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Abstract--Theoretical and experimental studies have shown that slates have a roughly parabolic yield curve in 
- o a.nd ~ - o space, where 0 is the orientation of cleavage relative to the maximum compressive stress, • is 

the orientation of cleavage relative to the incremental shortening direction and cr is the deviatoric stress. 
Deformation mechanisms that operate in low-grade rocks such as diffusive mass transfer in a grain boundary 
fluid, dislocation creep and frictional grain boundary sliding may have stress-strain rate relationships that depend 
on ~. During a progressive strain history, ~ and • may vary as a function of the strain path. Thus, the sequence of 
dominant deformation mechanisms as well as the stress-strain history may depend on the orientation history or 
variations in ~ as strain accumulates. 

In the Kodiak Formation, a slate belt in southwest Alaska. the orientation history and deformation 
mechanisms were evaluated using incremental strain indicators and microstructures. There are four successive 
textural events: (1) development of a slaty cleavage ($2) with antitaxial growth of fibrous quartz and mica in 
pressure shadows (Fi2); (2) static growth of siderite and chlorite porphyroblasts; (3) 10-70" rotation of 
porphyroblasts relative to $2 with growth of curved syntaxial siderite fibers; and (4) antitaxial growth of fibrous 
quartz and micas with local development of a crenulation cleavage ($3). Cumulative incremental strain and 
progressive finite strain histories were determined in 23 samples from syntectonic fibers, and orientation histories 
were reconstructed from information provided by cumulative incremental strain histories. Textural and strain 
analyses indicate that: (1) the strain history of nearly all samples can be approximated by two coaxial strain 
accumulations separated by a rigid rotation; (2) development of crenulation cleavages was dependent on the 
orientation history and the magnitude of the early strain accumulation (i.e. the degree of mica alignment at the 
completion of D2); (3) unstable behavior, or buckling, occurred when ~ < 45", suggesting that the angle of 
internal friction (~) was close to 0* (i.e. basal slip in micas may have been more important than frictional grain 
boundary sliding); and (4) diffusive mass transfer was accompanied by anisotropic plastic deformation, so the 
orientation history could be used to reconstruct the o - e history. 

INTRODUCTION 

SPATIAL variations in the relationship between stress and 
strain determine the structural morphology of an oro- 
genic belt. In both extensional and compressional  
regimes, a large portion of the strain can be localized in 
shear zones (Ramsay & Graham  1970). Strain localiz- 
ation requires that the rocks within the shear zone 
experience strain softening (Cobbold 1977, White et al. 
1980), so that the flow stress within the shear zone is 
lower than the yield stress of the material  outside the 
zone. In contrast,  strain hardening can cause defor- 
mation to be progressively dispersed over  a wider area.  
Strain softening and strain hardening rheologies reflect 
grain scale deformation processes that respond to vari- 
ables such as grain size, tempera ture  and fluid pressure.  
In this paper ,  I consider the effect of  the orientation 
history on the rheology and microstructural evolution of 
foliated rocks. 

Theoretical  (Cobbold 1977, Reches 1979) and experi- 
mental  (Donath  1961, 1964, 1968, Patterson & Weiss 
1966) studies have a t tempted  to characterize the rheo- 
Iogy of foliated rocks. For a plastic material ,  the stress-- 
strain behavior  can be described by the strength, or yield 
stress, of  the material.  Donath  (1961, 1964) demon-  
strated experimentally that the strength of Martinsburg 
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slate depends on the orientation of the cleavage relative 
to the incremental shortening direction (the axis of  
deformed cores, or e3). When the cleavage is ei ther 
parallel or perpendicular to e3, there is no resolved shear 
stress on the anisotropy, and the yield stress is maxi- 
mized. When the cleavage is inclined relative to e 3, the 
yield stress is smaller. This relationship can be character- 
ized by a roughly parabolic yield curve in ~ - o space, 
where • is the orientation of the cleavage with respect to 
e3, and a is the deviatoric stress (Fig. 1) (Donath 1961, 
1964). 

Reches (1979) derived a parabolic yield curve for a 
foliated plastic material.  The orientation of the aniso- 
tropy was described with respect to cr I. In an anisotropic 
material ,  the orientation of incremental shortening may 
not be parallel to al .  Because the triaxial experiments  of 
Donath  (1961, 1964, 1968) constrain the axis of  shorten- 
ing and not the precise orientation of ol within the 
material ,  the general agreement  between the work of 
Reches (1979) and the experiments  of Donath  (1961, 
1964) suggest that the difference in orientation between 
cr I and e3 is not large; thus, shear failure of  slates can be 
described by a roughly parabolic yield curve, regardless 
of whether the orientation of the foliation is described 
relative to ol or e3. 

