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Abstract This paper is a review of some of the rich and varied interactions between non-hydrostatic stress and 
phase transformations or mineral reactions, drawn mainly from results of experiments done on mineral single 
crystals in our laboratory or our co-authors'. The state of stress and inelastic deformation can enter explicitly into 
the equilibrium phase relations and kinetics of mineral reactions. Alternatively, phase transformations can have 
prominent effects on rheology and on the nature of inelastic deformation. Our examples represent five types of 
structural phase changes, each of which is distinguished by particular mechanical effects. In increasing structural 
complexity, these include: (1) displacive phase transformations involving no bond-breaking, which may produce 
anomalous brittle behavior. A primary example is the a-fl quartz transition which shows anomalously low 
fracture strength and tertiary creep behavior near the transition temperature; (2) martensitic-like transformations 
involving transformation strains dominated by shear deformation. Examples include the orthoenstatite 
clinoenstatite and wfirtzite --~ sphalerite transformations; (3) coherent exsolution or precipitation of a mineral 
solute from a supersaturated solid-solution, with anisotropy of precipitation and creep rates produced under non- 
hydrostatic stress. Examples include exsolution of corundum from MgO • hAl 203 spinels and Ca-clinopyroxene 
from orthopyroxene; (4) order-disorder transformations that are believed to cause anomalous plastic yield 
strengthening, such as MgO • nAI203 spinels; and (5) near-surface devolatilization of hydrous silicate single- 
crystals that produces a fundamental brittleness thought to be connected with dehydration at microcracks at 
temperatures well below nominal macroscopic dehydration temperatures. 

As none of these interactions between single-crystal phase transformations and non-hydrostatic stress is 
understood in detail, this paper serves as a challenge to field structural geologists to test whether interactions of 
these types occur in nature, and to theoreticians to reach a deeper understanding of the complex relations 
between phase transformations, the local state of stress and associated deformation and deformation rates. 

INTRODUCTION 

DEFORMATION and metamorphism are fundamentally 
interrelated. For example, in regional metamorphism at 
convergent plate boundaries plate kinematics impose a 
flow field that changes pressures and temperatures such 
that mineral assemblages are placed outside their fields 
of thermodynamic stability while being deformed. 
Where these changes of state involve fluids, fluid mi- 
gration in general probably requires the active tectonic 
maintenance of fracture permeability because such per- 
meability is likely to disappear rapidly by fracture heal- 
ing and mineral deposition in the absence of tectonic 
stresses (e.g. Smith & Evans 1984). Even under macro- 
scopically hydrostatic stress, grain-scale conditions are 
generally non-hydrostatic due to differences in thermal 
expansion and elastic properties in polymineralic rocks 
and due to anisotropy in these properties even in single- 
phase rocks. Heterogeneous volume changes also pro- 
duce grain-scale deviatoric stresses (e.g. Wheeler 1987, 
Green & Burnley 1989). 

Even though development of theories of phase 
changes under deviatoric stress extends back at least to 
the time of J. W. Gibbs, there have been few experimen- 
tal studies of phase changes in minerals to constrain 
theory. This paper summarizes some of the interactions 
that have been observed between phase changes, stress 
and deformation of mineral single crystals, mainly 
drawn from experiments with which we have been 
involved. Several of these experimental studies were 

done for other purposes, and we accidently stumbled 
into the effects of phase changes. 

This work cannot be considered a comprehensive 
review but rather is intended to call attention of field 
geologists to some of the effects of phase changes ob- 
served in single crystals, to stimulate additional experi- 
mental studies of this type and to encourage theoretical 
developments to help understand these complex 
phenomena. Reviews of the physics and chemistry of 
phase changes and mineral reactions may be found in the 
following: Heuer & Nord (1976), Putnis & McConnell 
(1980), Porter & Easterling (1981), Rubie & Thompson 
(1985) and Lorimer (1988). Most of the work in the last 
decade exploring the effects of metamorphic reactions 
on rock rheology has focused on the roles of reduced 
grain size and dehydration (White & Knipe 1978, Beach 
1980, Rubie 1983, 1990, Brodie & Rutter, 1986, 1987, 
Rutter & Brodie 1988). The present paper is restricted 
to metamorphic processes that occur primarily in grain 
interiors. This is not to imply that grain-boundary pro- 
cesses are not important in these phenomena, but that 
the study of single crystals in isolation from grain- 
neighbor constraints is an important first step. 

The spectrum of interactions between phase changes, 
local and macroscopic states of stress, and inelastic 
deformation (and deformation rates) is potentially very 
complex, and is illustrated schematically in Fig. 1. Part 
of this complexity stems from the fact that transform- 
ations and mineral reactions are heterogeneous both on 
the field scale (due to variations in pressure, tempera- 
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Fig. 1. Schematic overview of the interactions between phase 
changes, local and macroscopic states of stress, and inelastic defor- 
mation. Symbols: e t is the transformation strain tensor, AGv is the 
Gibbs free energy difference between the product and the parent 
phase(s) and no  is the overstep of the stress tensor from equilibrium 

pressure Po at temperature T o 

ture or fluid activity) and on the microscopic scale 
(associated with the specific nucleation mechanisms). 
Consequently, both grain-scale and macroscopic states 
of stress can be altered through the transformation 
strain. 

The effect of the macroscopic state of stress on the 
stability of c o h e r e n t  polymorphs is most explicit. Coher- 
ent polymorphs are those for which there are specific 
crystallographic rules by which the polymorphs are re- 

T is specified by lated. The transformation strain tensor eij 

these rules. Structural continuity is maintained along the 
interphase boundary and hence the parent phase must 

accommodate the transformation strain of its product 
phase. A good example of the influence of non- 
hydrostatic stress on a coherent phase change is the a - f l  

quartz transformation. Figure 2 shows how normal 
stress parallel to [0001] and normal to [0001] affects the 
stabilities of the two polymorphs. The slopes of the 
phase boundaries in these two principal directions are 
different because the transformation strains differ with 
direction. This may be made explicit by writing the 
expression for the change in Gibbs free energy AG a-~ in 
terms of the tensor products of stresses aij and trans- 
formation strains Aeij instead of the product of pressure 
and transformation volume change as in the hydrostatic 
stress case: 

A G  ~-~ = A H  a-~ - T A S  ~-~ - VoOijAe~ -~,  (1) 

where v o is the molar volume of a quartz, AH ~-~ is the 
change in enthalpy at zero stress, AS ~-~ is the change in 
entropy at zero stress, and the products of transform- 
ation strain and stress are summed over the indices i and 
j. It is assumed here that the transformation strain tensor 
is, to first order, independent of stress. The last term is a 
work term that is the counterpart of pressure-volume 
work under hydrostatic conditions. As pointed out by 
Coe (1970) and Paterson (1973), care must be taken in 
d e f i n i n g  Aeij and aij such that their product properly 
represents the work term represented in h Glr for trans- 
formations that have large finite transformation strains. 
Rewriting equation (1) in terms of the oversteps of the 
equilibrium lines between parent phase 1 and product 
phase 2, 

