynamic recrystallization, cataclasis, and syntectonic metamorphic reac-
tion. Which one of these deformation mechanisms dominates depends on
the mineralogy of the host rock and on the conditions of deformation. The
viscous creep of metabasite, paragneiss, and most peridotite shearcd under
upper-amphibolite—facies conditions is governed by the creep of the same

minerals as in the less-deformed rock adjacent to the mylonite zones (Fig.
6a). Grain size reduction in these minerals primarily involves dynamic
recrystallization with no or only minor compositional changes between
host grains (clasts) and the fine recrystailized grains in the mylonitic matrix
(Brodie, 1980, 1981). In contrast, the creep of retrograde uppes-
amphibolite—facies mylonite in phlogopite-bearing peridotite and the creep
of retrograde greenschist-facies mylonite in paragneiss at the Pogallo linc
are controlled by very fine-grained, micaceous reaction products {Figs. 6a
and 6b).

The mineralogical and compesitional evidence from the shear zones
{Fig. 6a) indicates that high-temperature mylonitization in the originally
deep crustal parts of the Ivrea zone generally occurred at temperatures
lower than, or at least comparable to, those attained during episode 1
amphibolite- to granulite-facies regional metamorphism {Zingg, 1983; dis-
cussion in Zingg and others, 1990). Some metabasic and peridolitic shear
zones contain annealed matrix grains and mineral reactions under static
conditions (Fig. 6a), indicating that locally at least, high temperatures
outlasted mylonitization. To the extent that chemical equilibrium was
established during shearing, localized prograde mylonitization reported for
some metabasic rocks (Brodie, 1981) may result from conductive heating
of the hanging wall of extensional allochthons within the lower crust
(Brodic and Rutter, 1987).

The microstructures and inferred rheology of mylonitized high-grade
paragneiss in the lower crust depend strongly on the relative proportions of
quartz and feldspar and on the syntectonic grain size of these minerals.
Generally, quartz undergoes dynamic recrystallization at lower strains than
does feldspar, which forms clasts in the finc-grained quartz matrix (Fig. 7a;
see also Figs. 36 and 37 in Schmid, 1967). Quartz thus accommodates
most of the strain and is inferred to govern viscous flow of most paragneiss,
even in rocks with as little as 20 vol. % quariz (Handy, 1990). The
dynamically recrystallized grain size of quariz in some mylonitized high-
grade paragneiss is very small (<20 um), smaller than or comparable to
that of quartz from greenschist-facics mylonite along the Pogallo line (~20
um; inset to Fig, 8). Comparison of such fine, dynamically recrystallized
quartz grain sizes in high-grade mylonite with laboratory-calibrated pie-
zometers (review in Ord and Christie, 1984) indicates that very high flow
stresses prevailed despite the high temperature of deformation (o >100
MPa at ~600 °C). Quite possibly, the fine recrystallized grain size reflects
the lower water activity in quartz within the originally granulite-facies
rocks. Dyynamically recrystallized feldspar is even finer grained (< 10 g}
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TECTONIC AND RHEOLOGICAL EVOLUTION OF IVREA CRUSTAL SECTION, SOUTHERN ALPS

Figure 4. Temperature-time curves for the central {a) and north-
eastern (b) parts of the Ivrea and Strona-Ceneri zones constructed
with whole-rock and mineral ages from the literature. Mineral ages
interpreted as cooling ages. Frequency versus age histogram for bio-
tite (¢) shows the four intervals of biotite ages in the Ivrea crustal cross
section that are plotied as age domains on the generalized geologic
map in d. Note the general decrease in biotite ages with increasing
paleo-depth (from southeast to northwest) across (he basement sec-
tion. The biotite age pattern in d reflects cooling during late Paleozoic
to early Mesozoic extensional uplift and subsequent exposure of dif-
ferent crustal levels during Alpine thrusting (see text). Radiometric
ages compiled and discussed in Zingg (1983) and Boriani and others
{1985). Fission-track ages from Wagner and others (1977) and Hur-
ford (1986); recent (post-1985) age determinations from Pinarelli and
others (1988) and Biirgi and Kliitzli (1990).

-t

than quartz and forms extremely long clast tails within the guartz matrix
(Fig. 7b). Thus, at high strains, dynamic recrystallization of the initially
much stronger feldspar is associated with a reduction in the relative viscos-
ity of feldspar and quartz to near unity. A similar development is reported
elsewhere in mylonites deformed at pranulite-facies and retrograde
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amphibolite-facies conditions (Boullier and Gueguen, 1975; Behrmann
and Mainprice, 1987) and may reflect the activity of grain-size—seusilive
creep mechanisms in the feldspar aggregates.