Reches (1979) used the parabolic yield curve to de- 
scribe the rheology of foliated rocks. During a coaxial 
strain history, the stress-strain relationship depends on 
the initial orientation of the cleavage relative to ol ,  or 
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Fig. 1. Parabolic yield curve for slates, where ~ is orientation of slaty 
cleavage relative to maximum compressive stress (ax) and o is devia- 
toric stress. Yield curve is drawn for case where angle of internal 

friction (~) = 0". 

~o. Deformation occurs when the deviatoric stress 
equals the yield strength for the initial orientation, but, 
given a finite strain accumulation, the value of $ ap- 
proaches 90 ° . If the cleavage has an initial orientation of 
between 0 ° and (45 ° - ~/2) ° (where qt is the angle of 
internal friction), strain occurs at a progressively lower 
deviatoric stress, and slip on cleavage is unstable (Fig. 1) 
(Reches 1979). Unstable slip is accompanied by buck- 
ling of the anisotropy. Alternatively, if the cleavage has 
an initial orientation between (45 - qt/2)° and 90 °, 
additional strain increments require a greater deviatoric 
stress (e.g. strain hardening) and slip on cleavage is 
stable (Fig. 1) (Reches 1979). 

Recently, it has become apparent that strain paths in 
slates are typically non-coaxial, with complex incremen- 
tal strain histories that depend on position within thrust 
sheets, the geometry of thrust fault surfaces (Butler 
1982, Sample & Fisher 1986, Beutner et al. 1988), 
position with respect to folds (Wickham & Anthony, 
1977, Beutner & Diegel 1985, Tapp & Wickham 1987) 
and the kinematics of folding (Beutner & Diegel 1985). 
Under these circumstances, ~ ,  the orientation of the 
cleavage relative to the incremental shortening direc- 
tion, varies as a function of the strain path, 

The goals of this paper are: (1) to consider the re- 
lationship between deformation mechanisms, strain 
path and stress-strain history in slates at low-grade 
conditions; and (2) to apply this relationship to the 
Kodiak Formation, a slate belt exposed on Kodiak and 
Afognak Island, Alaska, where a variety of incremental 
strain indicators can be combined with a detailed tex- 
tural history. 

D E F O R M A T I O N  M E C H A N I S M S  IN S L A T E S  

At lower greenschist-facies conditions and geologi- 
cally reasonable strain rates, frictional sliding and catac- 

lasis, as described in the room temperature experiments 
of Donath (1961, 1964) and Patterson & Weiss (1966), 
are not the only possible deformation mechanisms in 
slates. One important deformation mechanism in low- 
grade metamorphic rocks is diffusive mass transfer in a 
grain boundary fluid. This mechanism is accompanied 
by relative grain motions and could be described as 
diffusion accommodated particulate flow (EUiott 1973). 
Diffusive mass transfer can be either diffusion con- 
trolled (Berner 1978), whereby the rate-controlling step 
is the diffusion of species from the site of dissolution to 
the site of precipitation, or interface controlled (Berner 
1978), whereby the rate-controlling step is the dissol- 
ution and/or precipitation of material. In the case of 
interface controlled diffusive mass transfer, crystallo- 
graphic control on the rate of dissolution/precipitation 
of micas could result in a @ dependence. Because the 
flow law for diffusive mass transfer involves a linear 
relationship between stress and strain rate (Elliott 
1973), a dependence on @ could be represented by 
anisotropic viscous behavior (Lipshitz 1963). 

Other @-dependent deformation mechanisms in slates 
may result in plastic behavior. For example, defor- 
mation mav occur by dislocation creep in micas with slip 
favored along the basal planes (Kronenberg et al. 1985). 
Alternatively, deformation may be accomplished by 
independent particulate flow. with frictional slip along 
grain boundaries (Borradaile 1979). Particulate flow is 
favored by high pore fluid pressures (Borradaile 1981), a 
condition that may be characteristic of slates and other 
regionally metamorphosed rocks (Etheridge etal .  1983). 
Because the foliation in pelitic rocks can be defined by 
the preferred alignment of both grain boundaries and 
basal planes in fine-grained micas, plastic deformation 
by either of these mechanisms may be characterized by a 
parabolic yield curve. When deformation occurs by 
dislocation creep in micas, the angle of internal friction 
(~)  may be close to 0 °, and the field of unstable behavior 
may encompass all ~ values from 0 ° to 45 °. When 
deformation occurs by frictional grain boundary sliding, 

may be close to 30 ° , and the field of unstable behavior 
is smaller. 