1-2 1 1-2 a a  I,,o, o (2) = - VoAOiiAeii , 
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Fig. 2. (a) Phase diagram of the a-fl quartz transition temperature at 300 MPa confining pressure as a function of pressure 
and compressive normal stress d_e and lie, after Coe & Paterson (1969). This illustrates the effect of normal stress orientation 
on the phase boundary between the two polymorphs. The transition fl ~ a (increasing stress) is denoted by triangles and 
a -* fl (decreasing stress) by circles. The hydrostatic boundary P designates the a-fl transition at zero compressive stress 
(Cohen & Klement 1967). Note the markedly steeper effect of compressive stress normal to e compared to that parallel to e. 
(b) Phase diagram of quartz under compressive stress ±e, after Dolino et el. (1987), showing the presence of the two 
incommensurate phases lq and 3q which form first-order and second-order phase boundaries, respectively, with a and fl 
over about a 2°C temperature interval. Phase identification by in situ synchrotron X-ray diffraction. The 3q phase represents 
all three symmetrically equivalent pairs of Dauphin6 twins whereas lq has a single pair of twin orientations. Triangles, 
circles, and squares correspond, respectively, to the fl-lq, lq-3q, and 3q-a transition points. Same ratio of scales as (a), 
indicating that the phase boundaries are parallel to those determined by Coe & Paterson (1969) in the .l_e compression 

direction. 
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where A%- is the stress overstep where the pressure 
corresponds to the equilibrium pressure Po at tempera- 
ture To, and the transformation strain, Ae/~ -2, is assumed 
to be independent of the magnitude of stress. Equilib- 
rium phase relations can be established with stress as the 
intensive variable. Expressions equivalent to the Cla- 
peyron relation may be written: 

( d o i j / d T ) e  q = A S / v o A e i j  (3) 

and give the slope of the equilibrium line in oi~T space 
as the ratio of the change in entropy and the transform- 
ation strain Aeij. This relationship shows explicitly that 
the greater the transformation strain in a given crystallo- 
graphic direction, the bigger the effect of stress on the 
equilibrium temperature (Fig. 2). 

Equation (2) is important because it is a general 
expression for the driving potential for the kinetics of 
reactions. It also establishes the basic energetics of 
transformation, because ~-2 AG leo,To is the maximum 
work that can be extracted from a transformation, and is 
the source of elastic strain energy stored in the system 
microscopically associated with nuclei or inclusions of 
the new phase, stored as macroscopic stresses, dissi- 
pated as viscous heat, or bound up in crystal defects such 

as dislocations and grain boundaries. The potential 
interactions between the macroscopic stress state, the 
stress state on a grain scale, phase transformations, 
deformation and deformation rates suggested by Fig. 1 
are rich and complex. For example, grain size reduction 
and the release of latent and dissipated heat associated 
with transformations and mineral reactions have impor- 
tant potential implications for the ductile rheology of 
rocks. 

We now turn to specific laboratory examples of some 
of these interactions, progressing from the simplest 
transformations to the more complex. 

DISPLACIVE PHASE TRANSFORMATIONS; THE 
ot-[~ QUARTZ TRANSITION 

Displacive phase changes constitute a relatively sim- 
ple type of structural transformation, as they involve no 
bond breaking and only minor shape change. Under 
deviatoric stress, minerals undergoing displacive trans- 
formations potentially may produce anomalous behav- 
ior near their transition temperatures (Table 1). Quartz 

Table 1. Displacive phase transformations in rock-forming minerals 

Mineral Space Groups Te, K P, MPa Intermediate Phases and Refe~w, es 
(fc~'mula) T<Tc T>Tc Related Structures 

Qua~z ( a) P3221 ~ (fl) P6222 
SiO2 P3~21 ~ P6422 

Beslirfite ( ct) P3221 ~ ( fl) P622 2 
AIPO 4 P3121 ~-~ P6,22 

Cristobalite (Qt) P412j2 ~ (fl) Fd3m 
-SiO 2 P4~21 

Tridymite (a) C c or C21c ~ (fl) P212t2: 
-SiO2 (arid others) 

Anorthite P1 ~ 17 
CaAl2Si2Os 

Saniffme C I ~-~ C21m 
(K,Na)AlSisOs 

Allfite CI  ~-~ C21m 
NaAISi~s 

Lvxrfite Ct'L = Pcan <-q, a'n = Pcmn 
Ca2SiO+ 

Akemmmte P421m ~ P421m 
Ca2(Mg,Fe)Si207 

Tungsfite p41nmm ~-4 Pra3n 
wo3 

Calcite I = p211c II = R3c 
CaCO3 

Soda-rfter R3c ~ R3m 
NaNO3 

I.,eudte (Or) 1411a ~ 1411acd 
KAISi206 141/acd ~ (fl) la3d 

Mg-Ctmiierite Cccm ~ p61mcc 
AI3Mg2(SisAI)O18 

Clinoenstatite P 2 Hc e.~ C2/c 
(Mg,Fe)SiO3 

846 0.1 Incommenatrate 3q and l q; 
Dauphin6 twins 

856 0.1 Incommensurate 3q and l q; 
Dauphin~ twins 

523 - 535 { 112] twins 

383- 39O 
423, 463, 653 

516 0.1 APB structare 

273 2400.0 

978 0.1 

1433 

357 Incommensurate 

1173 0.1 

296 1500.0 

553 0.1 

918 0.1 
938 0.1 Twin plane = contact = { 101 IT 

1723 0.1 "Modulated stmctare" 

1253 0.1 

Dolino (1988) 

Dolino (1988) 

Thompson & Wennemer (1979) 

Thompson & Wennemer (1979), 
Cohen & Klement (1980), 
Nukui et al. (1978) 

Ghose et al. (1988), 
Angel (1988) 

Hazen (1976) 

Kroll et al. (1980), Hazen (1976) 

Kriven (1988) 

Hemingway et al. (1986), 
Seifert et al. (1987) 

Sirotin & Shaskolskya (1982) 

Merrill & Bas~tt (1975) 

Reeder et al. (1988) 

Lange et al. (1986), 
Palmer et al. (1988, 1989) 

Langer & Sehreyer (1969) 

Smith (1969), 
Smyth & Burham (1972) 
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Fig. 3. Creep of erystallographically-oriented synthetic quartz single 
crystals at 140 MPa confining pressure and temperatures of 550-700°C, 
after Linker & Kirby (1981). In three samples compressed at 45 ° to 
[0001] and [1210] at 600 and 620°C (designated by solid symbols), 
strain rates were unusually high compared to samples compressed in 
the same orientation at higher or lower temperatures (open symbols). 
The three samples exhibiting anomalous behavior eventually failed 

catastrophically by fracture (upward arrows). 

undergoing the a-/3 transition serves as a primary 
example, displaying low fracture strength and tertiary 
creep behavior. 