Crustal shearing that postdates late Paleozoic magmatism is concen-
trated within a 1- to 3-km-wide shear zone (the Pogallo shear zone;
Handy, 1987). This crustal-scale shear zone primarily affects quartz-rich,
amphibolite-facies paragneiss and schist at the originally shallower, south-
castern margin of the Ivrea zone (Figs. 1 and 8). Pogallo-aged shearing
also affected granulite-facies paragneiss, metabasite, and peridotite in the
Ivrea zone, and distinguishing the initial stages of Pogallo mylonitization
from Early Permian extensional shearing in these high-grade rocks is diffi-
cult, if not impossible (discussion below). The deformation involved dif-
fuse, inhomogeneous shearing under retrograde amphibolite-facies condi-
tions in the bulk of the shear zone and hydrous greenschist-facies
mylonitization (the Pogallo line) along part of the cooler southeastern rim
of the Ivrea zone, adjacent to the Strona-Ceneri zone. Strike-parallel trends
from southwest to northeast within the Pogallo shear zone of (1) progres-
sively higher-grade syntectonic mineral assemblages, (2) increased syntec-
tonic grain boundary migration recrystallization in quartz, and (3) coarser
dynamically recrystallized quartz grain size (Fig. 8 in Handy, 1987) sug-
gest that the Pogallo shear zane was a dipping shear zone, with its deepest
parts presently exposed at the northeastern end of the Lago Maggiore
(Figs. 1 and 8). Kinematic indicators show that Pogallo shearing uplifted
and displaced the Ivrea zone to the southwest with respect to the Strona-
Ceneri zone in present-day coordinates (asymmetry of quartz c-axis pat-
terns in Fig. 8; Fig. 13 in Handy, 1987). Schmid and others (1987) have
proposed that Neogene backthrusting along the Insubric line caused fold-
ing and steepening of the intermediate to lower crustal levels of the Ivrea

Figure 5. Episode 1 microstructures.

(a) Statically recrystallized amphibole (dark pleochroic lay-
ers) and plagioclase (light nonpleochroic layers) define the hinge
zone of a close fold in a metabasite from the amphibolite-facies
part of the Ivrea zone (plane light; frame length, 11.5 mm),

(b) Annealed microstructure in isoclinally folded paragneiss
from the amphibolite-facies part of the Ivrea zone (polarized
light; frame length, 11.5 mm).

(¢) Annealed microstructure in isoclinafly folded, medium-
grained Strona-Ceneri granitic gneiss (polarized light; frame
lengih, 11.5 mm).
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TECTONIC AND RHEOLOGICAL EVOLUTION OF IVREA CRUSTAL SECTION, SOUTHERN ALPS

Figure 7. Episode 2 microstructures.

(a) Granulite-facies Ivrea paragneiss mylonitized under upper-amphibolite-facies conditions; matrix comprises dynamically recrystallized
quariz, K-feldspar, and plagioclase; elongate boudins of feldspar; equant opaque clasis of garnet (polarized light; frame fength, 5.6 mm).

(b) Detailed microstructure of quartz and feldspar in part a; long trains of very fine-grained feldspar grow in the tails of the augen-shaped
K-feldspar clasts. Dynamic recrystallization of quartz involves a combination of subgrain rotation and grain boundary migration. See Figure 8,
sample Iv-854 for quariz c-axis pattern (polarized light; frame length, 0.7 mm).

(c) Ivrea paragneiss sheared under retrograde amphibolite-facies conditions in the southwest to central part of the Pogallo shear zone (see
Fig. 8). Note the bent muscovite clasts {(m) and rounded, subequant plagioclase clasts (p) in the dynamically recrystallized quartz matrix. Biotite
(b) forms clasts and grows in pressure shadows of all clasis (polarized light; frame Iength, 11.5 mm).

(d) Greenschist-facies mylonite from the Pogallo line; note transition from a rheology controlled by dynamically recrystallized quartz
(bottom) to a rheology governed by a combination of fine-grained syntectonically crystallized white mica + clinozoisite and elongate lenses of
dynamically recrystallized quartz (top). (Polarized light; frame length, 5.6 mm.)}

crustal section about a subhorizontal rotational axis oriented northeast-
southwest (detailed discussion on p. 620-624 in Handy, 1987). When the
Pogallo shear zonc is restored to its original pre-Alpine orientation, it
acquires the configuration of a moderate- to low-angle, southeast-dipping
oblique extensional fault that accommodated cast-west-directed extension
sometime during Late Triassic to Early Jurassic time (Hodges and Foun-
tain, 1984; Handy, 1987).

