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The Solid-State Flow of Polymineralic Rocks

MaRrk R. HANDY

Geologisches Institut, Universitit Bern, Bern, Switzerland

Polymineralic rocks display three end-member types of mechanical and microstructural behavior:
(1) strong minerals form a load-bearing framework that contains spaces filled with weaker minerals; (2)
two or more minerals with low relative strengths control bulk rheology and form elongate boudins; (3)
one very weak mineral governs bulk rheology, while the stronger minerals form clasts. A concept of
strain energy partitioning in polyphase aggregates allows the expression of the bulk strength of a rock
in terms of its strain rate, temperature, and the volume proportions and rheological properties of its
constituent minerals. Bimineralic strength versus composition relations predicted with this model are
highly nonlinear and mimic the rheological behavior of experimentally deformed bimineralic aggre-
gates. Quantitative analysis of microstructures in quartzo-feldspathic tectonites suggests that foliation
development leads to a significant reduction in rock stremgth. This is due to decreased stress
concentration within the deforming aggregate as matrix and clast grain size is reduced and the average

spacing between strong minerals increases.

1. INTRODUCTION

The solid-state flow of rocks is commoniy simulated by
extrapolating steady state laboratory flow laws for mono-
mineralic aggregates to natural strain rates and temperatures
in the lithosphere [e.g., Carter, 1976; Brace and Kohistedt,
1980); Kirby, 1980; Carter and Tsenn, 1987]. This approach is
valid if one mineral is sufficiently weak or abundant with
respect to the other mincrals to actually control the rheology
of the rock and if the microstructure and rheology of the
rocks do not vary greatly with strain. However, microstruc-
tural studies of polymineralic tectonites usually show that
several minerals (rather than just one very weak mineral) are
deformed and collectively determine the rheology of the
aggregate [e.g., White et al., 1980]. Ductile and brittle
faulting involve drastic localized changes in microstructure
(e.g., grain size reduction, foliation development} which
effect changes in the dominant deformation mechanisms
governing the flow of polymineralic rocks le.g., Whire,
1976]. The extrapolation of laboratory flow laws for polym-
ineralic rocks to natural strain rates is problematic because
the constituent minerals have differing nonlinear creep
strengths [Kronenberg and Shelton, 1980; Horowitz et al.,
1981]. In nature, both stress and strain are partitioned
according to the relative creep characteristics of the minerals
making up the rocks. As will be shown in this paper, the
degree of stress and strain partitioning in & deforming rock
depends strongly on the proportions, shape, and distribution
of the minerals, as well as on the temperature, strain rate,
and grain size dependencies of creep in these phases. The
effect of strain on such rock-specific characteristics bears
important implications for long-term lithospheric rheology.

2. REVIEW OF PREVIOUS WORK

Experimental deformation of two solid-phase aggregates
indicates that the weakest phase exerts a disproportionately
large effect on the strength of the aggregate [Le Hazif, 1978].
Strength versus composition relations in rocks are highly
nonlinear, such that the weakest mineral governs the
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strength of the rock for volume proportions of the weak
mineral, ¢,,, ranging from about 0.3 to 1.0 [Shelron and
Tullis, 1981: Price, 1982; Jordan, 1987; Ross et al., 1987].
Carter et al. [1981] showed that the activation energy of
creep of dry Westerly Granite is closest to that of quartz, the
mineral which was microscopically observed to have accom-
modated the most strain. For rocks with very low volume
proportions of the weakest mineral (¢, < 0.3), Tharp [1983]
has drawn an analogy between the weakening effect of pores
on the strength of powder metals and the weakening effect of
a sufficiently weak mineral on the strength of a polymineralic
rock. Provided that the strong phase forms a load-bearing
framework and the relative strength of the constituent
phases is 10 or more, the bulk strength of a deforming
aggregate depends primarily on the strength of the strong
phase and on the shape and distribution of the space that
contains the weak phase [Eudier, 1962; Ishimaru et al., 1971;
Griffith et al., 1979]. Jordan [1988] described the deforma-
tional behavior of bimineralic rocks as a combination of the
Eudier-Tharp model for low ¢, and a planar “‘two-block”
model for intermediate to high ¢, compositions. In the
planar two-block model, the weak mineral forms an inter-
connected matrix, and the strong mineral is assumed to be
rheologically passive. Jordan's concept is very similar to
that proposed by Arzi [1978] for the rheology of partially
melted rocks and demonstrated experimentally for partially
molten granite [Van der Molen and Paterson, 1979]. Recent
experiments on partial melt rheology also demonstrate the
nonlinear dependence of strength on suspension density and
melt composition {Ryerson et al., 1988].

To a first approximation, polymineralic rocks undergoing
subsolidus, solid-state flow can be compared to a suspension
of rigid spheres in a viscous liquid. Finstein's [1906, 1911]
classical treatment of suspensions adequately predicts the
rheology of dilute suspensions but breaks down at high
suspension concentrations. Subsequent attempts to extend
Einstein’s hydrodynamic theory to dense suspensions [e.g.,
Roscoe, 1952; Frankel and Acrivos, 1967] are limited by the
assumption of an idealized, invariant packing configuration
of the rigid spheres. More recent investigations reveal that
most inhomogeneous materials are highly thixotropic [e.g.,
Gadala-Maria and Acrivos, 1980; Pitzold, 1980] and that the
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Hyvpothetical diagram of normalized aggregate strength (Jeft-hand axis) versus volume proportion of the

weak phase (horizonal axis) for i two-phuse aggregate. Right-hand axis is the relative strength of the strong and weak
phases, Heavy line is the boundary between framework-supported rheologics {domain 1)} and matrix-controlled
rheelogies (domains 2 and 3). Stippled curve indicates the transition from a boudin-matrix rheology (domain 2) to o
clust-matrix rheology (domain 3). The characteristic microstructure in cach of the rheological fields is depicted beside
the diagram. Thin curves are the contours of normatized rock strength at various nmuncral strength ratios that are
indicated on the righi-hand axis. Expanded diagram of area in dashed box (top left) shows in detail the contours of
normalized rock strength at very low volume proportions (é,. -7 0.1) of weuk phase.

rigid spheres in the deforming suspension tend to cluster at
high strains [e.g.. Bowillot et al., 1982; Brady and Bossis,
1985].