Diffusive mass transfer, independent particulate flow 
and dislocation creep are independent mechanisms, and 
the dominant mechanism produces the greatest portion 
of the bulk strain rate. When an increasing deviatoric 
stress is applied, a rock will deform by diffusive mass 
transfer at an increasing strain rate until the yield stress 
for plastic processes is attained. During subsequent 
increases in bulk strain rate, the strain rate produced by 
diffusive mass transfer and the flow stress within the 
material will remain constant, but dislocation creep 
and/or independent particulate flow will occur at a 
greater rate. Thus, increases in bulk strain rate can lead 
to a dominance of plastic deformation mechanisms. In 
slates, diffusive mass transfer would be the only operat- 
ive mechanism if the applied stress were lower than the 
yield stress for plastic processes at a given @ value. 

Consider the case where diffusive mass transfer is not 
dependent on tp (/x, the viscosity, is not a function of @). 
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As ~ approaches 45 - ~/20, the yield stress for plastic 
processes (dislocation creep or frictional sliding of 
micas) decreases. Consequently, the strain rate con- 
tributed by diffusive mass transfer in a grain boundary 
fluid would be smaller, and plastic processes dominate at 
a smaller bulk strain rate. Alternatively, as ~ ap- 
proaches 90", the yield stress for plastic processes is 
greater, and the bulk strain rate at which plastic pro- 
cesses dominate is also greater. Thus, given a constant 
bulk strain rate, the dominant deformation mechanism 
may be a function of ~, and the sequence of dominant 
deformation mechanisms during a progressive strain 
history depends on the orientation history, or variations 
in the value of • as strain accumulates. 

ORIENTATION HISTORIES IN SLATES 

The orientation history of a rock with a strong folia- 
tion, either sedimentary layering or a tectonic cleavage, 
can be represented on an orientation history diagram, 
with the orientation of incremental shortening relative 
to the foliation (~) as the x axis and the cumulative 
incremental strain (e) as the y axis (Fig. 2). 
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Fig. 2. Orientation history diagrams and o - e  curves for slates, 
assuming parabolic • - a yield curve. ~ is orientation of incremental 
shortening relative to slaty cleavage, e is cumulative elongation. 
Orientation history diagrams shown for (a) simple shear and (b) pure 

shear, given initial 4) values of ~o = 45* and ~u = 90*. 

The rheology of foliated rocks depends on both the 
initial orientation (~0) and the orientation history. If ~0 
is between 90* and 45 - ~/20, simple shear can cause 
to approach 45*. Thus, deformation occurs at a progress- 
ively lower stress and the contribution of plastic defor- 
mation mechanisms to a constant bulk strain rate will be 
larger. Simple shear in foliated rocks can result in 
geometric softening (White et al. 1980) or rotation 
softening (Cobbold 1977) which may lead to localization 
of shear strains in shear zones or at the base of thrust 
sheets. In contrast, coaxial flattening causes progressive 
rotation of the foliation towards the incremental exten- 
sion direction, and the strain path asymptotically ap- 
proaches ~ = 90 °. If ~0 is between 45 - ~/2" and 90 °, a 
coaxial strain path is a strain hardening path (Fig. 2). 
Given a constant bulk strain rate, coaxial flattening will 
result in an increase in the relative importance of diffu- 
sive mass transfer. 

In foliated rocks, the orientation history can be deter- 
mined using incremental strain indicators. Commonly 
used incremental strain indicators are syntectonic fibers 
in pyrite pressure shadows and veins. Fibers provide a 
record of changes in the incremental extension direction 
as strain accumulates, which can be used to evaluate the 
kinematics of folding (Wickham & Anthony 1977, 
Beutner & Diegel 1985, Tapp & Wickham 1987), cleav- 
age development (Gray & Durney 1979) and thrust 
sheet deformation (Beutner et al. 1988). However, 
fibers may behave rigidly or deform passively (Ramsay 
& Huber 1983, Ellis 1986, Etchecopar & Malavieille 
1987), so an assumption must be made about fiber 
behavior before fiber data from a pressure shadow can 
be translated into a • - t path for the surrounding 
matrix. 