The viscous creep of quartz is inferred to have controlied bulk flow in
the Pogallo shear zone (Fig. 7¢). Figurc 8 shows that the northwest to

southeast decrease in retrograde metamorphic conditions acress the shear
zone is associated with an overall increase in the volume proportion of
subgrain rotation dynamic recrystallization in quartz and a decrease in
dynamically recrystallized quartz grain size, especially at the Pogallo line,
By unalogy with the complete texture analyses of quarlzite in Schmid and
Casey (1986), the c-axis orientation patterns in Figure 8 indicate that
(1) Mow within the Pogallo shear zone was highly noncoaxial and invol ved
only a subordinate component of coaxial flattening strain (kinked oblique
single-girdle patterns) and (2) hotter syntectonic refrograde conditions
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TECTONIC AND RHEOLOGICAL EVOLUTION OF IVREA CRUSTAL SECTION, SOUTHERN ALPS

Figure 8. Quartz c-axis fabrics of the Pogallo shear zone between
Val d’Ossola and Brissago (overview in Fig. 1). Inset shows nature of
the microstructural transition in quartz from predominantly grain
boundary migration to subgrain rotation mechanism of dynamic re-
crystallization across the Pogallo shear zone between A and A’
Equal-area lower-hemisphere diagrams are contoured at infervals of
two times uniform distribution (counting circle = 100/n% of area of
projection, where n is number of measurements). Average orientation
of mylonitic foliation and mineral-stretching lineation (triangle) in the
Pogallo shear zone is shown in equal-area diagram at bottom.

-

prevailed in the northern and eastern parts of the Pogallo shear zone (point
maxima perpendicular to lineation within the foliation plane) than along
its contact with the Strona-Ceneri zone (oblique single-girdle patterns).

The development of microstructures and fabrics across and along the
Pogailo shear zone reflects overlapping temperaturc-, time-, and sirain-
dependent effects during extensional shearing. The distribution of dynami-
cally recrystallized grain size within the Pogallo shear zone indicates that
flow stress increased both in the direction of uplift (that is, from northeast
to scuthwest in present coordinates, Fig, 8) and toward the cooler contact
with the Strona-Ceneri zone (from northwest to southeast). Discontinuous
syntectonic reactions in retrogradc greenschist-facies Pogallo mylonites
(Fig. 7d) led to a localized reduction in viscosity along the Pogallo line.
Cataclastic overprinting within these mylonttes (Fig. 10b in Handy, 1987)
documents the transition from viscous to frictional behavior. Pogallo
shearing occurred at depths of 10 to 15 km and was responsible for
thinning ~5 km of crust from the Ivrea-Strona-Ceneri contact (Handy,
1587).

Establishing the relative age of different shearing cvents in the Ivrea
zong is crucial to understanding the crustal-scale rheological evolution of
the southern Alpine basement during episode 2. Unfortunately, there is no
direct evidence of whether Pogallo shearing is broadly synchronous or
much younger than the high-temperature mylonitization in deeper levels of
the Tvrea zone. The maximum duration of Pogallo shearing was about 30
m.y., based on knowledge of the maximum displacement (20 km of
offset of the Strona-Ceperi amphibolite band in Fig. 1), the minimum
width of the Pogallo shear zone (1 km), and the minimum shear strain rate
(~ 10713 51y estimated from syntectonic quartz microstructures (Handy,
1986). This is much less than the 100-m.y. interval (280 to 180 Ma) of
rapid cooling in the Ivrea zone indicated by the temperature-time curves in
Figure 4 and suggests that high-temperature shearing, which exhumed the
deep crust, was diachronous during Early Permian to Early Jurassic time.