Modelling of the slow deformation of viscous composites
has so far been restricted to the special case of lincar viscous
materials containing ¢llipsoidal inhomogeneities of different
viscosity [Gay, 1968; Bilby er al., 1975]. The geological use
of such models is limited by the fact that the viscous creep of
most rock-forming minerals is highly nonlincar over a broad
range of homologous temperatures and strain rates |e.g.,
Carter, 1976 Sclhmnid, 1982]. **Self-consistent™ modelling of
two-phase aggregates [e.g., 1, 1963. Chen and Argon,
1978] successfully predicts the disproportionately large rheo-
logical effect of the weakest phase but averages the etfects of
local stress concentration on the deforming matrix. This
leads to an overestimation of deformational resistance and
creep moduli of the composite [Chen and Argon, 1978]. The
“bounding theorems™ approach [Hutclinson, 1976] is not
effective for cases where the elastic moduli of the constituent
phases in the aggregate diverge (e.g.. aggregates with rigid
inclusions or two power law hardening materials).

Many of the experiments cited above were conducted at
low coaxial strains (-240%) and at conditions favoring high
strength contrasts (= 10) among the phases in the aggregate.
However, the complete range of rheological behavior in
polyphasc aggregates also includes conditions for which the
strength contrasts between constituent phases are small.
Such rheologies are geologically relevant, because differ-
ences in the temperature, strain rate, and grain size depen-

dencies of creep in minerals are such that mineral strength
contrasts can ¢asily decrcase to less than an order of
magnitude under some natural conditions (e.g., extrapolated
creep laws of Carter and Tsenn [1987)).

3, A ConNceEPTUAL MODEL OF POLYPHASE RHEOL.OGY

3. Microstructural Observations and Mechuanical
Inferences

Polyphase aggregates show three end-member types of
microstructural and mechanical behavior (Figure 1). This
subdivision is based on mechanical inferences from micro-
structures of natural tectonites (examples in Figures 2, 3,
and 5) and from cxperimental and theoretical work on
polyphase aggregates. The compositional dependence of
polyphase rheology is conveniently depicted in normalized
strength versus volume-proportion diagrams such as Figure
I [Fordan, 19871, Normalized strength, o ormatived » 18 defined
us the ratio of the strength of the two-phase aggregate to the
strength of the strongest phase at the temperature and strain
rate of deformation. The strength ratio of the strong and
weunk phases (0ggne/@weai? In the rock is shown on the
right-hand axis of Figure . The ficlds are contoured for
normalized reck strength at various strength ratios of the
constitucnt phases.

Domain 1 in Figure 1 is the framework-supported field, in
which the strong phase forms an interconnective, load-
bearing (ramework that separates spaces filled with a weak
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phase (example in Figure 2a [Arzi, 1978, Tharp, 1983]). As
noted in section 2, the strength of the aggregate depends
primarily on the strength of the strong phase and on the
shape, size, and distribution of the weak phase. Domain 2,
the boudin field, is characterized by elongate boudins of the
stronger phase in a weaker matnx (Figure 3). The relative
strength of the mincrals is low and the significant strain in
both phases indicates that both phases are rheologically
active. Domain 3 is the clast-matrix field. The strong phase
forms relatively undeformed clasts (Figures 26, 2¢, and 6a)
and so is inferred to be rheologically passive. Such micro-
structures are indicative of higher mineral strength ratios
than in domain 2.

The structural and rheological behavior outlined above
reflects the stress and strain rate partitioning amongst the
constituent minerals of a rock deforming at given bulk strain
rate and temperature-pressure conditions. The contours of
normalized rock strength at constant mineral strength ratio
(thin curves in Figure 1) are generally drawn with a negative
sloping, concave-upward shape since the increase in bulk
strength with decrcasing ¢, is more pronounced at high
relative strengths and low volume proportions of the weak
mineral. This is because strain compatibility problems arise
when there is a smaller volume of rheologically active
mineral present to accommodate strain or when the ductility
of the stronger mineral decreases with respect to that of the
weaker mineral. Both conditions induce stress concentra-
tons in the matrix which increase the bulk strength of the
aggregate (see section 4.1).

The mechanical boundary of domain | with domains 2 and
3 is predicted to be sharp (heavy line in Figure 1), since the
geometrical transition from a framework-supported to a
matrix-supported structure is discontinuous [Arzi, 1978). In
contrast, the boundary separating domains 2 and 3 (stippled
curve in Figure 1) is probably diffuse and is marked by a
slight steepening of the mineral strength ratio contours going
from domain 2 to domain 3. This boundary corresponds with
the onset of significant ductility in the stronger mineral, so its
width depends strongly on the relative elastic properties of
the minerals, as well as on the shape and spatial distribution
of these minerals in the aggregate. The shape of the bound-
ary between domains 2 and 3 is experimentally uncon-
strained in the absence of mechanical data for aggregates
with low relative mineral strengths. However, domain 3
behavior is expected to extend to low mineral strength
contrasts at very high ¢, (Figure 1), since stress concentra-
tions are negligible in nearly pure, homogeneous substances.
With decrcasing ¢,,., yielding of the strong mineral probably
occurs at progressively higher mineral strength contrasts due
1o the increase in stress concentration as local strain com-
patibility becomes more difficult (0 maintain. Together,
thesc considerations suggest a positively sloping, concave-
upward shape for the diffuse boundary area separating
domains 2 and 3 (Figure 1). The change in slope of the bulk
strength curves across this domain boundary reflects differ-
ences between domains 2 and 3 in strain accommodation and
strain compatibility within the deforming aggregate. In do-
main 3, only the weak mineral deforms whereas the strong
mineral(s) remains rheologically passive and concentrates
stress and strain in the weak matrix. In domain 2, both the
strong and weak phases accommodale strain (Figure 3), so
that strain compatibility requirements are relaxed and the
compositional effects are less pronounced than in domain 3.
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The relative strength of the constituent mineral phases in
domains 2 and 3 is crudely constrained for intermediate ¢,,
values from a combination of experimental and theoretical
studics. Jordan [1987] reports that calcite forms porphyro-
clasts in a matrix of halite under experimental conditions for
which the creep strength of calcite is at least 10 times that of
halite. Furthermore, computer simulation of deformed vis-
cous materials indicates that a mineral strength contrast of at
least 10 : 1 is necessary for porphyroclasts of a harder phase
to retain their shape after large strains [Scors, 1987]. Taken
together, these observations suggest a minimum strength
contrast amongst minerals of 10 : 1 in domain 3 over inter-
mediate to high ¢, values. By the same criteria, mineral
strength contrasts in domain 2 are inferred to be less and
probably do not exceed the 10:1 value for the same
compositional range.