It is well known that quartz is very sensitive to thermal 
shock, and workers in quartz technology have long been 
aware that quartz is particularly susceptible to thermally 
induced fracturing when cooled through the a-/3 tran- 
sition. Less well known is that anomalously low fracture 
strength and brittleness occur in quartz even under 
nominally isothermal conditions near the a-fl  transition. 
Linker & Kirby (1981) examined the creep of oriented 
synthetic quartz crystals. Over most temperatures in the 
range 400-800°C, large plastic strain was sustained by 
the specimens with uniaxial stresses in the range 80-160 
MPa. In crystals compressed at 45 ° to [0001] and [21 10] 
over a narrow range of temperature 550°C < T < 650°C, 
strain rates were notably higher compared to samples 
deformed at higher or lower temperatures (Fig. 3) and 
three samples eventually failed catastrophically by frac- 
ture. Two samples that were unloaded prior to macro- 
scopic failure were riddled with microfractures. Another 
suite of samples compressed normal to (10]0) did not 
display the fracture instability of the earlier suite. A key 
difference in the two suites of sa_m_ples was that the first 
deformed by single slip (2110)[0001] with well- 
developed slip arrays of dislocations whereas the second 
suite deformed by a fairly uniform distribution of dual 
slip on symmetrically equivalent systems (0110)[2TT0] 
and (1]-00)[1120] without prominent slip bands. This 
suggests that localization of stress or strain associated 
with slip bands plays a key role in the fracture instability. 

Earlier studies of the fracture strength of synthetic 
quartz used a spherical indentor to establish the critical 
force required for growth of ring and cone fractures, 
beneath the indentor (Hartley & Wilshaw 1973, Swain et 
al. 1973). The latter study found a very sharp relative 
minimum in quartz inelastic strength near the a-fl tran- 

sition temperature (Fig. 4). It is especially significant 
that SiO2 glass shows no such strength minimum in 
identical indentation fracture experiments, demonstrat- 
ing that the crystalline quartz structure and a-fl  tran- 
sition are essential factors in the fracture instability. 
Darot et al. (1985) also observed a similar strength 
reduction associated with the a-fl  transition in Vicker 
(diamond-pyramid) indentation hardness tests on 
quartz. 

The a-fl  transition, being a displacive transformation, 
involves no bond breaking (e.g. Grimm & Dorner 
1975). The essential co-ordinated atomic movements 
are characterized by systematic changes in the angle of 
tilt of [Si04] 4- tetrahedra toward high-symmetry orien- 
tations. Using Landau theory, one can associate the 
degree of tetrahedral tilt with a thermodynamic order 
parameter and describe the systematic changes in quartz 
properties at temperatures approaching the a-fl tran- 
sition (Dolino 1988). Dauphin6 twinning of a-quartz 
also involves systematic tilting of [SiO4] 4- tetrahedra, 
but to low-symmetry orientations that are symmetrically 
equivalent by the Dauphin6 twin law. Transformation to 
/3 phase can be considered as Dauphin6 twinning taken 
to the scale of the unit cell. Dauphin6 twin structures 
consistent with this mechanism are observed in images 
from in situ high-temperature electron microscopy and 
in neutron diffraction experiments (Van Tendeloo et al. 
1976, Dolino et al. 1984, Van Landuyt etal.1985, Snoeck 
et al. 1986). Domain structure consisting of fine-scale 
Dauphin6 twinning near the a-/3 transition is, in fact, 
considered a transitional or incommensurate phase that 
forms first-order and second-order phase boundaries, 
respectively, with the a and/3 phases and is stable over 
an interval of about 2°C (Fig. 2b). 

One possible interpretation of the a-/3 fracture insta- 
bility observed in the experimental studies summarized 
above is that the incommensurate phase has a 

Temperature,. C 
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o, k " ' , \  t 

o (S.,ein e,t .I., ,197~), , 

100 300 500 700 900 

Temperature, K 

Fig.  4. H e r t z i a n  f r a c t u r e  s t r e n g t h  o f  q u a r t z  u n d e r  v a c u u m ,  a f t e r  
S w a i n  et al. (1973) .  T h e  ine l a s t i c  s t r e n g t h  o f  c r y s t a l l i n e  S iO  2 d r o p s  to  
n e a r l y  z e r o  a t  T = 573 K ,  w h e r e  a - q u a r t z  u n d e r g o e s  t h e  d i s p l a e i v e  a -  
IC-fl transformation, where IC is an incommensurate intermediate 

phase. 
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vanishingly-low fracture surface energy. This expla- 
nation in its simplest form, however, is inconsistent with 
the observation that fracture strength of a-quartz de- 
creases systematically as temperatures approach the 
field of the incommensurate phase, not just at tempera- 
tures in the stability field of the incommensurate phase. 
The local stress state at the tip of a tensile crack could be 
sufficiently tensile (3--6 GPa) to depress T~_~ perhaps by 
as much as 300°C, however. The broad nature of the 
thermal fracture strength weakening may also be 
attributable to the unusually rapid decrease in elastic 
stiffness of a-quartz with increasing temperature (Darot 
et al. 1985), a property that decreases fracture surface 
energy and the work of fracture. 

Another possible explanation of this anomalous brit- 
tle behavior is that the interatomic potential for a-quartz 
has a double minimum, with the minima at the order 
parameter associated with each Dauphin6 twin state, 
similar to that postulated for other displacive transform- 
ations (Carpenter & Salje 1989). As the transition tem- 
perature is approached with increasing temperature, the 
minimum positions converge, resulting in a single, 
broad, elastically compliant minimum. This is consistent 
with the steeply increasing macroscopic elastic com- 
pliance of a-quartz with increasing temperature. A 
consequence of the broad minimum is that the expected 
amplitudes of thermal vibration should be larger, which 
could result in enhanced rates of thermally-activated 
processes involving Si-O bond breaking, such as frac- 
ture growth. However, the lack of evidence for an effect 
of loading rate on the critical load for Hertzian cone 
fractures (Fig. 4) argues against this explanation. 

In order to gain insight into this instability in inelastic 
behavior, direct optical and TEM observation of grow- 
ing crack tips in the vicinity of T~_a are required. The 
large number of displacive transformations in rock- 
forming silicates and other minerals (Table 1) suggests 
that there is the potential for fracture instability to occur 
in many minerals other than quartz. Field observations 
of tectonites bearing these minerals and deformed near 
T c might enable us to test this hypthosis in addition to 
laboratory experiments on these minerals. In particular, 
microfractures and healed microfractures may occur in 
minerals carried through such transformations while 
under stress. Quartz-bearing rocks in the thermal aur- 
eoles of mafic and intermediate crustal plutons, for 
example, might be settings to investigate. Vestigial Dau- 
phin6 twins produced by the a-fl transformation near 
microfractures may be our best field record of inter- 
actions between microfracturing and transformation. 

MARTENSITIC-LIKE TRANSFORMATIONS 

Martensitic-like transformations are coherent trans- 
formations in which transformation strains are domina- 
tely shear rather than volumetric (see Heuer & Nord 
1976, Porter & Easterling 1981 and Lorimer 1988 for 
reviews). By coherent, we mean that the host- 
martensite orientations and transformation strain are 

specified by the crystallography of the parent and 
martensitic phases, which are continuous across their 
interface or habit plane. The habit plane is typically 
undistorted (invariant) and the strain is described by a 
simple homogeneous shear V parallel to it. The classic 
martensite is the phase that forms in austenitic carbon 
steels during rapid cooling. In metals, transformations 
of this type do not usually involve diffusion of mass 
species. Many martensitic phases occur in metals and 
they play important roles in alloy strengthening and 
exotic properties such as shape memory. Some marten- 
sites are considered polymorphs that have a low- 
temperature stability field but often do not form under 
slow cooling conditions because of kinetic hindrances to 
their nucleation and growth, such as the strain energy 
that accompanies martensite formation. Shear stress 
favors the formation of martensites because of the 
martensitic transformation shear strain (equation 2). 
Predictions of the effects of non-hydrostatic stress on 
martensite stability based on applications of equations 
(2) and (3) to uniaxial compression (Patel & Cohen 
1953) are generally in good agreement with experimen- 
tal data in many metallic systems (e.g. Friend & Mio- 
downik 1988). 