We propose that the early and late stapes of ¢pisode 2 shearing
occurred under similar kinematic conditions in the Ivrea zone, but reflect
distinctive regional tectonic regimes in the southern Alps (recenstruction
will be shown in Fig. 11). Extensional shearing of the Ivrea zone began
already in lale Paleozoic time (Handy, 1986, 1987; Brodic and Rutter,
1987) and may be genetically linked to basic to intermediate magmatism
and the formation of elongate, east-northeast—west-southwest-oriented
basins in the upper crust of the southern Alps. The shape and orientation of
the basins, the broad range of late Paleozoic magmatic compositions, and
the restored, pre-Alpine kinematics in the high-temperature mylonites of
the Ivrea zone are all consistent with sinistral transtension of the southern
Alpire crust, possibly in a late- to post-orogenic environment of lateral
spreading and tectonic escape. Strike-slip tectonics have been proposed for
the association of Permo-Carboniflerous basins and magmatism in other
parts of the Alps {Trimpy, 1982; Mercolli and Oberhiinsli, 1988) and
western central Europe (Arthaud and Matte, 1975; Ziegler, 1986; Eis-
bacher and others, 1989), Viewed on a continental scale, these sinistral
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transtensional faults and basins in the southcrn Alps may have been conju-
gate to large dextral strike-slip faults within a broader zone of right-lateral
shear between Africa and Europe during Permo-Carboniferous time (Ar-
thaud and Matte, 1975). Such conjugate fauit systems are observed in
central France (Massif Central) and western Spain, areas where part of the
proto-African plate is belicved to have indented the proto-European plate
(Matte, 1986). The discrepancy in radiometric temperature-time curves for
the Ivrea and Strona-Ceneri zones in the vicinity of the Pogallo line
indicates that about 3 km of crust was thinned at the Ivrea-Strona-Ceneri
contact between Farly Permian and Middle Triassic time (Handy, 1987).
Brodie and Rutter (1987) cstimated that the high-temperature shear zones
in metabasic rocks of the Ivrea zone are responsible for an additional 2 km
of thinning of the lower crust. Later, Pogallo deformation in the vrea zone
is kinematically related to the opening of north-northeast-south-
southwest-trending, asymmetrical rift basins in the upper crust beginning
in the Middle Triassic and accelerating during Late Triassic to Early
Jurassic time (Bernoulli, 1964; Kélin and Trimpy, 1977, Bertotti, 1990).
Extensional shearing of the decp crust continued in the quartz-rich para-
gneisses into Early Jurassic time when temperatures in the Ivrea zone fell
to below ~300 °C (Figs. 4a and 4b) and deformation along the Pogallo
line switched from mylonitic to cataclastic. The ilocally high paleo-
geothermal gradient manifested by the syntectonic microstructures and
mineral assemblages of the Pogallo shear zone indicates that retrograde
middle- to upper-amphibolite-facies conditions persisted in the lower
crustal parts of the Ivrea zone during the carly stages of Pogallo shearing.
Amphibolile-facies annealing in some mylonitized metabasite and perido-
lite {Fig, 6a) suggests that episode 2 shearing in these deeper crustal rocks
stopped earlier than in the relatively weak paragneisses and schists. The
similarity of stretching lineation orientalions and sense-of-shear directions
in the Pogallo shear zone and in high-temperature mylonite zones (Brodie
and Rutler, 1987; Handy, 1987) is therefore attributed to the kinematic
coincidence of deep-crustal shearing regimes during late Paleozoic cast-
northeast—west-southwest sinistral transtension and Triassic to Early Ju-
rassic, east-west—directed Tethyan rifting (diagrams and equal-area
projections will be shown in Figs. 11z and 11b).

Emplacement Tectonics (Episode 3)

A system of major faults and related brittle folds collectively forms a
broad hinge zone that separates uplifted steeply dipping parts of the Ivrea
and Strona-Ceneri basement units from their Permian-Mesozoic sedimen-
tary cover to the south and east (Cremosina, Val Cuvia, Pogallo, Lago
Maggiore, and Lugano-Grona lincs in Fig. 1). These faults are inherited
late Paleozoic and early Mesozoic structures (Bernoulli, 1964; Kilin and
Triimpy, 1977, Bertotti, 1990) that were reactivated as brittle thrust
and/or strike-slip faults during the Alpine orogeny. The abrupt changes in
biotite ages among basement blocks separated by reverse faults and thrusts
(Fig. 4d) manifest differential uplifi, rotation, and fragmentation of the
originally deeper levels of the Ivres crustal cross section. Locally, faulting
and associated hydrothermal activity have led to a partial resetting of a few
of the biotite ages, particularly along the Insubric line (some of the 120- to
170-m.y. ages n Figs. 4c and 4d).