3.2.  Effects of Strain, Strain Rate, Temperature,
and Pore Pressure

The microstructural sequence in Figure 2 shows that
progressive strain of a quartz diorite (¢, = 0.2 — 0.3) leads
to the disintegration of the feldspar framework and to the
development of a foliation which is generally parallel to the
shear zone boundary (i.e., the shearing plane). Whereas the
weak quartz phase initially occupies unconnected pockets in
Figure 2a, the quartz in Figures 26 and 2c¢ forms intercon-
nected, microscale shear zones comprising lenticular strands
of fine, dynamically recrystallized aggregates. This significs
a strain-induced transition from a framework-supported to a
matrix-supported rheology and is observed in experiments to
coincide with a significant decrease in rock strength [Le
Hazif, 1978; Jordan, 1987]. Thus, prior to straining or at very
low strains, the boundary curve for domain 1 is inferred to
form a broad shoulder at ¢,, of 0 to ~0.30 (thick dashed line
in Figure 4a). Progressive straining and “'foliation weaken-
ing” [Jordan, 1987] results in a downward movement of
most of the boundary curve to lower normalized strengths
(arrow and thick solid line in Figure 4a). In experiments,
foliation development and associated weakening is observed
after coaxial strains of only 309 or even less [e.g., Le Hazif,
1978; Jordan, 1987).

For sufficiently small ¢,. values (<0.2), the weak phase
may ncver become completely interconnected, but will
remain locked in interstitial pockets which change their
shape with strain. Under these conditions, the strength of
the polyphase material depends strongly on the configuration
of these interstitial spaces. The breakdown or flattening of
the framework can involve britile failure, dynamic recovery
and recrystallization, grain size-sensitive creep, or a combi-
nation of these mechanisms, as occurs in feldspar in Figures
2bh and 2¢. The final shape and position of the domain 1
boundary curve approach that of the strength curve for a
porous solid if the strength contrast between the phases is at
least 10100 [Fudier, 1962; Tharp, 1983]:

Track = o4(1 — k2% (1)

where o, 15 the strength of the porous aggregate or
polyphase rock, o, is the strength of the strong phase, and
¢, 1s the porosity or volume proportion of weak phase. The
constant & is an experimentally or theoretically derived
structure factor corresponding to the shape and configura-
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Fig. 2. Foliation development in a quartz-diorite during greenschist facies mylonitization (Pogallo Line, Southern
Alps, northern Italy): (a) Weakly deformed diorite outside of the shear zone; feldspar grains form a load-bearing
framework (5.6 x 3.8 mm). (#) Dioritic gneiss within the shear zone,; the feldspar framework has collapsed, and
interconnected strands of quartz form a foliation roughly parallel to the shear zone boundaries (5.6 X 3.8 mm). (¢}
Closeup of Figure 2b. Individual quariz grains are highly attenuated and partly dynamically recrystallized. Feldspar
shows patchy undulose extinction, intragranular and transgranular fractures, and very limited, fine-grained dynamic
recrystallization (3.6 x 2.4 mm).
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Fig. 3.

Transition from a domain 3, clast-matrix microstructure to a domain 2 boudin-matrix microstructure in a

mid- to upper amphibolite facics. quartzo-feldspathic mylonite (Koralps, southeastern Austria). Elongate boudins and
strands of dynamically recrystallized feldspar cnclose a teldspar clast and arc themselves surrounded by dynamically
recrystailized quartz and fine-grained biotite and white mica. Notc the opague garnet clasts in the micaccous matrix (XZ

fabric plane, 3.9 X 2.6 mm).

tion of the interstitial space. Griffith et al. [1979] calculated
values of & ranging from 0.98, for perfectly spherical pores
with no stress concentrations in the necks (i.c., intercon-
nected regions) of the strong phase, to 3.8 for elliptical pores
with maximum stress concentrations in the neck regions.
According to equation (1), increased aspect ratio of the
interstitial spaces during deformation, and hence stress
concentration in the neck regions connecting the grains of
strong phase, results in a leftward pivot of the boundary
curve in Figure 4a [Jordan, 1988]. The lower part of the
domain 1 boundary curve in Figures | and 4 is constructed
with the empirical best fit value of & = 1.8 for porous metals
Ushimaru ¢t al., 1971; Tharp, 1983}, Jordan [1988, Figure 5]
has shown that values of & = 1.2 to 1.8 also fit his calcite-
halite strength data at ¢,, less than 0.3 and coaxial strains of
up to 40%. At strength contrasts of 10 or less amongst the
constituent minerals, the bulk and shear moduli of the weak
phase are sufficiently large with respcct to those of the strong
phase to increase the strength of the aggregate significantly
above that of a porous solid, The upper part of the domain [
boundary curve in Figures 1 and 4 is bent upward from the
predictions of cquation (1) for & = 1.8 to reflect this expec-
tation. At very low volume proportions of weak phase (,, <
0.1) and for mineral strength ratios greater than one, the
strength of the aggregate is predicted to exceed slightly the
strength of its strongest constituent mineral as stress is
concentrated into the neck regions of contiguous grains of
strong phase. Accordingly, the domain 1 boundary and
contours of normalized rock strength are arched convex
upward at very low values of ¢, in Figures ! and 4. This
effect is more pronounced toward higher mineral strength
ratios (see expanded diagram, top of Figure 1) but probably
decreases with increasing strain as the contiguity of the
strong phase increases (Figure 4a).

At low initial strains, the boundary between rheological
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Fig. 4. Hypothetical normalized strength versus composition
diagrams showing the effects of () increased strain, (b) increased
temperature, and (¢) increased strain rate. (d} The rheological
consequences of the syntectonic reaction in Figure 5 (sce section
3.2). Rheological domain boundaries and contours of normalized
rock strength for given values of mineral strength ratio are indicated
as in Figure 1. Open arrows in Figures 4a and 44 show the
mavement of domain boundaries and rock strength contours from
positions of lower strain (dashed lines) to higher strain (solid lines).
Solid arrows in Figures 46 and 4¢ indicate the shift in plotted
position of deforming rocks with respect to the contours of normal-
ized rock strength (see text).
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domains 2 and 3 and the contours of normalized rock
strength at constant mineral strength ratio in these domains
migrate downward (Figure 4a) as the stronger phase yiclds at
progressively higher mineral strength ratios and a foliation
develops parallel to the plane of flattening. The effect of
strain in domains 2 and 3 is greatest at intermediate to low
values of ¢, because the overall reduction in stress concen-
tration associated with foliation development is more pro-
nounced than at higher ¢,, (discussion in section 4.3), Due to
the strain-dependent leftward pivot of the domain | bound-
ary curve, the transition from framcwork-supported to ma-
trix-supported behavior occurs at progressively lower values
of ¢, (Figure 4a) [sce also Arzi, 1978; Jordan, 1988].