Other useful incremental strain indicators in meta- 
morphic rocks are syntectonic porphyroblasts (Eiliott 
1972). Porphyroblasts commonly include trails of a pre- 
existing foliation (Si) that are rotated relative to the 
external fabric (Se). When the difference in orientation 
between Si and Se is less than 90 °, apparent rotations 
may be due to flattening and passive rotation of the 
foliation outside the porphyroblasts (Ramsay 1962, 
Kennan 1971, Bell et al. 1986) or to active rotation of the 
porphyroblasts in response to simple shear (Williams & 
Schoneveld 1981). 

In the following sections, fibrous pressure shadows 
and syntectonic porphyroblasts from slates of the 
Kodiak Formation are used to characterize the sequence 
of deformation mechanisms and quantify the orientation 
history of these slates on a • - e plot. 

TEXTURAL HISTORY AND STRAIN PATH WITH- 
IN THE KODIAK FORMATION 

The early Maastrichtian Kodiak Formation is part of a 
slate belt that was accreted in the late Cretaceous or 
early Tertiary along the southwest Alaska convergent 
margin (Sample & Fisher 1986, Sample & Moore 1987), 
a margin that has been active since the late Cretaceous 
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(Moore et al. 1983, Byrne & Fisher 1987). The entire 
slate belt, which includes the Kodiak Formation, the 
Shumagin Formation, and the Valdez Group, continues 
parallel to the margin for over 1000 km (Fig. 3). In the 
Kodiak Islands, the Kodiak Formation strikes NE and 
encompasses over 60% of the Kodiak accretionary com- 
plex (Fig. 3). 

The earliest deformation in the Kodiak Formation 
(Dl) is believed to have occurred during underthrusting 
and progressive lithification of a thick sediment pile 
(Fisher & Byrne 1987). This deformation resulted in the 
development of two distinct structural terranes; coher- 
ent terranes of layered turbidites and melange terranes. 
Within mrlange terranes, Dt is recorded in part by a 
pervasive scale foliation (St), with only local scaly 
microfractures within coherent terranes. The second 
deformation (D2) resulted in the juxtaposition of 
accreted packages and the development of fold-and- 

thrust structures and an associated slaty cleavage ($2). 
D2 coincided with regional lower greenschist-facies 
metamorphism and preceded the intrustion of 60 Ma old 
plutons (Sample & Moore 1987). A third deformation 
(D3) folded the accreted packages into a broad regional 
anticline that exposes the deepest D2 structural levels in 
the core and progressively higher structural levels on 
either limb (Fig. 3). I will describe the mierostructural 
evolution and strain history in samples from the upper 
structural levels of the Kodiak Formation (i.e. the land- 
ward (NW) and seaward (SE) limbs of the D 3 fold) and 
will focus on the effect of the orientation history on 
cleavage development and the associated mechanical 
behavior. A later paper (Fisher & Byrne in preparation) 
will address the regional significance of strain histories 
throughout the Kodiak Formation. 

In the landward and seaward belts of the Kodiak 
Formation, the incremental strain histories associated 
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Fig. 3. Geologic map of Kodiak and Afognak Islands, showing large-scale 0 3 anticline with landward belt (LB) and seaward 
belt (SB) along NW and SE limbs and central belt (CB) in core. Strain histories were measured along two across-strike 

transects (1983-1984 and 1985). 
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with both De and D3 microstructures were quantified 
using syntectonic fibers and porphyroblasts. The results 
of this strain analysis are described below. 

Microstructures and incremental strain histories 

Dz deformation in the landward belt and seaward belt 
is marked by the development of a slaty cleavage (Sz), 
which strikes NE and clips steeply (45-90 °) to the north- 
west. This cleavage is roughly axial planar to meso- 
scopic, SE-verging folds and is defined by the alignment 
of fine-grained chlorite and white mica grains and planar 
or anastomosing trails of opaque particles. The fine- 
grained micas commonly have a strong preferred orien- 
tation. Although detrital micas locally have basal planes 
oblique to $2, micas with large aspect ratios tend to be 
oriented with basal planes subparallel to $2. Cleavage 
development was contemporaneous with the growth of 
chlorite, muscovite, and quartz fibers (Fi2) in pressure 
shadows around framboidal pyrite (Fig. 4) and in fibrous 
beards at the boundaries of detrital grains. 