Regarded on the scale of the Alps, the arcuate shape of the Ivrea zone
and the episode 3 fault movement pattern in Figure 1 reflect transpres-
sional tectonics at a restraining bend of the Insubric line, where the main
part of the Adratic plate (southern Alps) indented both the European
plate (Penninic units) and marginal fragments of the Adriatic plate
(Austro-Alpine units; Laubscher, 1971; Schmid and others, 1989). In
detail, the kinematic history of episode 3 faulting in Figure 1 is very
complex (Schumacher, 1990; area east of Lago Maggiore) and is related to
several Alpine teclonic events: (1) Late Cretaceous and/or Paleocenc
thrusting and uplift, possibly associated with pre-late Eocene, south-



248

HANDY AND ZINGG

MINERALS

\ \VISClDUS

\ @’?
O
\ —:l__-

O

Flow Strength—
Flow Strength —=

<>\ Figure 9. Diagrams of creep strength
versus temperature for rocks (a) and minerals
{(b) in the Ivrea zone based on observations in
Figures 3, 5, 6, and 7 and the criteria dis-

4 cussed in the text.
200 400 600 800 800
Temperature °C Temperature °C
Symbots Symbols

—+ mylonite (grainsize < 50 pm) O quartz v garnet

sthist O feldspar § biotite
O{paragneiss & amphibale = white mica
A amphibotite [J olivine 5 chlorite
(O diorite & gabbro {> pyroxene
(1 peridohite

&> pyroxenite

vergent thrusting farther to the east in the Adamello region of the southern
Alps (Brack, 1981); (2) late Eocene to early Oligocene thrusting, evi-
denced by Oligocene conglomerates of the southcrn Alpine molasse that
include components of upper Eocene limestone (Bernoulli and others,
1989): (3) Oligocenc to Miocene transpressional Insubric tectonics, involy-
ing south-vergent thrusting and dextral strike slip (Schmid and others,
1987, 1989); and (3) early or late Miocene thrusting, observed at the
contact between Mesozoic and Tertiary cover rocks south of the Lago
Lugano (Fig. 1; Bernoulli and others, 1989). Due to the relatively discrete
nature of brittle deformation, Alpine faulting has not greatly altered the
older internal structural and metamorphic features of the exhumed lower
crust, nor has it seriously disrupted the original depth sequence of crustal
levels presently exposed in the area of Figure 1. Because displacements
along the major strike-slip faults (for example, Cremosina line) are poorly
constrained, however, the amount of lateral offset between the subvertical
Ivrea-Strona-Ceneri basement section and its sedimentary cover is
unknown.

COMPARATIVE RHEOLOGY OF ROCKS AND
MINERALS DEFORMED IN THE DEEP CRUST

Curves of creep strength versus temperature for naturally deformed
rocks and mineral aggregates shown in Figure 9 are derived from observa-
tions of episode 1 and 2 structures reviewed above. These semiguantitative
diagrams arc valid for the full range of strain rates estimated for natural
viscous creep of silicate rocks at depth (10-19 and 10-1% s-1), although
most of the creep-strength curves stem from observations in high-strain-
rate (10719210712 ¢-1y shear zones. Temperature is estimated from the
syntectonic mineral assemblages and geothermometry, whereas the rela-
tive strengths among naturally deformed rocks and minerals are approxi-
mated from the meso- and microstructural criteria outlined above.

There is good agreement between the inferred relative strengths of
naturally deformed rocks and the relative creep strengths reported for

Black symbols indicate
syntectomic  grainsize < 50 pm

experimentally deformed monomineralic aggregates (for example, Carter
and Tsenn, 1987). Quartz-rich rock is weaker than feldspathic and amphib-
olitic rocks. Metabasite is approximately equal in strength to peridotite at
very high temperaturcs, but is weaker than peridotite toward lower
temperatures. Generally, the relative flow strength among rocks and min-
erals increases with decreasing temperature, reflecting the trends of increas-
ing stress and strain partitioning during crustal cooling. Isothermal
variations and inversions in the relative strength of nawrally deformed
rocks and minerals shown in Figure 9 indicate the importance of strain-
dependent reductions in grain size on the rheology. Grain size reduction in
experimentally deformed rock is associated with a marked strength drop at
constant strain rate, especially if the grain size is sufficiently small for
dislocation- and diffusion-accommodated grain boundary sliding mecha-
nisms 1o become rate competitive with intracrystalline plasticity (Etheridge
and Wilkie, 1979; Schmid, 1982).