Martensitic-like transformations that occur in miner- 
als are summarized in Table 2. In only two of these 
examples (wfirtzite-sphalerite and orthoenstatite- 
clinoenstatite) has the transformation strain actually 
been measured and shown to conform to the model of 
simple shear parallel to an invariant habit plane. Some 
martensitic-like phases have been observed as plate-like 
lamellae in deformed parent phases with the interphase 
contacts remaining essentially undistorted. In other 
polymorphic pairs, their crystallographic structures 
point to a possible relationship by shear deformation. 
These transformations are termed martensitic-like be- 
cause they may involve short-range atom migration or 
'shuffling' and bond breaking, processes atypical of 
martensitic transformations in metals, but similar to true 
martensites as they are coherent and have shear trans- 
formation strains larger than their volumetric strains. In 
some ways, transformations of this type in minerals are 
simpler than in metals because minerals have lower 
symmetry and hence there are fewer symmetrically- 
equivalent habit planes, typically only one. 

Many of the mineral pairs in Table 2 are polytypes; 
i.e. related to one another by differences in stacking 
sequence. Simple shear on the stacking plane can trans- 
form the parent phase to the martensitic-like phase. A 
spectacular example of this occurs during the cooling of 
wfirtzite (stacking sequence ABABAB .... space group 
P63mc) grown from a ZnS vapor phase in the form of 
needles oriented normal to (0001) (Fig. 5). At tempera- 
tures below about 1027°C, the initially straight needles 
of wfirtzite transform partially to sphalerite (stacking, 
ABCABC... ,  space group F43rn) and other polytypes, 
which results in the needles shearing by restacking and 
rotating their external crystal faces. The measured ro- 
tation angle of tilted sphalerite domains is about 19.3 +_ 
0.3 °, close to the 19.47 ° angle predicted from crystallo- 
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E x p e r i m e n t a l  d y n a m i c  m e t a m o r p h i s m  in crys ta ls  

Fig. 5. (a) & (b) Micrographs (courtesy of S. Mardix) showing formation of martensitic-like sphalerite (ZnS) in initially 
straight needle-shaped wfirtzite single crystals. (a) Initially hexagonal 2H needles (wfirtzite) with parallel c axes partially 
transformed to sphalerite with an accompanying restacking and shear of 19.5 °, tilting the needle facets. The vertical 
domains shown here remained hexagonal while the tilted domains became cubic (Mardix & Steinberger 1970). See text and 
Table 2. (b) W/irtzite-sphalerite intergrowths in a cracked crystal, as viewed between crossed polarizing filters. Above point 
P, the two regions separated by a crack show different structure, the right side remaining wiirtzite and the left side 

transforming partially to sphalerite (darker domains that have tilted external boundaries) (Mardix et al. 1968). 
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Fig. 6. Bright field TEM micrograph of orthoenstatite (OE) ~ clinoenstatite (CE) transformation showing lamellae of CE 
produced by experimental deformation of OE (Coe & Kirby 1975). SF is a stacking fault bounded by a b = 0.831001] 
transformation partial dislocation, the motion of which transforms a double-wide OE cell to a two-unit cell wide slab of CE. 
L is a tapered lamella of CE with multiple transformation partial dislocations in its interphase boundaries (compare with 

Fig. 8). 
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graphic relations (Mardix et al. 1968, Mardix & Stein- 
berger 1970, see also Akizuki 1981). A single screw 
dislocation often forms along the axis of the needles 
during growth (Mardix et al. 1987) and partial dislo- 
cations are nucleated from these growth dislocations. 
Spiral motion of these partials restacks the structure to 
the sphalerite polytype. 

Martensitic-like transformations are potentially im- 
portant under dynamic metamorphic conditions because 
shear stress r resolved on the martensite plane and the 
direction of shear explicitly favors the martensitic-like 
phase and hence extends the phase's stability field to 
high temperature. Coe (1970) showed that for finite 
simple shear strain, the slope of the equilibrium line is 
given by 

(dr/tiT) = AS/voT, (4) 

where r is the shear stress resolved in the martensite 
shear-strain co-ordinates and 7 is the magnitude of the 
transformation simple shear strain, equal to the tangent 
of the angle of shear, • (cf. equation 3). Measured and 
predicted values of • are compiled in Table 2. To our 
knowledge, the predictions of equation (4) have not 
been quantitatively tested in any mineral system. It can 
also be shown that for a martensitic-like transformation, 
the P-r  slope of the equilibrium boundary is given by 

dP/dr = 71ev = tangler. (5) 

Inspection of Table 2 for values of • and ev = AV/Vo and 
calculation of dP/dr from equation (5) show that in 
general shear stress should have a far larger effect on 
these equilibria than should pressure. 

Although some of the martensitic-like mineral phases 
do form during cooling under macroscopically hydro- 
static conditions in nature (such as (100) pigeonite in 
orthopyroxene host), others form only rarely during 
cooling. An example of the latter is low clinoenstatite 
(space group p2t/c), a relatively rare monoclinic mafic 
mineral found only occasionally in volcanic rocks as a 
polysynthetically twinned phase or in deformed 
orthopyroxene-bearing rocks. Twinned low clinoensta- 
tite (CE) may be synthesized readily in the laboratory by 
quenching orthorhombic protoenstatite (PE, space 
group Pbcn), from high temperatures. PE and orthoen- 
statite (OE, space group Pbca) both have double cell 
dimensions of 1.8 nm parallel to [100], where two 0.9 nm 
subcells of nearly CE structure are oriented with respect 
to each other like twins (Fig. 7). Transformation of 
either orthorhombic structure to CE may be considered 
an 'untwinning' process where two 0.9 nm layers of CE 
result from untwinning one orthorhombic cell (Brown et 
al. 1961). High-resolution electron microscopy shows 
that CE resulting from deformation always occurs as 
multiples of two unit cells, consistent with this model 
(Coe & Miiller 1973). CE therefore can be produced by 
two equivalent senses of shear on the shear system 
(100)[001]. Each sense of shear produces an orientation 
of CE that differs only in the monoclinic [100] direction. 
An important point here is that a single sense of shear on 
the OE or PE ~ CE glide system produces a single [100] 

lit 
Y 

77 
~CE 

Fig. 7. Structural model for orthoenstatite ---, clinoenstatite 
transformation, after Coe & Kirby (1975). Clinoenstatite can be 
produced by either of two equivalent senses of shear on the shear 
system (100)[001], resulting in orientations of clinoenstatite that differ 

only in the monoclinic [100] direction. 

orientation of CE, whereas under nominally hydrostatic 
conditions during quenching, both [100] CE orientations 
can and do occur, producing (100) twin intergrowths. In 
contrast, CE formed by deformation in the laboratory 
(Coe & Kirby 1975) and in kink bands in nature 
(Trommsdorff & Wenk 1968, Coe & Miiller 1973) is not 
twinned. This difference may serve to distinguish 
martensitic-like phases formed by cooling from those 
formed through the assistance of nonhydrostatic stress. 