In several samples (e.g. D-18, D-22 and D-12), sider- 
ite or chlorite porphyroblasts overgrew the minerals that 
defined $2 at the completion of D 2 (Fig. 4). These 
porphyroblasts contain straight trails of opaque par- 
ticles, inert quartz grains (Si), and, more rarely, pyrite 
pressure shadows that record only D 2 overgrowths 
(Figs. 4d & e). The chlorite porphyroblasts commonly 
occur in proximity (<100 m) to 60 Ma old plutons. 
Although the majority of porphyroblasts are nearly 
circular, some have aspect ratios as large as 2:1, and the 
long axes of these porphyroblasts have variable orien- 
tations. An exception to this observation occurs in 
sample D-22, where siderite has locally nucleated along 
S2-perpendicular cracks in the matrix. The aspect ratios 
of these porphyroblasts can be as large as 20:1 (Fig. 4f). 
These replacement veins overgrew the material adjacent 
to the cracks rather than filling open gaps. All porphyro- 
blasts have straight inclusion trails, regardless of orien- 
tation or shape (i.e. aspect ratio), indicating that por- 
phyroblast growth was static or did not accompany an 
appreciable amount of strain. 

D3 deformation resulted in an apparent clockwise 
rotation relative to $2 (when viewed to the southwest). 
The difference in orientation between inclusion trails 
(Si) and $2 can be as large as 70 ° (sample D-18). The 
variability in the amount of rotation within individual 
samples is largely a function of variability in the initial 
orientation of the porphyroblast relative to $2. Follow- 
ing the suggestions of Powell & Treagus (1970), many 
sections in different orientations were observed to 
ensure that the porphyroblasts were viewed in a plane 
that is perpendicular to the axis of rotation. The initial 
orientation of the porphyroblasts relative to $2 was 
established by determining the orientation of the folia- 
tion inside the porphyroblast (Si) relative to the long axis 
of the porphyroblast. The amount of apparent rotation 
was then measured for porphyroblasts that were circu- 
lar, initially elongate perpendicular to $2, and initially 

elongate parallel to $2 (Fig. 5). In all four samples 
analyzed, porphyroblasts that were initially elongate 
parallel to Sz record the smallest observed apparent 
rotations, circular porphyroblasts record intermediate 
rotations, and initially Sz-perpendicular porphyroblasts 
record the greatest apparent rotations. The deformation 
that produced these apparent rotations can be sub- 
divided into two stages. 

Stage 1 can only be observed in three samples with 
siderite porphyroblasts. During stage 1, coarse-grained 
(3-5 ~m thick) siderite fibers grew at the margins of 
many of the siderite porphyroblasts (Fig. 6c). The sider- 
ite that composes these fibers is cleaner than the adjac- 
ent siderite porphyroblast, and the fibers are optically 
continuous with the porphyroblasts, indicating that fiber 
growth was syntaxial (i.e. the most recent fiber growth is 
at the tips of the fibers). The siderite fibers are consist- 
ently curved, with the earliest increments of stage 1 
siderite growth rotated clockwise relative to the latest 
(as viewed to the southwest). Because the fibers and the 
siderite host have a single optical orientation, the curva- 
ture of fibers cannot be due to bending and must be a 
response to changes in the orientation of incremental 
extension relative to the porphyroblast during stage 1. 
Optical continuity also suggests that the porphyroblasts 
and stage 1 fibers behaved rigidly during both stage 1 and 
subsequent strain accumulations. Stage 1 fibers post- 
date development of the cleavage included within por- 
phyroblasts, but the importance of stage 1 strain for both 
the further modification of this cleavage and the devel- 
opment of $3 is not clear. 

Stage 2 is characterized by the growth of straight, 
antitaxial fibers of chlorite, muscovite and quartz in 
pyrite pressure shadows, fibrous beards on detrital 
grains, and large fibrous beards at the margins of por- 
phyroblasts (Figs. 4a & c). Some siderite porphyroblasts 
in sample D-18 have long straight fiber segments at the 
tips of the pressure shadow (i.e. latest growth) that may 
be contemporaneous with D3. Stage 2 deformation may 
have modified the cleavage that formed during Dz, and, 
in only a few samples (e.g. 43-83, 18-84, D-22 and D-18), 
developed either a second cleavage ($3) or an incipient 
crenulation cleavage. In sample D-18, $3 selvedges are 
short, discontinuous and only observed at the margins of 
the siderite porphyroblasts. In this case, the presence of 
a second cleavage was a consequence of strain hetero- 
geneity near the rigid porphyroblasts. Although the 
slaty cleavage may have rotated or strengthened in 
intensity during D3, this cleavage is referred to as $2 
after the deformation event (D2) when it initially devel- 
oped. 