The microstructural observations above indicate that approximating
the flow strength of polymineralic rocks by extrapolating experimental
flow laws for monomineralic aggregates o natural strain rates is justifiable
for a wide range of crustal compositions and conditions. In many rocks,
one mineral is inferred to control the bulk rheology and shows microstruc-
tural evidence of dislocation creep (Handy, 1990). In mylonite with a
uniformly fine graia size and in some rock deformed at very high homolo-
gous temperatures, however, two or more minerals deforming by diffusion
creep and/or dislocation creep are inferred to have controlled viscous flow
together (Fig. 6). Using experimental monomineralic flow laws for one of
the constituent minerals to estimate the strength of such rocks is not strictly
valid, but probably does not lead 10 significant over- or underestimates of
rock strength if the mineral strength contrasts are less than an order of
magnitude. By far the largest source of uncertainty is the propagation of
experimental error associated with the extrapolation of experimental flow
laws from laboratory to natural strain rates (Paterson, 1987). What should
clearly be avoided is the extrapolation of laboratory creep laws for poly-
muneralic rocks in which the constituent mincrals have strength contrasts
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of an order of magnitude or greater at experimental or natural strain rates,
Extrapolating creep laws from experimental to natural conditions entails
assuming that either stress or strain rate is homogeneous on the grain scale.
This results in significant under- or overestimates of bulk creep strength,
especially for rocks with high volume percentages (z70%) of very strong
minerals (discussion in Handy, 1990).

Figure 11. Recon-
struction of the southern
Alpine continental crust
during the two stages of
episode 2 crustal shear-
ing: (a) late Paleozoic
transtension and (b) Late
Triassic to Early Jurassic
rifting. Upper crusial ba-
sinal geometry and thick-
nesses in b are modified
from Bernoulli and others
(1979). Equal-area dia-
E grams depict the average
- 0 pre-Alpine orientation of
episode 2 stretching linea-
tions (arrows) and folia-
tion in the high-tempera-
ture shear zones (from
Brodie and Rutter, 1987,
and our own data) and
the Pogallo shear zone
(from Handy, 1987). Sym-
km bols: P, Pogallo shear
zone; LM, Lago Maggi-
ore line; LG, Lugano-
Grona line. See Figure 1
for present map location
of these structures.

100 km

Lower crust
metabasite, paragneiss

Cataclasis
Noncoaxiat mylonitic flow

RHEOLOGICAL EVOLUTION OF THE SOUTHERN
ALPINE CRUST

Figure 10 contains a sequence of profiles of strength versus depth
through the Ivrea-Strona-Ceneri basement section and its upper crustal
cover during episodes 1 and 2 shown in Figure 2. These profiles are
constructed for a combination of Mohr-Coulomb frictienal sliding and
intracrystalline, power-law creep at an assumed average crustal shear
strain rate of 10714 577 (see Meissner and Strehlau, 1982, for details of
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construction). The temperature-depth profiles in the nighthand column of
Figure 10 are derived from the mineral parageneses, geothermometry, and
radiometric age determinations in the Ivrea and Strona-Ceneri zones (re-
views in Zingg, 1983; Zingg and othcrs, 1991).

The monomineralic aggregates used to model viscous creep in Figure
10 are chosen in accordance with the microstructural observations above
(Fig. 6) showing which minerals controlled the creep behavior in each
compositional domain of the Tvrea—Strona-Ceneri basement section; hy-
drous quartzite (Jaoul and others, 1984) represents the rheology of upper
and intermediate crustal gneiss and schist in the Strona-Cenerl zone and
the [vrea zone, whereas anhydrous guartzite (Jaoul and others, 1984) and
anorthosite (Shelton and Tullis, 1981) simulate the flow of granulite-factes
paragneiss and feldspathic metabasite in the lower crustal part of the Ivrea
zone. Lower crustal metabasite bearing less than 20 vol. % feldspar is rare
in the vrea zone (Schmid, 1967), and so is rheologically insignificant on
the crustal scale. Two dunite creep laws (Chopra and Paterson, 1981) are
used to represent the creep of hydrous peridotite (grain sizes of 100 and
900 pm) in the lower crust and the upper mantle originally underlying the
Ivrea crustal cross section. Valugs of the frictional constants are from
Byerlee’s (1978) compilation of experimental data for a wide range of
crustal rocks. These frictional constants are valid to effective pressures of
about 1,500 MPa in most crystalline rocks (Stesky, 1978). In the absence
of good constraints on pore-pressure gradients in the lithosphere, effective
pressure in the frictional sliding regime is assumed equal to lithostatic
pressure (that is, pore pressurc = 0). There is microstructural evidence of
lecalized synmylonitic pore-pressure cycling and stick-slip behavior at the
transition from viscous creep to frictional sliding in some mylonites of the
Pogallo line (Fig. 4.20 in Handy, 1986), but for the sake of simplicity, such
transient ¢ffects are not included in our model (see, however, Etheridge
and others, 1984). Deformation is assumed to be simple shear in the
triaxial stress state (| > o = a3). This formulation is used because most
large-strain structurcs in the Ivrea crustal cross section were originally
horizontal to subhorizontal at depth.