Once a steady stale microstructure develops in any of the
domains, further strain can change the strength contrast
between constituent minerals. This results in an upward or
downward shift in the plotted position of a deforming rock in
Figure | {i.e., a vertical movement relative to the contours of
normalized rock strength), depending on whether the strong
phase weakens or hardens with respect to the weak phase. In
Figure 3, for example, progressive dynamic recrystallization
of a feldspar clast is associated with a transition from domain
3 to domain 2 behavior, as inferred from the increased aspect
ratio of the dynamically recrystallized feldspar aggrepates in
comparison to the rounded clast shape. Based on this
structural evolution, feldspar is interpreted (o have strain-
weakened with respect to quartz.

Strain rate and temperature govern the strength contrast
between constituent minerals, and so any changes in these
parameters also shift the plotted position of a deforming rock
in Figure 1 with respect to the contours of normalized rock
strength. Strain rate and temperature arc inferred to have
opposite effects on the framework-supported rheology of
polymineralic rocks (domain | in Figures 45 and 4¢). In-
creased temperature and/or decrcased strain rate reduces
stress concentrations in the neck regions of the load-bearing
framework and so results in an upward movement of rocks
plotted in rheological domain 1 to higher values of normal-
ized strength for any ¢, (i.e., k decrcases in equation (1);
Figurc 45). Conversely, the creep strength of framework-
supported rocks decreases at lower temperatures and/or
higher strain rates due to the increase in localized stress-
concentrations {Figure 4c). Maltrix-supported rheologies {do-
mains 2 and 3) differ from a framework-supported rheology
in that temperature and strain rate usually affect the rock
strength in similar ways (compare solid arrows in Figures 4b
and 4¢). Increased temperature and strain rate lead to a
reduction in the relative strength of most minerals, shifling
the plotted position of rocks upward with respect to the
contours in rheological domains 2 and 3 (Figures 45 and 4¢).
The temperature-dependent change in the relative strength
of minerals is evidenced by the contrasting microstructural
behavior of quartz and feldspar in Figures 2c and 3, respec-
tively, for greenschist and amphibolite facies deformational
conditions. The location of the transition point separating
framework- from maltrix-supported rheologies depends
strongly on strain (discussion above} and on the relative
temperature and strain rate dependencies of creep in the two
most abundant phases that make up the rock.

Pressure effects on the creep strength of silicate rocks arc
likely to be minor for most lithospheric conditions because
the pressure sensitivity of crcep in silicates is typically much
less than their temperature or strain rate sensitivities [c.g.,
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Paterson, 1987]. However, low effective stresses associated
with high fluid pressures can induce embrittlement and
failure {e.g., Rutter, 1972] and so reduce bulk strength. Such
strength reduction is expected to be most pronounced in
domain | where the load-bearing strong phase is more creep
resistant and hence more susceptible to embrittlement than
is the weak phase at a given temperature and strain rate.

Syntectonic variations in temperature, pressure, and fluid
activity can effect changes in mineral stability that alter the
rheology of a deforming rock [e.g., White and Knipe, 1978;
Brodie and Rutter, 1985]. Figure 5 shows two stages in the
retrograde greenschist facies mylonitization of a quartzo-
feldspathic gneiss. Initially, dynamically recrystallized
quartz is the weakest phase, with the rigid feldspar clasts
undergoing incipient recrystallization and discontinuous re-
action to very fine grained white mica, clinozoisite, and
quartz (Figurc 5a). With the reaction at completion (Figure
3b), the dynamically recrystallized quartz is boudinaged, and
so the finc-grained reaction products in the matrix are
inferred to be weaker. The extreme attenuation of the quartz
ageregates suggests that the strength contrast between
quartz and the micaceous matrix is less than an order of
magnitude (see¢ section 3). The rheological evolution inferred
from the microstructures in Figure 5 is depicted schemati-
cally in Figure 4d. The syntectonic reaction simultaneously
induces overall weakening and a switch from domain 3
clast-matrix behavior to domain 2 boudin-matrix behavior.
This switch is associated with a strength inversion between
the initially weaker phase {(quartz), the strong solid reactant
(feldspar), and the ultimately weakest solid reaction prod-
ucts (mica, clinozoisite). An important consequence of this
evolution is that the leoad-bearing framework rheology is
suppressed (Figure 44). Therefore drastic strength drops are
cxpected to occur in tectonites containing large volume
proportions of a strong phase that is unstable and breaks
down to weak, fine-grained products at the ambient condi-
tions of deformation.

In summary, it is evident that rheology and microstructure
are very closely linked in rocks. Three types of stable planar
microstructure (i.e., steady statc foliations as defined by
Means [1981]) develop after only modest strains, and their
formation is related to the relative strengths and volume
proportions of the mineral phases in the aggregate. Varia-
ttons in the physical conditions of deformation change the
relative strength of these phases and so can alter the stable
microstructure of a rock. The ubiquity of the microstruc-
tures shown in Figure 1 in mylonites of widely varied
mineralogy and composition suggests that these microstruc-
tures reflect basic principles of dynamic equilibrium govern-
ing the flow of rheologically heterogeneouns crystalline ma-
terials.

4, NATURAL AND THEORETICAL CONSTRAINTS
ON POLYMINERALIC RHEOLOGY

4.1.  Stress and Strain Concentration

Establishing the nature of the deformational processes and
forces that act on the grain scale in rocks is requisite for a
better theoretical characterization of polymineralic rheol-
ogy. The contrasting rheological behavior of minerals can
lead to complex patterns of stress and strain partitioning in a
flowing aggregate, particularly in rheological domain 3.
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Microstructural changes during a discontinuous syntectonic reaction under hydrous greenschist facies

conditions, showing a transition from domain 3 to domain 2 rheology (Pogallo Line, Southern Alps, northern Italy): (a)
Wealk, dynamically recrystallized quartz matrix contains feldspar clasts undergoing incipicnt reaction te fine-grained
while mica and clinozoisite. Note the nucleation of reaction products in fractures and clast tails (XZ fabric plane, 1.4
X 1 mm). (&) Micaceous reaciion products comprise weak, fine-grained matrix that surrounds clongate boudins of fine,
dynamically recrystallized quartz. The initially weaker quartz in Figure 5« is now slightly stronger than the micaceous

reaction products (XZ fabric plane, 1.4 X 1 mm).