The incremental strain histories for Dz and D 3 within 
the landward belt and seaward belt are recorded by the 
syntectonic fibers in pressure shadows around framboi- 
dal pyrite and at the margins of siderite porphyroblasts. 
The growth direction for fibers must be determined 
before the incremental strain history can be calculated. 
Fiber growth in pyrite pressure shadows is typically 
treated as antitaxial (Durney & Ramsay 1973), with the 
oldest fiber increments at the fiber tips and the youngest 

12:44" 



488 D .M.  FISrIER 

fiber increments at the surface of the pyrite host. This is 
consistent with the observation that, in the few samples 
with a second cleavage ($3) that cross-cuts $2, the 
segments of the fibers which record extension in the 
plane of the later cleavage (Fi3) are located closest to the 
pyrite host. In contrast, detrital grains show the opposite 
relationship, with the S3-parallel fiber segments at the 
tips of the fibrous beards. Thus, syntectonic fiber growth 
at the margins of detrital grains is syntaxial, with fiber 
growth occurring 'outwards', from the detrital grain 
towards the adjacent matrix. In this study, only syntecto- 
nic fibers around spherical pyrite and siderite hosts were 
used for quantitative analysis. 

Strain histories were calculated in cleavage- 
perpendicular thin sections using the Durney & Ramsay 
method (1973), which assumes that fiber growth occurs 
parallel to the incremental extension direction and that 
fiber segments behave rigidly during subsequent strain 
accumulations. This method also assumes that the axis 
of incremental extension for all strain increments is 
parallel to the plane of observation (i.e. in these 
examples, the thin section defines the X Z  plane). In 
nearly all samples from the landward belt of the Kodiak 
Formation, pressure shadows observed in cleavage- 
parallel sections have roughly straight fibers, so fiber 
curvature is largely restricted to cleavage-perpendicular 
sections. In addition, strain histories calculated from 
opposing pressure shadows on a single pyrite framboid 
give nearly identical results, suggesting that the curved 
fibers are not sectioned obliquely. 

The strain histories for 23 samples are depicted by 
three different graphs: (1) the cumulative incremental 
strain history (~ - e); (2) the orientation history (~ - e); 
and (3) the progressive finite strain history (ill - E) 
(Figs. 6 and 7). Cumulative incremental strain histories 
display changes in the incremental extension direction as 
strain accumulates. A horizontal path on this diagram 
represents a sharp bend in a fiber or a rigid rotation, 
whereas a vertical path represents straight fibers or 
coaxial extension. In these cumulative incremental 
strain diagrams, the orientation of strain increments is 
recorded relative to an arbitrary S2-fixed reference 
frame and thus these diagrams differ from an orientation 
history (~ - e) diagram where the orientation of cleav- 
age relative to e3 (~) is recorded at each particular point 
in the overall strain history. 

A • - e diagram can be constructed from the cumu- 
lative incremental strain diagram, however, by making 
assumptions about the strain path and the response of 
the cleavage to accumulations of strain. In this study, I 
will assume that (1) the cleavage behaves as a passive 
line marker and (2) the strain history involves coaxial 
pure shear, with variations in ~ that correspond to rigid 
rotation of the rocks relative to the fixed extension 
direction. The final cleavage orientation On and cumu- 
lative strain value en are the same as the final point on a 

- e diagram. The cleavage orientation at the com- 
pletion of the n - lth increment is obtained by restoring 
the passive line rotation that occurred during the final 
strain increment and the rigid rotation between the final 

two increments. For example, the passive rotation can 
be obtained using the equation: 

tan 0n = ($IS3) tan On, (1) 

where q~,, is the orientation of the passive line marker 
(i.e. cleavage) at the completion of the nth increment, 
$11S3 is the ratio of principal stretches associated with 
the nth increment (note that $3 cannot be obtained from 
syntectonic fibers and an assumption must be made 
about volume change, AV. In this case I assume AV = 0 
and $3 = 1/S1), and 0n is the orientation of cleavage prior 
to the nth increment (before taking into account the 
rigid rotation between the nth and n - lth increments). 
The rigid rotation between the nth and n - lth incre- 
ments is given by the cumulative incremental strain 
history as: 