During Paleozoic deformation (episcde 1), strain in the lower and
intermediate crust is homogeneously distributed on the crustal scale owing
to the low strength contrasts among rocks and minerals. This sirain distri-
bution implics that regional stress levels were at least as high as the creep
strength of peridotite and pyroxenite, the strongest rocks in the crustal
section. The experimentally predicted strength contrasts across the crust-
mantle transition in Figure 10a are too large to account for the homogene-
ous distribution and style of episode 1 deformation in the Ivrea zone. This
discrepancy is duc partly to the assumption of a constant regional strain
rate for all lithological layers, which maximizes estimates of strength con-
trast at lithological boundaries. In addition, the syntectonic olivine grain
size in the upper mantle may have been smaller than that of the experimen-
tally deformed dunite used bere (100-900 xm) and observed in strongly
anncaled Ivrea peridotite (~2 mm). Small grain size enhances impurity
weakening in silicates through diffusion and/or microcracking at the grain
boundaries and promotes grain-size—sensitive creep mechanisms (for ex-
ample, Jaoul and others, 1984).

Overall cooling and decompression during episode 2 lithospheric
extension led to a marked contrast in the deformational behavior of the
different crustal levels as siress and strain were concentrated within mylo-
nitic shear zones (black layers in Figs. 10b and 10c¢). During late Paleozoic
time, transtensional faulting and basin formation in the upper crust and
high-temperature shearing in the deep crust (Ivrea zone) were accommo-
dated by dilation and magmatism, especially in the intermediate crustal
Strona-Ceneri zone (Early Permian granite and volcanic and volcaniclastic
rocks in Fig. 1), Triassic to Early Jurassic rifting involved brittle exten-
sional faulting of the upper and intermediate crust and retrograde shearing
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in the lower crust and basal part of the intermediate crust. The corrclation
of retrograde amphibolite- to greenschist-facies mylonitization with rapid
cooling in the Ivrea zone at a time when the Strona-Ceneri zone was
alrcady cool (Fig. 4) is consistent with the interpretation that the hot lower
crust was uplifted with respect to the intermediate crust during extension.

The contrasting orientation of episode 1 folds in the Ivrea and Strona-
Ceneri zones described carlier probably reflects the partitioning of episode
2 strain into the Ivrea zone as well as the aforementioned differences in the
episode | tectonometamorphic histories of the two hasement units. In the
deeper and hotter Ivrea zone, episode 2 shearing is interpreted to have
parily rotated episode 1 fold axes into their current northeast-
southwest-trending orientation, subparallel to the shearing direction indi-
cated by the northeast-plunging mineral stretching lineations in mylonites.
The originally cooler Strona-Ceneri zone is largely unaffected by penetra-
tive episode 2 shearing, and episode 1 folds retained their widely varied
orientations, Therefore, the oldest structural and metamorphic features arc
best preserved in the intermediate crust.