The experiments cited by Coe & Kirby (1975) indicate 
that CE has a true low-temperature stability field with a 
zero-pressure intercept of the equilibrium line with 
orthoenstatite (Pbca), OE, at about 566°C and a pres- 
sure derivative of 45°C GPa -1. In striking contrast, CE 
is readily produced from OE at temperatures as high as 
1300°C under shear stress in deformation experiments 
(Coe & Kirby 1975). Predictions from equation (4) of 
the effect of shear stress r on the extension of clinoensta- 
tite stability cluster around 3000°C GPa - t ,  almost 70 
times the effect of pressure. These predictions are con- 
sistent with the formation of clinoenstatite in defor- 
mation experiments at temperatures far higher than 
566°C when r was as high as 0.25 GPa. 

Coe & Kirby (1975) and McLaren & Etheridge (1976) 
have shown by TEM that the micromechanism of CE 
formation from OE under stress involves the nucleation 
of partial dislocations from pre-existing unit dislocations 
(with Burgers vector b = [001]) by the dissociation 
reaction [001] --+ 0.171001] + 0.831001]. The subsequent 
glide of each mobile b = 0.831001] transformation par- 
tial dislocation in the (100) plane produces lameUae of 
CE two unit cells thick (Fig. 6, SF), a prediction borne 
out by direct counts of partials and the thickening of CE 
lamellae in OE (Fig. 6, L). The OE ~ CE transform- 
ation therefore is a type of plasticity, like intracrystalline 
slip and mechanical twinning, that involves the nuclea- 
tion and migration of crystal dislocations under shear 
stress. 

Stress-assisted martensitic-like polymorphs are likely 
to be important in nature for several reasons: (1) they 
provide a micromechanism for inelastic deformation 
and can affect rock rheology; (2) their presence or 
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absence may be diagnostic of the prior thermodynamic 
state of the system, particularly the stress state (Coe & 
Kirby 1975); and (3) the relatively rapid kinetics associ- 
ated with co-operative atom motions under stress may 
make nucleation and growth easy (Poirier 1981), like the 
similar process of mechanical twinning (e.g. Kirby & 
Christie 1977). Martensitic-like transformations may 
therefore contribute to metamorphic processes that 
occur in fast strain rate environments, such as in meteor- 
ite impacts and seismic fault zones. More studies are 
needed on metamorphic tectonites that bear these 
phases in order to test these ideas. In particular, lamellar 
intergrowth structures parallel to the expected invariant 
or contact planes (Table 2) should be investigated at 
optical and TEM scales. Cation site occupancies may 
also be altered by martensitic-like transformations, as 
suggested, for example, by the structural model of Coe 
& Kirby (1975) for orthoenstatite ~ clinoenstatite. 

' C O H E R E N T  E X S O L U T I O N  A N D  P R E C I P I T A T I O N  

Minerals show an astonishing variety of intergrowths 
associated with exsolution during cooling. Under hydro- 
static conditions, most, if not all, of these transform- 
ations are driven by changes in the entropy of mixing 
during cooling. However, among those that have coher- 
ency or structural continuity between host and exsolved 
phases, some require restacking of the structure that 
involves very large shear strains. This fact points to shear 
stress as an intensive variable affecting the stability and 
kinetics of exsolution of these mineral species. A prime 
example is the exsolution of C2/c Ca-clinopyroxene 
from orthoenstatite (Kirby & Etheridge 1981). C2/c Ca- 
clinopyroxene is a stacking polytype that is identical to 
P21/c clinoenstatite and different from the orthopyrox- 
ene host, requiring that coherent exsolution of Ca- 
clinopyroxene must involve at least local shear strain of 
7 ~ tan (13.3 °) = 0.236. Kirby & Etheridge (1981) 
proposed that this exsolution can therefore be con- 
sidered to have two components (Fig. 8): (1) restacking 
of the structure by a shear identical to the OE --~ CE 
transformation described in the section above (Fig. 7); 
and (2) interdiffusion of Ca and (Mg,Fe). If this is 
correct, then Ca-clinopyroxene should have a preferred 
direction of [100] with respect to the sense of shear. They 
examined the [100] orientations of Ca-clinopyroxene 
exsolution lamellae in kinked OE, and found that the 
[100] orientations of the great majority of these lamellae 
in kinks conformed to that predicted from the OE ~ CE 
model shown in Figs. 7 and 8. In optically undeformed 
examples of OE in layered mafic complexes, the [100] 
orientations of the lamellae show an essentially random 
distribution of [100] axes on either side of the (100) 
plane, confirming observations by others (cited in Kirby 
& Etheridge 1981) and supporting the argument that 
differences in the level and spatial coherence of shear 
stress during lamellar growth played important roles in 
their development. TEM studies of (100) augite lamel- 
lae in orthoenstatite confirm the presence of ledge 
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Fig. 8. Structural model for the exsolution of C2/c Ca-clinopyroxene 
that is thought to occur by orthopyroxene ~ clinopyroxene 
transformation shear (Fig. 7) and cation exchange, after Kirby & 
Etheridge (1981). Passage of b = 0.831001] partial dislocations 
(recumbent 'T' symbols) produces lamellae (shaded) of monoclinic 
pyroxene with a-axis orientation as shown, and cation exchange 
(indicated at top) produces calcic clinopyroxene. Slashes at top and 
bottom indicate axis orientation of Mg-Fe co-ordination octahedra 
most nearly parallel to (010). Continued passage of partial dislocations 
into adjacent orthopyroxene cell leads to growth at ledges on the 

interface and thickening of exsolution lamella. 

structures and elastic distortion consistent with trans- 
formation partial dislocations moving in the augite- 
orthoenstatite interface and restacking the orthoensta- 
tite structure (Champness & Lorimer 1974, Kohlstedt & 
Vander Sande 1974, Kirby 1975 unpublished TEM in- 
vestigation of Bamble (Norway) enstatite, Ross & 
Huebner 1979). Similar structural relations are found in 
the coherent exsolution of C2/rn hornblende from Pnrna 
orthoamphiboles (Smelik & Veblen 1992), suggesting 
that deformation may play a direct role in their forma- 
tion similar to that found for exsolution in orthopyrox- 
erie. TEM investigations of coherent exsolution lamel- 
lae often report dislocations in the interphase 
boundaries and these are typically interpreted as misfit 
dislocations reflecting differences in cell parameters in 
the contact plane. Alternatively, these may represent 
partial dislocations responsible for restacking the struc- 
ture and hence deformation should play an important 
role in their formation and migration. 