Rn = ~. - ~n-l, (2) 

where ~n is the orientation of the nth fiber segment (i.e. 
orientation of incremental extension) and ~,,-1 is the 
orientation of the n - 1 th fiber segment. The orientation 
of the cleavage at the completion of the n - lth incre- 
ment (qbn_t) is: 

q~n-1 = 0N - Rn. (3 )  

This result can then be used in equations (1), (2) and (3) 
to determine the orientation of cleavage at the com- 
pletion of the n - 2th increment. After reconstructing 
the orientation of the cleavage before each increment, 
the resulting • - e diagram shows the orientation his- 
tory of a passive marker that ended the history with a 
final orientation parallel to the cleavage. 

In the special case where On is not equal to 0 ° and Rn = 
q~n - 0n (i.e. the rigid rotation is equal to the passive 
rotation), the cleavage (i.e. a passive line marker), does 
not change orientation relative to the incremental exten- 
sion direction. If On is not equal to 0 ° and Rn = 0 (i.e. 
coaxial extension oblique to the cleavage), then On < 
qbn- t (the cleavage was initially more oblique relative to 
the incremental extension direction prior to the nth 
increment of strain). Thus, coaxial strain causes pro- 
gressive rotation of the cleavage into parallelism with 
the incremental extension direction, and a • - e dia- 
gram reflects this rotation. 

The progressive finite strain diagrams (O - E) in Figs. 
6 and 7 show variations in the orientation of the principal 
axis of finite extension as a function of the magnitude of 
the principal stretch. These diagrams can be used to 
consider the finite strain state at intermediate stages in 
the strain history as well as to compare the orientations 
of the cleavage and the axis of finite extension at the 
completion of the strain history. 

Cumulative incremental strain histories, orientation 
histories, and progressive finite strain histories were 
determined for samples collected from coastline ex- 
posures along two across strike transects across the 
Kodiak Formation; the northeast coast of Afognak 
Island, and between Kodiak and Afognak Islands (Figs. 
3 .6  and 7). In all samples, the cumulative incremental 
strain history involves an early, roughly coaxial strain 
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Fig. 4. Photomicrographs from sample D-18 in landward belt (except where noted). (a) Pyrite pressure shadow with D, and 
D 3 fiber growths. (b) Siderite porphyroblasts. S_,. Si (traces of S.- preserved in porphyroblasts) and S.~. Note that 53 is 
restricted to margins of porphyroblasts. (c) & (d) Siderite and (e) chlorite (sample 38-84) porphyroblasts. Note fibrous 
overgrowths on siderite in (c). Curved coarse stage I siderite fibers occur closest to porphyroblast (darker overgrowth) with 
later straight stage 2 chlorite fibers (light overgrowth) at outer portion of pressure shadow. S, is horizontal and S 3 dips 20- 
30 ° to left. In (d) & (e) porphyroblast overgrows a pressure shadow that only records D_, coaxial deformation parallel to S,. 
(f) Siderite porphyroblast or replacement vein that nucleated along cracks in matrix. Traces of S_, are preserved within 
porphyroblast and indicate that cracks were initially perpendicular to S_,. (g) Crcnulation cleavage in sample 39-84 that is 
well developed where slat} anisotropy is strong (top) and absent in adjacent silticr layer (bottom) where slaty cleavage is 
weaker. In upper layer. D., strain resulted in development of parabolic yield curve in ~ - o space and unstable behavior 
during subsequent strain, whereas in lower layer. D_~ strain was insufficient to produce a parabolic yield curve and later 

deformation was stable and homogeneous. All plane light except (d) with nicols crossed. 
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Fig. 5. Plot showing on y axis the differences in orientation between $2 and Si (i.e. apparent rotation in degrees) for 
porphyroblasts with different aspect ratios (R = a/b, where a and b are long and short axes, respectively, of cross-sectional 
ellipse). Apparent rotation was only measured for porphyroblasts which were originally elongate parallel to $2 (Si II a), 
originally elongate perpendicular to Sz (Si .1. a), and circular (R = 1). Solid curves are calculated using the theoretical 
predictions of Ghosh & Ramberg (1976) for viscous flow around rigid elliptical inclusions, assuming progressive simple 
shear, a cleavage-parallel shear plane, and various shear strains (y). (a) Sample D-22, 7 = 1.4, (b) sample D-18, 7 = 2.1, (c) 

sample D-12, y = 1.8, (d) sample 28-84, ~ = 0.6. 