The potential significance of such localized shearing for passive mar-
gin structure is shown in Figure 11b. Gur reconstruction of the southern
Alpine crustal configuration in the early Mesozoic locates the Ivrea-
Strona-Ceneri basement section at or near the base of the rapidly thinning
neck of the continental crust. Shear zones in the lower crust and at the base
of the intermediate crust acted as decoupling horizons between the inter-
mediate to upper crust and upper mantle. The foundering of the southern
Tethyan continental margin during Late Triassic and Early Jurassic time
involved the development of asymmetrical basins bounded by listric faults
with opposite dip directions (Fig, 11b; Bernoulli and others, 1979; Win-
terer and Bosellini, 1981). This upper crustal extensional configuration
may reflect conjugate low-angle master faults at depth (Fig. [1b) that
initially accommodated bulk coaxial shear of the continental margin. The
subsequent westward shift in the locus of rapid sedimentation at the end of
Farly Jurassic time suggests that rifting of the southern Tethyan continen-
tal margin migrated toward the eventual ocean-spreading axis (Gaetani,
1975, Winterer and Bosellini, 198 1). This is inferred to have been coupled
with a westward increase in the component of bulk noncoaxial shear as
strain was increasingly accommodated within one of the conjugate master
faults. Stepwise crusial delamination {Lister and others, 1986) of the distal
{western) part of the southern Alpine continental margin occurred along
large zones of noncoaxial shear like the Pogallo shear zone (Fig. 11b) that
became more diffuse with depth toward the continent before transferring
extensional strain from the crust into the mantle. The continentward dip of
large shear zones in the lower crust and of most brittle faults bounding
asymmetrical basins in the western part of the upper sauthern Alpine crust
is compatible with the idea that extensional faulting {n the upper and
intermediate crust propagated across the eventual spreading axis of the
Tethyan ocean (see Le Pichon and Barbier, 1987). This geometry ulti-
mately resulted in the thinning out of the intermediate crust in highly
attenuated, distal parts of the rifted, southern Tethyan continental margin
(Fig. 11b). Such a Mesozoic extensional configuration provides an alterna-
tive to Alpine transpressional tectonics as a way of bringing pre- and
synrift Canavese sediments of the southern Alps into their present contact
with deep crustal rocks of the Ivrea zone (Figs. 1 and | 1b).

DISCUSSION AND CONCLUSIONS

The high-strain rheology of the southern Alpine continental crust is
very sensitive to changing physical conditions of deformation (especiaily
temperature) and to the location and orientation of inherited structures.
Strength contrasts between intermediate to lower crustal rocks and upper
mantle rocks in the Ivrea crustal cross section are inferred to be low at the
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natural strain rates, high temperatures, and high pressures of Paleozoic
regional metamorphism, If interlayered ultrabasic and metabasic rocks in
the originally deepest levels of the [vrea zone are considered to represent
the pre-Alpine Moho (Fountain, 1976; Hale and Thompson, 1982), then
the similay style and orientation of Palcozoic folds in these rocks suggests
that the continenta] Moho was not a significant mechanical discontinuity,
at least during Paleozoic orogencsis,

Penctrative viscous flow during late Paleozoic and carly Mesozoic
crustal atienuation is lecalized within the lower crust and within quartz-
rich rocks &t the base of the intermediate crust (Ivrea zone). The later
rocks were sheared during both Paleozoic and early Mesozoic 1imes and
represent a major detachment horizon within the southern Alpine crust.
Higher levels of the intermediate crust {Strona-Ceneri zone) are largely
unaffected by cxtensional flow, and so preserve the older structures and
metamorphism better than do deeper crustal levels. Mylonitie shear zones
ar¢ ubiquitous and equally well developed in all rock types of the Ivrea
zone, sugpesting that rheological instabilities that developed during shear-
ing (for example, as the result of syntectonic mineral reactions) were at
least as important in localizing strain as were instabilities that arosc from
pre-cxisting compositional and lithological inhomogeneities.

The localization of stress and strain into large shear zones within the
crust (s similar to the much smaller-scale concentration of stress and strain
into the weakest mineral(s) of a polymincralic rock (Handy, 1990). By
analogy. znastomosing mylonitic shear zones are inferred to control the
high-strain rheology of the crust, even though they make up a relatively
small proportion (10%-20% by volume) of the crustal section. Because the
viscosily of such lme-grained shear zones is sipnificantly below that of the
adjacent less- or undeformed rocks, lithospheric strength is probably con-
siderably less than that predicted in many rheological modcls which as-
sume only power-law dislocation creep at constant strain rate, grain size,
crustal structure, and thermal gradient.

Finally, how are big picces of lower continental crust like the Ivrea
zone uplifted and deformed without being completely overprinted? The
theoretical rheological concept of “whole lithosphere failure™ or WLF
(Kuznir and Park, 1986} predicts that large horizontal strains are possible
only aflter flow siresses exceed the yield strength of all rocks and the entire
lithosphere deforms either by dislocation creep or frictional sliding. Clearly
this is inconsistent with the preservation of old structures and mineral
assemblages between mylonitic shear zones, indicating that flow stresses
only locally exceeded yield strength. A more plausible explanation for the
zonatien of fabrics of different ages about shear zones is that increasing
stress concentration within shear zones during progressive strain localiza-
tion was accompanied by rapid stress relaxation in those parts of shear
zoncs that became inactive during localization. Future studies aimed at
reconstruciing the stress history of crustal-scale fault zones may provide the
conceptaal basis for more soplusticated modeling of lithospheric theology.
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