Figure 6a is a closeup of the domain 3 clast-matrix micro-
structure in a granodiorite mylonitized under greenschist
facies conditions, The dynamically recrystallized quartz in
the narrow areas between the feldspar clasts behaves like a
liquid constricted between solid indenters. Pinched areas
like these are the sites of extreme stress and strain gradients
within the quartz, as evidenced by the elongation of single
unrecrystallized grains (Figure 2¢) and the significant change
in dynamically recrystallized grain size (Figure 6a). To
quantify these gradients, the grain diameter and crystallo-
graphic preferred orientation in the quartz matrix were
measured in eight areas of localized microstructural steady-

state (Figure 6b). The grain size analysis of these domains is
presented graphically in Figure 6¢. The grain diameters were
measured in thin section with the line-intercept and inter-
cept-diameter methods and then corrected for the two-
dimensional truncation cffect [Exner, 1972, pp. 32 and 33].
The crystallographic preferred orientation of the quartz
grains in the eight steady state areas is strong (Figure 6b),
indicating that dislocation creep was the dominant deforma-
tion mechanism in quartz. The varied, asymmetrical quartz ¢
axis patterns suggest that shearing around the rigid feldspar
clasts was highly heterogeneous and noncoaxial. A relatively
high proportion of guartz ¢ axes in the fine-grained, high
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Fig. 6. Feldspar and quarlz microstrucunes i a granodiorite mylonitized under greenschist facies conditions
(Pogallo Line, Southern Alps, northern Italy): (@) Dynamically recrystallized quartz matrix flowing belween clasts of
plagioclasc feldspar (XZ fabric plane, scale bar in Figure 6b). () Schematic diagram ot Figure 6a, with microstructural
arcas -8 in quartz delimited by dashed lines, Lower hemisphere, equal-area projections indicate the distribution of ¢
axes with respect to the local orientation of the foliation in areas 1-7 (sce text). Finely stippled areas contain fine-grained
recrystallized mica and feldspar. (¢) Average dynamically recrystallized guartz grain size (points) with population
standard deviation (bars) for the cight areas of microstructural steady state outlined in Figure 66,
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stress and strain regions (arcas 1 and 2 in Figure 6bh) is
oricnted parallel to the Y fabric direction in the rock. These
orientations are attributed to glide on the prism {m}a}
systems al the cxpense of the basal {cla} and rhomb {r}a)
and {z}a) systems [Schimid and Casey, 1986]. This accords
with the widespread obscrvation in quartzites that prism
elide 1s activated at higher critical resolved shear stressces
than basal and rhomb glide at the low homologous temper-
aturc/high strain rate conditions characteristic of greenschist
facies mylonttization [e.g., Twllis et «l.. 1973 Schmid and
Casey, 1986]. At the same conditions of deformation, cata-
clasis is the dominant deformation mechanism for the feld-
spar (Figurc 6a). The feldspar clasts are fragmented. show
patchy undulose extinction, and only locally undergo limited
dynamic recrystallization (grain size = 5 um; see Figure 2¢).
The rounded edges of some clasts may result from the
additional activity of solution transport mechanisms.

Experimental and theoretical studies in numerous metals,
ceramics., and rocks indicate that dynamically reerystallized
grain diameter 8 is inversely proportional to the Aow stress o
according to the cquation [Twiss, 1977]

=[5 (2)

where L. and p are material constants. The p values in
quartzite range {rom @ materials best fit vidue of 0.68 [Twiss,
1977] to experimental “wet™ values of 0,71 [Mercier ¢t dl.,
19771 and L1 [Christie er al., 1980], IFor an average p value
of 0.9, the change of about 3709 in the dynamically recrys-
tallized grain size between arcas [ and 8 in Figure 6b
corresponds to flow stress contrasts in quartz of ~300% over
distances of approximately a millimeter. In order for such
high mechanical and microstructural gradients to be pre-
served on this small scale. the rite of stress drop at the end
of deformation must have lar exceeded the rate at which
dynamically recrystallized grain size could equilibrate with
stress.

The degree of stress concentration in the quartz matrix
obviously depends on clast size and spacing (Figure 7a), A
clast size-spacing factor o is defined as the ratio of the
distance between clast boundaries to the distance between
the clasl centers as measurcd along a line connecting the
centers of two clasts, Alternatively. « is an expression of the
ratio of average spacing to average size of the clasts, The
smaller the value of o at a given clast size, the smaller the
volume proportion of weak phase, &, and the greater the
stress and strain concentration between clast cenlers,

Figure 75 is a plot of dynamically recrystailized grain size
in quartz wversus the clast size-spacing factor for several
clast-matrix pairs such as shown in Figure 6. All grain size
measurements were made in the same thin section of de-
formed granodiorite. There are few matrix grain size mea-
surements at o values above 0.8 (i.e.. at high average clast
spacing 1o size ratios) due to the rclatively high volume
proportion of teldspar clasts in this particular sample.
Quartz-matrix grain size at high e values might be expected
to manifest the far-field eflects of several feldspar clasts
rather than of just one pair of clasts. However, such far-field
effcets are difficult to quantify divectly because the range of
quartz grain sizes at high a values (6 — 28-42 pm: Figure 7h)
is comparable 1o the range of grain sizes (8 = 20-50 pm)
measured in guartzose layers of this rock us well as in
mylonitized quartz veins from the same, regional s¢ale shear
zone [Hanedv, 1986, Figure 5.01].
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versis o for 15 pairs of feldspar clasts such as shown in Figure 6.
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erain size data in Figure 76 to eguation (3) in the text (correlation
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Figure 76 shows that the plot of quartz grain diameter 8
versus clast size-spucing factor « is nonlinear and is best fit
by the empirical function (Figure 7¢)

S=fut iy 3)

where the cmpirical constants are (for 8in pm) = —12.9, x
= —0.5, and ¥ — 47.3. This relation can be used to estimate
the dependence of stress concentration on clast size and
spacing in quartzo-feldspathic tectonites.