The interdiffusion rates associated with exsolution in 
silicates are so slow that exsolution has been difficult to 
study experimentally (Buseck et al. 1980, Liu & Yund 
1992). Good model systems for silicates are the binary 
oxide spinel structures because diffusion rates are rela- 
tively high at modest temperatures. Coherent exsolution 
has been studied under non-hydrostatic stress in two 
spinel bulk compositions: the mineral spinel, 
MgO. nA1203, and nickel ferrite, NiO. nFe20 3. In a 
remarkable study, Duclos (1979) demonstrated a stress- 
enhanced exsolution of corundum (R3c) from 
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Fig. 10. Creep curve during a-A1203 precipitation from a single 
crystal MgO. 3.5A1203 matrix, after Duclos (1979), obtained in air at 
1220°C with 160 MPa stress directed along the [111] compression axis 
(CA). Below a strain of approximately e = 3.4%, the accelerated 
strain induced by m1203 precipitation (designated PPt strain) produces 
the steeply-rising lower portion of the S-shaped curve, whereas above 
e = 3.4% (post-precipitation), the rate slows to values of order 10 -8 
s - l ,  comparable to the expected creep rate of corundum + spinel 

(dashed line). 
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Fig. 9. Room-pressure MgO-AI203 phase diagram, after Roy et al. 
(1953) with conditions of precipitation experiments by Duclos (1979) 
designated by solid circle. The end points of the horizontal tie-line 
represent the equilibrium compositions of the spinel host and 

corundum precipitates. 

MgO • 3.5A1203 spinel grown to that metastable compo- 
sition by the flame-fusion method. The reaction 

MgO. 3.5A1203 (metastable) 

MgO • 1.2A1203 + 2.3 A1203 

produced a spinel host composition consistent with the 
equilibrium solvus (Fig. 9). The creep tests were con- 
ducted under a uniaxial stress of 160 MPa and a tempera- 
ture of 1220°C; shortening strains of 0.025-0.045 were 
sustained by the crystals at rates that were markedly 
higher than those of spinel equilibrium composition n = 
1.1-1.2 (Fig. 10). The compression axis was oriented 
crystallographically in three directions: [001], [110] and 
[111]. Coherent corundum precipitates formed with 
(0001) parallel to the spinel (111) planes, in the first two 
cases parallel to the four and two (111) planes, respec- 
tively, that had the highest resolved shear stress on the 
glide system {111}(112). For the case of the third com- 
pression direction, a single set of corundum precipitates 
grew perpendicular to the shortening direction and par- 
allel to the {111} plane in the host spinel. Coherent 
corundum precipitation preserves the oxygen close- 
packed plane but the FCC ~ HCP restacking requires a 
macroscopic shear of 19.47 ° between the oxygen close- 
packed layers in (112) directions, like the restacking of 
sulfur atoms in the wfirtzite --~ sphalerite transformation 
described above. Interdiffusion of Mg and AI evidently 
completes the precipitation process. 

The detailed role of applied deviatoric stress in corun- 
dum precipitation is not established. However, the fact 

that those (111) precipitates formed in the first two 
compression directions were on the planes that had the 
highest resolved shear stress for oxygen restacking 
suggests that shear stress played an important role in the 
required restacking, confirming earlier results by Veys- 
si~re (1977) on the precipitation of hematite (R3c) from 
nickel ferrite. 

Compressive stress perpendicular to the close-packed 
plane, i.e. in the [111] direction, also facilitates corun- 
dum precipitation because the resultant interlayered 
spinel-corundum is 3.4% more compact in that direc- 
tion than the original spinel (Fig. 11). The rate of 
corundum precipitation under these conditions was fas- 
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Fig. 11. Cell dimension changes perpendicular to the close-packed 
(cp) plane accompanying exsolution of MgO. nAI203 spinels. 
Precipitation of the denser alumina phase from the matrix effectively 
reduces the total sample volume, and for the exsolution reaction 
MgO. 3.5AIzO 3 --~ 2.2A1203 + MgO. 1.3A1203 the cell dimension of 
the resultant interlayered phases measured in the cp plane results in a 
3.4% contraction. This is in close agreement with the compression 
strain produced in Fig. 10, and shows that compressive stress normal to 
the cp plane facilitates corundum precipitation and produces a 
significantly higher initial transient rate of shortening associated with 

precipitation. 
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ter than the rate of plastic deformation by dislocation 
creep and hence a markedly higher initial transient rate 
of shortening associated with precipitation occurred 
prior to an approach to steady state (Fig. 10). Compari- 
son with the steady-state rate of dislocation creep of 
mixed equilibrium spinel and corundum indicates an 
anomalous creep strain of about 3.5%, essentially 
identical to the predicted precipitation shortening. 

Anomalous transient creep also occurred in the n = 
3.5 spinel compressed in the [100] and [110] directions, 
but at rates and total transient strains less than those in 
the [111] direction (Duclos 1979). For reasons not 
understood, compressive stress normal to the plane of 
precipitation is more effective in promoting corundum 
exsolution than is shear stress, even though the driving 
potential for exsolution is more than twice as high in the 
two high shear stress orientations. 

To our knowledge, there has not been a comparable 
experimental study of exsolution under deviatoric stress 
in another rock-forming mineral. Although much work 
has been done on the misfit strains between interfaces 
along precipitation intergrowths in silicate solid solu- 
tions (the coherent spinodal: e.g. Robin 1974, Yund & 
Tullis 1983a,b), there has been no investigation into the 
effects of restacking and interface-normal contraction 
on precipitation under deviatoric stress. One of the 
possible ways of detecting effects of non-hydrostatic 
stresses on coherent exsolution is that in many exsolu- 
tion pairs, such as orthoenstatite-augite, a specific crys- 
tallographic orientation of the exsolved phase is associ- 
ated with a given sense of shear, whereas in the absence 
of a uniform non-hydrostatic stress, there are additional 
degrees of freedom in the orientation of the exsolved 
phase (e.g. Kirby & Etheridge 1981). 

ORDER-DISORDER TRANSFORMATIONS 

Cation site occupancies are to varying degrees disor- 
dered at high temperatures and ordered at low tempera- 
tures. An order-disorder transformation under stress 
has been implicated in the anomalous plastic yield 
strengthening with increasing temperature of 
MgO. nAl20 3 spinels of composition n = 1.1. That 
composition is close to equilibrium along the solvus in 
the MgO-AI20 3 system at T = 400-1000°C (Fig. 9) and 
consequently the mechanical effects of exsolution- 
precipitation described in the previous section are not 
expected. The crystals were grown by very slowly pulling 
a rotating seed crystal from the melt. Initial investigation 
of plastic deformation at 400°C and a confining pressure 
of 1.4 GPa indicated that easy glide occurs on the slip 
system {110}(1]-0) (Kirby & Veyssi~re 1980). Sub- 
sequent experiments (Veyssiere et al. 1980), however, 
revealed something totally unexpected: the spinel crys- 
tals deforming by this slip system became stronger, not 
weaker, with increasing temperature between 500 and 
950°C (Fig. 12a). This result was in marked contrast with 
the weakening behavior of most crystalline materials 
that generally follow the same rate laws as most ther- 
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Fig. 12. (a) Variation of the critical resolved shear stress, CRSS, for 
{110}(1i0} slip in spinel at 1.4 GPa confining pressure, from Kirby & 
Veyssiere (1980) and Veyssiere e_tal. (1980). Spinel crystals deforming 
by glide along the {110}(110) slip system show anomalous 
strengthening within the 500-900°C temperature interval. (b) 
Temperature effect on proportion of AI atoms in tetrahedral sites 
shows that spinel undergoes an order-disorder transition over 
approximately the same temperature interval in which strengthening 

occurs (Wood et al. 1986). 

mally activated processes. Neither of the end members 
of the binary MgO-A120 3 system, corundum (A1203) 
and periclase (MgO), display such an anomalous 
strengthening effect over the same temperature interval 
(Paterson & Weaver 1970, Castaing et al. 1981). More- 
over, spinel at very high temperature weakens with 
increasing temperature (Duclos et al. 1978). 