Stress concentration o, is here defined as

7= g log, (4)

where o, is the flow stress in the quartz-matrix between

clasts with a specified « value and where oy, is the flow
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calculated fram equation (6). Piczometric slress—grain size exponents for quartz. p. taken trom Moercier et af. [1977].
Twixs [1977), and Christie er af. |1980]. Vertical dashed lines in Figures 8a and 8h indicate dynamically recrystallized
arain size in the gquartz matrix. () Log viscosity of quarlz versus spacing to size ratio of the feldspar clasts calculated
from equation (7) for & range of greenschist facies temperatures, Creep paruneters for naturally hydrous quarizite taken
from Jaoul et al . [1984]: n = 2.4, 0 = 163 kM, A = | x 107" MPa " s !, Dotted curves in Figure 8¢ and 8 indicate
reduced stress concentration and creep viscosily, respectively, due to potential switch in deformation mechanisms in

quartz at grain sizes less than ~ 10 wm {see 1ext).

stress in a pure guartzite for which « = 1 and 8 = f + v,
Substituting equations (2) and (3) into equation (4) results in
an empirical expression for stress concentration in terms of
the clast size-spacing factor:

Lifat+y)7" i
Te = 3]
Lf+y)7™

Since a = (1 — d/z), equation (5) becomes

d v -p
AT—<] +vy
=: : , 6)
7 (ftw)? (

where « and z are the average clast size and average clast
spacing, respectively, and /z = 1. The dependence of
maltrix viscosity 7, on clast size and clast spacing is ob-
tained with the equation

e = FLfat =30 7

where » 1s the creep exponent of the matrix material. F is
usially expressed as A exp (—(¥RT). where 1is the absolute
temperature. € is the activation cnergy of creep. A is an
empirtcally determined constant, and R is the universal gas
constant. Equations (6) and (7) arc plotted in Figures 84 and
84 using the empirical values of £, x, and y for the my-
lonilized greenschist tacies quartz-feldspar aggregates {Fig-
ure 7¢ and equation (3)) and experimental p valucs for
quartzite in the literature (s¢e caption ol Figure §). The
experimental creep parameters in equation (7} are laken

from Jaoul et al. [1984] for naturally hydrous quartzite (sce
caption of Figure 8#).

Figure 8« indicates that stress concentration in the quartz
matrix is low for small clast sizes and for large spacings
between clasts. Further reduction of siress concentration in
the matrix is slight at clast spacing to size ratios above 1.5,
Conversely, stress concentration in the matrix rises dramat-
ically as the ratio of clast spacing to clast size decreases to
1.1. This is coupled with a drastic reduction in both stress-
dependent quartz grain sizc and viscosity of the quartz
matrix (Figure 84).

The relations in Figure 8 provide a physical explanation
for the microstructural ohservations and rheological infer-
ences made in scction 3. Grain size reduction via dynamic
recrystallization enhances the ductility of the weak phasc
with respect to the strong phase. This allows the weak phase
to accommedate a greater proportion of the strain and so to
excrt a disproportionately large weakening effect on the bulk
strength of the aggregale (asymmetrical contours in Figure
1). The reduction of stress concentration associated with
cataclasis of the strong phuse is partly responsible for the
strain-dependent decrease of bulk strength in domain 3. As
will be shown in section 4.3, the strain-dependent develop-
ment of a foliation involves an increase in the average
spacing of the strong phase particles and so also contributes
to an overall reduction in stress concentration.

The dramalic rise in stress concentration at low clast
spacing to size ratios (Figurc 8a) suggests that hydrodynamic
lubrication forces in the dynamically recrystallized quartz
maltrix govern clast intcractions and exert 2 major influence
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on the microstructure. Lubrication theory predicts that
infinite forces are required to push surfaces together at finite
velocity [Frankel and Acrivos, 1967], However, the fact that
feldspar clasts are often obscrved to be in mutal contact
indicates that lubrication theory doces not apply at very low
z/d ratios. In nature, several mechanical factors place upper
limits on stress concentration in the weak matrix, High
localized stresses can excced the fracture strength of one or
more of the constituent mincrals and so lead to cataclasis
and an associated reduction in stress concentration. Alter-
natively, the stress-dependent dynamically recrystallized
grain size in the matrix becomes sufficiently small to induce
a change in creep mechanism from dislocation creep to grain
size—~sensitive diffusion creep. Such a mechanism switch is
associated with large reductions in matrix viscosity for a
given temperature and strain rate [¢.g., Sc/unid, 1982], For
quartz creeping at greenschist facies conditions and geolog-
ical strain rates. this switch oceurs at grain sizes of ~10 um
or less (Figures 8« and 86 [Behrmann, 1985]) At conditions
favoring low strength contrasts amongst all phases (domain 2
rheology in Figure 1), stress concentration in the matrix can
induce yielding and crystal plastic flow in the strong, hitherto
rheologically passive phases. The feedback effect this has on
stress concentration in the matrix is indicated schematically
with dotted lines in Figures 8« and 8bh. Stress-induced
changes in the deformation mechanism of the weuak phase or
yielding of the strong phasc both result in a reduction in
stress concentration and an overall decreasc in rock
strength,

4.2, Partitioning of Strain Energy

The cxamples in section 3 show that strain partitioning
amongst the mineral phases in a deforming rock is clearly
tied to variations in the microstructure of that rock, us well
us Lo the physical conditions of the deformation. In this
scction. & hypothesis is advanced which relates composition-
dependent stress- and strain rate partitioning to the bulk
strength of a deforming aggregate. This facilitates the esti-
mation of polymineralic rock strength from a combination of
mechanical and microstructural information on its constitu-
ent minerals.,

At the heart of this hypothesis is the notion that deforma-
tional work and work rate done on a rock are additive. In
other words, the strain encrgy expended on an aggregate is
equal to the sum of the strain encrgy expended on every part
of that apgregate, regardless of rock composition. For an
aggregate in which all constituents undergo steady state
flow. the additive strain energy condition is cxpressed as

N
Z T8 | = ek rock (8
=1

where o, and ¢ are the stress and strain rate of the fth
constituent phasc in a rock of strength . deforming at
strain rate £,.. For constant volume creep in which strain
compatibility is maintained amongst the constituent phases
in the aggregate, strain, and hence also strain rate must be
additive. irrespective of the microstructure of the aggregate:

N
2 Pif i = Erack )
im |

3637

where ¢; is the volume proportion of the ith phase in the
aggregate, A formal theoretical treatment of stress partition-
ing in polyphase aggregates lics heyvond the scope of this
papur, but the empirical relation in equation (6) can be used
to constrain the dependence of stress partitioning on the size
and distribution of phases in a quartzo-feldspathic rock.
With the energetic and compositional constraints in equa-
tions (8) and (9. one can estimate the rock strength from the
stresses and strains in /-1 minerals in a rock, From ¢cquation
(93, 1t follows that the unknown strain rate of any phase or
phases in a rock can be determined from knowledge of the
bulk strain rate and the measured strain rate ol the remaining
phase or phases. For a simple bimineralic rock containing
minerals 7 and J. this ts expressed as

émck = g

- = (1)
1 — ¢

{"'_’; =

The strain rate of the phases can be expressed in terimy of
flow stress, provided thal a steady stale constitntive equa-
tion is available [Weertinan. 1968):

&= Fo" (1)
where o Is the stress exponent and F has been defined in
cquation (7).

Solving equation (8) for bulk strength e, and substitut-
ing equations (10) and (11) yiclds a relation which expresses
rock strength in terms of the bulk strain ratc, the volume
proportion of phases in the rock. the creep parameters of
those phases, and cither the stress or the strain rate in one of
the phases:

-+

: -1 R R
elexpn; = F7 &+ Fol”

Trozk = ;
Erock

and

, R SR
) Frovk ‘f’}} i
r;= ———

- ¢,

This equation is relevant for the case in which the stresses
and volume proportions of all phases are obtained from
piezometry and point count analysis of thin sections of
naturally deformed rock. Alternatively, if the strain rates of
all phases are determined from direct obscervation of the
evolving microstructure in experimentally deforming rock
analogues,

el 1 exp n,’]J + & fe - exp nf']
Frock = .
Frock

(13

In this equation, composition is expressed implicitly
through the differcnt strain rates measured for the constitu-
ent phases. Synkinematic microscopy of cxperimentally
deforming rock analogucs is a promising way of testing the
validity ol the strain enecrgy partitioning hypothesis for
polyphase aggregates.

Equations (12) and (13) are general expressions for domain
2 polymineralic rheology. in which both of the constituent
phases in a bimineralic rock arc rheologically active. A basic
assumption made is that ali of the rheologically active phascs
in the deforming aggregate undergo steady state flow. Mi-
crostructural evidence of work hardening and clastic/
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Fig. 9. Creep strength versus composition relations: (¢) Normalized rock strength at constant mineral strength
contrast (10 : 1 to 20 ; 1) caleulated from cquation (13) for domain 3 rheology in o quartz-feldspar rock at greenschist
facies conditions (T - 300°400°C). Dashed lines indicate rock strength for an idealized, body-centered cubic
configuration of feldspar clasts al Jow struins (equation (16)), Solid lines represent rock strength for a quarizo-
feldspathic apgregute with o perfectly planar foliation parallel to the shearing plane (see text). Dots show those portions
of the curves which lie in rheological domains | or 2 and arc therefore not strictly valid, I‘'eldspar creep parameters
| Shelton and Tutlis, 1981]: 0 = 3.9, Q = 234 kl/im 4 = 2.4 = 10 " MPa™" 7' Quarlz creep parameters as in Figure
86, () Normalized rock strength at constant mineral strength contrast (5 @ 110 20 : 1) for experimentally deformed
aggregates, Circles, calcite-halite aggrepates of Jordan [1987]) at = 35%., T = 200°C, P = 150 MPa, ¢ = %5
triangles, anhydrite-halite aggregates of Price [1982] at & = 10%, T = 200°C, P = 200 MPa, r = 10 % 5711 solid squares,
anhydrite-halite uggregates of Ross ef al. [1987) at & - 3.5%., T = 300°C. P = 200 MPa, axial displacement rate of
5% 10 ® cmifs; open squares, for steady state behavior at » - 3%, Solid portions of curves are valid for clast-matrix
rheology, dotted portions for compositional ranges over which strength data are unavailable or for which a

framework-supported rheology predominates.

frictional deformation in mylonites is largely restricted to the
rheologically passive phase(s) thal characterize domain 3
polymineralic rheology (sce Figure 2). Although non-steady
state behavior of the strong phase could be incorporated into
the hypothesis above, its contribution to the total strain
energy is probably small compared with the strain encrgy of
plastic crecp in the weakest phase(s).

4.3, Applications to Foliation Development in Rocks

The microstructures analyzed in section 4.1 can be used
together with the concepts developed in the last section to
predict domain 3 clast-matrix rheology in a quartz-feldspar
tectonite. For domain 3 rheology, the internal deformation of
the strong phases is very small {feldspar clasts in Figures 2
and 6), so their rheological effect is solely 1o concentrate
stress and strain-rale into the quartz matrix. Thus the
strength of the aggregate depends on the bulk strain rate, the
strength and strain rate of the quartz matrix. and on the
distribution and volume proportion of leldspar. Simplifica-
tion of equation (12} leads to a basic expression for the
normalized strength of a bimineralic aggregate with clast-
matrix rheology:

T rock T\

Ty ——=—
s T Erock

()

where all of the variables and subscripts have been defined
above. After substitution of equations (2}. (3), and (11} into
equation (i4). the full expression for normalized rock
strength is

FJLfa + 37 !

(15)

L . i ; Y
Erock CXP [”s In F:‘ockp_\' J

Equation (13) is plotted in Figure 9¢ for an cstimated bulk
strain rate of 2 x 10 "% s ! and mid to upper greenschist
tacics temperatures (300°—400°C) in the quartzo-feldspathic
mylonite shown in Figure 6a. The volume proportion of
quartz in the aggregale, dy,. is equated with « values from
0 to I, Experimental creep parameters for the constituent
phascs are taken lrom Shelton and Tullis J1981] for feldspar
{Hale albite rock) and from Jaoni er al. |1984] for quartzite
(naturally hydrous Heavitree quartzite). There is significant
variation amongst experimentally determined creep param-
cters in cach material Je.g., Kirby and Kronenberg, 1987,
Table 3], and the cxperimental crrors propagate when the
creep laws arc extrapolated to natural strain rates [Paterson,
1987]. However, this does not aller the gualitative conclu-
sions drawn below,

Two pairs of curves of normalized rock strength arc
depicted in Figure 9a. The lower of the two curves at a given
temperature and mineral strength contrast describes the
strength of an aggregate with a perfectly planar distribution
ot strong and wcak phasces atter high-strain deformation.
These normalized strength curves are obtained via direct
substitution of the ¢, values for the clast spacing to size
{actor « in cquation (15). There arc no localized stress
concentrations in this deforming aggrepate, becausc the
feldspar is contained within perfecty planar foliational lay-
ers parallel to the shearing plane. The upper of the two
curves at a given temperature and mineral strength contrast
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in Figure 9a represents the normalized rock strength for
aggregates with a body-centered cubic confgurition of {chd-
spar clasts. This conliguration corresponds to an idealized,
zero strain arrangement of feldspar clasts in which clast
spacing is minimized and stress concentration in the quartz
matrix is maximized., For a body-centered cubic configura-
tion of clasts. the expression for the a factor in terms of &,
that is substituted into cquation (15) is

1/3

3
a=1—]—00—-4d¢,)