What causes spinel to strengthen with increasing tem- 
perature over this interval? Subsequent measurements 
of the proportion of Al atoms in tetrahedral sites indi- 
cated that spinel undergoes an order-disorder trans- 
formation in the temperature interval 500-900°C, 
approximately the same temperature interval in which 
the anomalous strengthening occurs (Fig. 12b). The 
disordering transformation is: 

MglVA12Vlo4---+ (1 - x) MgIVAI2VIo4  

+ x [Al~V(Mg + AlVI)o4], 

where the Roman numerals indicate the cation co- 
ordination state with oxygen andx is the mole fraction of 
aluminum in tetrahedral co-ordination. Aluminum sit- 
ing is disordered as a mix of octahedral (VI) and tetra- 
hedral (IV) positions. The very slow cooling of these 
crystals during growth would suggest that the starting 
materials had A1 mostly in VI-fold co-ordination. 

The correlation between the anomalous and striking 
effect of temperature on plastic yield strength and the 
aluminum disordering reaction over the same tempera- 
ture interval suggests that the two phenomena are re- 
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lated. Increases in plastic yield strength with tempera- 
ture have been observed in a few types of crystalline 
compounds such as L12 metal alloys (binary or ternary 
superlattice alloys based on the close-packed fcc struc- 
ture) and the mineral dolomite CaMg(CO3)2 (Barber et 

al. 1981). These compounds also show some degree of 
increasing positional disorder with increasing tempera- 
ture. In oxides, dislocation motion in complex crystal- 
line materials such as these often involves synchronized 
motion of cations in addition to those associated with the 
shear of the oxygens. These motions essentially restore 
the preferred cation co-ordination after shear has taken 
place on the glide plane (Kronberg 1957, Hornstra 
1960). Termed synchroshear, the effects of these co- 
ordinated cation motions are thought in part to explain 
why close-packed oxides of various cation chemistries 
exhibit such a large range of plastic yield strengths. If 
cation positions are ordered, then their motion may in 
some instances be synchronized more easily to restore 
the preferred co-ordination. Veyssi6re & Carter (1988) 
demonstrated that dislocations in the same spinel 
samples deformed by Kirby & Veyssi6re (1980) and 
Veyssi6re et al. (1980) are typically split (dissociated) 
into partial dislocations by climb motion out of the slip 
plane and that samples deformed at 800-950°C have 
dislocation separations nearly ten times that of samples 
deformed at 400°C. They also presented evidence that 
the slip occurs by the co-ordinated motion of these 
partial dislocations and cation shuffles at the stacking 
fault in between. This suggests to us that cation disorder 
at the higher temperatures is playing an unknown role in 
decreasing the mobility of slip dislocations during glide. 
However, climb dissociation and temperature strength- 
ening are not unique to systems that display order- 
disorder (Veyssi6re 1988). 

The hypothesis that cation disorder can reduce dislo- 
cation mobility needs to be tested with specific positional 
models of dislocations in ordered and disordered states. 
Order-disorder reactions are extremely common in 
mineral systems and these experimental results suggest 
that mechanical effects of order-disorder reactions may 
be important in mineral theology during changes in 
thermal regime and attendant site cation order. 

NEAR-SURFACE DEVOLATILIZATION OF 
HYDROUS SILICATES 

At temperatures well below nominal macroscopic 
dehydration temperatures, devolatilization of hydrous 
silicate single crystals can effectively produce anoma- 
lously brittle behavior in association with liberation of 
free water near microcracks. This phenomenon was 
unexpectedly discovered when Lee & Kirby (1984) con- 
ducted a suite of deformation experiments on single 
crystals of gem-quality topaz, A12SiO4(OH,F)2. Their 
goal was to establish the plastic deformation mechan- 
isms of that mineral. The experiments were done at 
temperatures up to 950°C and a confining pressure of 1.5 
GPa. Those conditions are normally adequate to sup- 

press ordinary brittle fracture and permit plastic defor- 
mation in virtually all nominally-dry silicates, oxide 
ceramics and carbides (see references in Kirby et al, 

1990). That study of topaz plasticity was a complete 
failure. No significant plastic deformation occurred in 
the variety of orientations of compression directions 
with respect to the perfect (100) cleavage. Subsequent 
experiments (Kirby et al. 1990) at 800°C and 1.5 GPa on 
a suite of single crystals of other hydrous minerals 
(epidote, tourmaline and tremolite) gave the same re- 
sult: catastrophic failure by brittle fracture at stresses of 
1-2.5 GPa (Fig. 13). The only other hydrous silicates 
that have shown significant plastic deformation under 
these conditions are the micas, such as biotite (Kronen- 
berg et al. 1990) and muscovite (Mares & Kronenberg 
1993). Micas are unusually weak in orientations with 
high shear stress on the basal plane because of weak 
bonding in the (001) interlayer containing the alkali 
ions. This role of the alkali interlayer in the low plastic 
yield strength of mica was confirmed by experiments in 
which mica crystals were compressed normal to the basal 
plane, an orientation that suppresses slip on the (001) 
plane; failure occurred by brittle fracture at stresses 
comparable to those measured in other hydrous miner- 
als (Kronenberg et al. 1990, Mares & Kronenberg 1993). 
A second exception is plastic deformation of clinoam- 
phiboles (space group C2/m)  that mechanically twin at 
comparable temperatures in certain orientations of the 
direction of compression. 

In short, hydrous minerals are fundamentally brittle. 
Why? Lee & Kirby (1984) suggested that structural 
water in hydrous silicates is somehow effective in migrat- 
ing to nucleating cracks. They argued that this increases 
the rates of crack growth in ways similar to those by 
which molecular water in the environment of glasses, 
oxides and minerals increases the rates of crack growth 
by a process of chemical attack resulting from hydrolysis 
of stressed bonds at crack tips. No convincing indepen- 
dent evidence for migration of water to fracture surfaces 
was offered. 
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Fig. 13. Stress-strain curves (with staggered strain intercepts) of 
topaz, epidote, tourmaline and tremolite at 800°C, 1.5 GPa confining 
pressure and 2 x 10 -5 s -l strain rate, showing failure by brittle 
fracture at various orientations of compression with respect to (100) 
cleavage (after Lee & Kirby 1984, Kirby et al. 1990). That no 
significant plastic deformation occurred in any of the tests is indicative 
of the fundamental brittleness displayed by many hydrous minerals. 



1236 S.H.  KIRBY and L. A. STERN 

1.20 

T e m p e r a t u r e ,  o C 
100 200 300 400 500 

1 I f i i 

A v 

v 

,=j 

I 
0 

" t -  

o 

° m  

O 
Q 
a .  

Igl 

1.15 

1.10 

1.05 

1.00 

0.95 

0.90 

0.85 

0 . 8 0  J 

300 400 

O &  

E3 O ~X+ 

o 

g × 

÷x~x× * 

+ + 

÷ + 

+ +4 
+ +  

I t I 

500 600 700 800 
T e m p e r a t u r e ,  K 

Fig. 14. D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y ( d s c ) s c a n s f r o m K i r b y e t a l .  
(1990) show the thermal instability of powdered topaz. Measurements 
on large single-crystal topaz (squares) show monotonically increasing 
apparent heat capacity, C o , with increasing temperature. No 
hysteresis was detected during heating and cooling cycles up to 527°C. 
Sieved powders of the same materials show the same behavior up to 
177°C, above which prominent drops in apparent C o occur. 
Decreasing powder grain size increases the downward deflection of CO 
and increases the loss of total structural water, as detected by weight 

loss (see table 2 in Kirby et  al. 1990). 

Independently, B.S. Hemingway (unpublished data) 
found evidence for migration of water to fracture sur- 
faces in the course of a systematic measurement pro- 
gram of heat capacities of hydrous minerals using the dsc 
technique (differential scanning calorimetry). Briefly, 
dsc measures the differential electrical power dissipated 
as heat required to maintain a sample and a reference 
material at the same temperature during a controlled 
constant rate of increase in temperature (a scan). A dry 
gas flowing through the chamber maintains an inert 
environment. The apparent heat capacity Cp may be 
calculated from the differential power curves vs time 
when suitable corrections are made. Large single crys- 
tals of hydrous minerals show monotonically increasing 
Cp typical of materials not undergoing changes of state 
(Fig. 14) and weight losses during temperature cycling 
are negligible. Also, no hysteresis is observed in heating 
and cooling cycles up to 527°C. Sieved powders of the 
same minerals show the same behavior up to 177°C, 
above which prominent drops in apparent Cp occur, 
indicating an energy absorbing process is occurring up to 
temperatures of 377°C. No anomaly in apparent Cp 
occurs during subsequent scans provided the sample 
environment is maintained dry. The finer the grain size 
of the powder, the bigger the downward deflection of 
the apparent Cp curve and the larger the weight loss that 

occurs during temperature cycling. Weight losses up to 
about 10% of the total structural water content (1.6- 
3.0%) were measured, and subsequent exposure to 
laboratory humidity partially restored the anomalous 
behavior in later dsc scans. 

Kirby et al. (1990) interpreted these dsc findings as 
indicating that hydrogen near fracture surfaces is mobile 
and migrates to react with surface oxygens, and is then 
liberated from the surface as water vapor. They showed 
that this model of hydrogen migration is roughly consist- 
ent with measured values of intracrystalline hydrogen 
diffusion rates in silicates. Hydrogen in the ideal bulk 
crystal structures of hydrous minerals is essential for 
satisfying bonding requirements, and loss of protons, for 
example, would probably produce impossibly large 
space charges and consequent gradients in electrical 
potential. Surfaces of silicates, however, may have sub- 
stantially different structures in which the structural 
roles of hydrogen may be quite different. The fact that 
smaller grain sizes and hence larger fracture surface 
areas increase the magnitudes of the dsc anomalies 
points to a critical role of fracture surfaces in this thermal 
instability of powdered hydrous minerals. That water is 
liberated is demonstrated by the weight-loss measure- 
ments and by the partial restoration of anomalous dsc 
behavior and weight gain by subsequent exposure to 
humid air. The availability of water from fracture sur- 
faces inside hydrous mineral crystals should facilitate 
crack growth in ways similar to that of water in the 
environment of nominally anhydrous silicates under 
stress (e.g. Wiederhorn 1978, Atkinson & Meredith 
1981, Michalske & Freiman 1983). 

The fracture stresses shown in Fig. 13 are probably too 
high to occur in the Earth's crust. However, longer time 
scales of deformation at lower strain rates in nature and 
lower normal stresses and pressures than shown in Fig. 
13 may substantially reduce fracture strengths of these 
minerals. We obviously need better characterization of 
hydrous silicate surface structures to improve our 
knowledge of how water interacts with them. Structural 
petrologists studying naturally deformed rocks that bear 
hydrous minerals should be aware of the potential of 
intracrystalline water in embrittlement even under con- 
ditions in which the bulk hydrated phase may be ther- 
mally stable. Microscopic evidence for devolatilization 
near microfractures might be found in naturally- 
deformed rocks as microfractures localized in hydrous 
minerals. There is an important distinction between the 
phenomenon we have just described and the well known 
bulk dehydration embrittlement of hydrous silicates 
originally discovered by Raleigh & Paterson (1965) and 
attributed by them primarily to the effects of pore fluid 
pressure in reducing effective pressures. 

SUMMARY AND CONCLUSIONS 

Mineral single crystals display an impressive range of 
anomalous mechanical behavior as they undergo 
changes of state under stress. In the examples cited, the 
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transformations are of the simplest kind such that the 
initial crystal structure is only partially changed during 
transformation. Some of these changes in mineralogy 
involve minor changes in the articulation of the cation 
co-ordination polyhedra, others involve shear of a 
layered structure, and in others cation diffusion must 
also take place. Anomalous mechanical response to 
applied stresses ranges from embrittlement to enhanced 
rates of plastic deformation to plastic strengthening with 
increasing temperatures. 

While we have restricted the present paper to a review 
of metamorphic processes that occur primarily in grain 
interiors, most of the important phase changes that 
occur during metamorphism evidently involve whole- 
sale changes in crystal structure that occur at ordinary 
interphase grain boundaries. We have only begun to 
explore reconstructive phase changes of the simplest 
congruent type where no chemical exchange occurs, and 
even in these polymorphic transformations the variety of 
mechanical response to applied stresses is remarkable. 
For example, there is a remarkable range of grain 
textures produced during reconstructive polymorphic 
phase changes in ice I ~ II (Kirby et al. 1991, 1992), 
Mg2GeO4 and (Mg,Fe)2SiO 4 olivine -+ spinel (Green & 
Burnley 1989, Green et al. 1990, Burnley et al. 1991, 
Tingle et al. 1993) and calcite --, aragonite (Hacker & 
Kirby 1993). Some of the observed textures resemble 
those found in metamorphic rocks. The inelastic re- 
sponses of these mineral systems during transformation 
under stress range from macroscopically uniform ductile 
deformation with or without strain softening, to a new 
type of high-pressure faulting termed transformational 
fault ing (see reviews in Kirby 1987, Green & Burnley, 
1989, Burnley et al. 1991, Kirby et al. 1991, 1992). 
Assessment of the marked effects which localized recon- 
structive phase transformations can have on the charac- 
ter of inelastic deformation is beyond the scope of this 
review. The discovery of transformational faulting in 
both H20 ice and olivine germanate provides a case in 
point; unlike faulting by ordinary brittle fracture, trans- 
formational faults form at stresses that are insensitive to 
variations in normal stress and pressure. This property 
makes the mechanism of transformational faulting an 
attractive candidate for faulting and earthquakes in 
deeply subducted lithosphere where mantle phase 
changes are taking place (Kirby 1987, Green et al. 1990, 
Kirby et al. 1991). 

Whether or not such anomalous mechanical responses 
to applied stress actually occur in the Earth needs to be 
tested by closely examining microstructures recorded in 
deformed rocks. Careful optical and TEM study of 
natural examples of minerals that have undergone 
changes of state are called for in order to establish 
whether or not microstructures characteristic of the 
processes outlined above have been produced during 
natural deformation. 
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