W

(16)

The shape, slope, and relative position of the curves of
normalized rock strength in Figure 94 accord with the
inferences made in section 3.2 regarding the disproportion-
ately strong rheological influence of the weak phase and the
strain dependence of rock strength in rheological domain 3.
The Jower bulk strength associated with the presence of a
foliation can be attributed solely to the mcrcase in average
spacing betwceen feldspar clasts if the average clast size is
assumed to remain constant (recall equation {6) and Figure
8a). However, in naturally deformed rocks this increased
spacing effect probably operates together with grainsize
reduction of both clasts and matrix to reduce the bulk
strength (see Figures 2« and 26). Both pairs of strength
curves in Figure 9a are only valid for end-member geomet-
rical distributions of clasts in a two-phase aggregate and
therefore are expected to bracket the normalized strength
composition curves for naturally and experimentally de-
formed bimineralic aggregates at similar mineral strength
contrasts. Comparison of Figures 9a and 96 sugpgests that
this is indeed the case. The experimentally defoermed bimin-
eralic aggregates whose normalized strength curves appear
in Figure 96 all display a strong foliation parallel to the ptane
of finite extension [Price, 1982; Jordan, 1987, Figure 1; Ross
et al.. 1987, Figures 4 and 6]. Observed in detail, the clasts
comprising the foliational layers are broken. often irregularly
shaped [Jordan, 1987. Figure 2] and display the same general
shape and distribution characteristics as the feldspar clasts
in Figures 2b. 2¢. and 6. The stress concentrations intro-
duced by such geometrical irregularities within foliated
layers increase the average strength of an aggregate (for a
given composition) to levels above those predicted for an
ideal planar foliation.

Foliation development in domains 2 and 3 is therefore seen
as a mechanism of simultancously reducing the size of
stronger, rheologically less active or passive phases and
redistributing these phases so that their average spacing is
increased. This results in an increase in the overall contigu-
ity of the weak matrix phase (i.c., an increase in the fraction
of surface area of the weak phase that is shared with grains
of that weak phasc). These cffects decrcase the stress
concentration in the weak matrix and hence reduce the
amount of deformational energy expended on the aggregate
for a given increment of strain. Consequently. foliation
decreases the strength of the aggregate at given composition.
Figure 9a shows that these eflects are morc pronounced
toward Jow volume proportions of the weak phase, where
strain compatibility in the aggregate becomes more difficult
to maintain (recall sections 3.1 and 3.2)

Numerical simulation of Newtonian suspensions in simple
shear [Brady and Bossis. 1985) indicates that the increased
nonlingarity of strength with increased volume proportion of
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strong phasc is rclated to “clustering”” ot the strong parti-
cles, a direct result of the hydrodynamic lubrication forces
that prevent the strong particles in suspension from touching
[Frankel and Acrivos. 1967]. Clustering increases nonlin-
early at high volume proportions of the strong phase. It is
sugeested here that the clustering of strong particles ob-
served in such suspension modelling is related 1o mechuni-
cally induced foliation development in experimentally and
naturally deformed rocks with matrix-controlled rheologies.
Aggregates or clusters of ¢lose, strong grains act as large,
single-layer particles because lubrication forces transmit
far-field forces between clustered grains. The process of
clustering may be a seli-propagating instability, such that
hydrodynamic forces segregate clustered grains into ever
larger layered aggregates that align parallel with the shearing
plane. A steady state foliation is attained when the forces
repelling clustered apgregates are in dynamic equilibrium
with the dispersive forces acting between grains within the
clusters. The magnitude of these forces is nonlinearly pro-
portionai to the bulk strain rate,

Future work along these lings that is relevant to rock
mechanics would also account for the strongly non-
Newtonian creep of most rocks as well as for the compati-
bility problems which arisc from the highly irregular shape of
clast-forming mincrals at strength contrasts of 10 or greater.
Finally, better churacterization of the forces that act within
the viscous matrix material should clarify why lubrication
forces are modified or breakdown at the small clast spacings
that typify dense suspensions in some rocks.

5. IMPLICATIONS FOR LITHOSPHERIC RHEOLOGY

The solid-state rheology of rocks depends primarily on the
relative proportions of weak and strong minerals, the shape
and distribution of these minerals, and the physical condi-
tions of deformation. The threc types of rheological behavior
outlined in this paper can be related to specific structural and
compositional settings in the lithosphere. In many rocks,
composition and physical conditions are such that one
mincral forms an interconnected matrix which is sufficiently
weak to govern the bulk low, This is widcly observed in
quartz-rich rocks (i.e., granites, granodiorites) under meta-
morphic conditions ranging from greenschist to granulite
facies (250°=800°C). Salts, hydrous sulphates, and carbon-
ates have significantly lower strengths than do silicates at
temperaturcs below ~300°C [Carrer, 1976; Schumid, 1982] so
that the rheology of these rocks is matrix-controlled, even at
comparitively shallow levels in the crust tor the usual range
of geothermal pradients. Silicate rocks in which two or more
rhcologically active minerals control the rheology are most
likely found in the lower ¢rust or in narrow ultramylonitic
fault zones. These settings provide the high temperatures
and/or small syntectonic grain sizes and high strain rates that
arc neccssary to reduce the strength contrast amongst even
the most flow-resistant mincrals. Although highly deformed
rocks with this type of rheology comprise only a small
volume proportion of the lithosphere, they probably govern
the long-term., high-strain rheology of the lithospherc duc to
their low viscosities. Rheology determined by a load-bearing
framework of strong phases is generally restricted to some
very basic lower crustal/upper mantle rocks (e.g., diorites,
pyroxenites) that comprise a minor part of the lithosphere.
Such rocks are particularly susceptible to cataclasis and/or
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to local reaction-ecnhanced switches to matrix-controlled
rheologies if they are emplaced into crustal levels where
their mineral assemblages become unstable and where the
ambient conditions of deformation increase the rock strength
and the mineral strength contrasts.

The principles of strain energy partilioning in polyminer-
alic tectonites can also be applied to the large-scale rheology
of a compositionally or mechantcally heterogeneous litho-
spheric section. Accordingly, stress and strain rate are
coupled on a regional scale so that stronger rocks will
deform more slowly than do weaker rocks. This suggests
that strength contrasts between different lithorheological
domains in the lithosphere are less pronounced than is
commonly predicted from the extrapolation of monominer-
alic creep laws to a constant regional strain rate, More
sophisticated rheological modelling of the lithosphere will
account for the effects of strain and evolving pressure-
temperature conditions on the rheology of polymineralic
rocks.
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