accumulation (F/2) , followed by a rigid rotation and a 
second, roughly coaxial strain accumulation (Fi3). In the 
landward belt, the cumulative elongation (sum of 
elongations) for increments of D2-related strain varies 
from 0.272 (sample D-26) to 1.45 (sample 24-84). The 
orientation of this coaxial strain accumulation relative to 
$2 varies from 8* (samples 16-84 and 24-84) to 44* 
(sample D-27) clockwise (cw). D2-related strain is fol- 
lowed by a counterclockwise (cow) rotation of 20* 
(sample 16-84) to 75 ° (sample D-26) (viewed to the 
southwest). The rotation is associated with an 
elongation of less than 0.272 and can be treated as a rigid 
rotation. The second coaxial strain accumulation 
(D3-related strain) involves a cumulative elongation of 
0.136 (sample D-26) to 0.727 (sample 25-84), with vari- 
ations in the orientation of incremental extension rela- 
tive to $2 from 2* (sample 17-83) to 47* (sample D-26) 
counterclockwise. 

The primary difference between cumulative in- 
cremental strain histories in the seaward belt and the 
landward belt is that the rigid rotation between D 2- and 
D3-related strain accumulations is clockwise rather than 
counterclockwise (Fig. 6). Cumulative elongations for 
the early coaxial strain event vary from 0.273 (sample 
TB-6) to 0.909 (sample TB-26), with variations in the 
orientation of incremental extension relative to $2 from 

10. (sample TB-6) to 35* (TB-26) counterclockwise (Fig. 
9). This strain accumulation is followed by a clockwise 
rigid rotation of 19" (TB-6) to 35* (TB-26). Cumulative 
elongations for D3-related strain vary from 0.182 
(sample TB-6) to 0.591 (sample TB-26). The orientation 
of incremental extension relative to $2 for this event 
varies from 7* (sample TB-6) to 35* (sample TB-26) 
clockwise. Thus, the cumulative strain histories in the 
seaward belt (i.e. all TB samples) are roughly a mirror 
image of the cumulative strain histories in the landward 
belt in that the seaward belt and landward belt histories 
display clockwise and counterclockwise rigid rotations, 
respectively. The regional significance of this result is 
discussed in Fisher & Byrne (in preparation). 

In both the landward belt and seaward belt, the 
incremental strain history (excluding stage 2) is approxi- 
mated by two coaxial strain accumulations (D2 and D3) 
separated by a rigid rotation. Stage 2 is not included in 
this strain history because there is no evidence for this 
strain in pyrite pressure shadows. An idealized ~ - e 
curve for the strain history from pyrite pressure shadows 
would involve a vertical segment (~ = ~2 not equal to 0*) 
followed by a horizontal segment (where ~ changes sign 
or crosses the axis ~ -- 0*) and finally a vertical segment 
(~ = ~3 not equal to 0*) (Fig. 8). An idealized @ - e curve 
would begin with a vertical segment at @ = 90 ° (De) 
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followed by a horizontal segment to • = ((90 - ~3) + the 
passive rotation incurred during D3) ° and finally a 
curved path with • decreasing to • = (90 - ~2) ° as the 
cleavage rotates towards perpendicular to the D 3 short- 
ening direction. Systematic deviations of calculated q) - 
e curves from this idealized curve can be attributed to a 
failure in one of the assumptions such as passive cleav- 
age behavior. 

The calculated • - e diagram traces the orientation 
history from the final increment of strain backwards 
through the strain history, and an error at some stage in 
the orientation history is compounded for all previous 

strain increments. For example, if the calculated orien- 
tation of  • prior to the rigid rotation in the observed 
strain histories (orientation of • at the completion of 
D 2, or ~ 2 )  is not equal to 0 °, then the D 2 coaxial strain 
accumulation will not remain vertical on a • - e diagram 
(as in the idealized case) but will be represented by a 
curved path with • increasing to a final value of ~2.  This 

- e path is not likely, because the cleavage should 
form parallel to the extension direction during an initial 
coaxial strain accumulation. I will disregard the • - e 
path for the early increments of coaxial strain and 
concentrate on the value of ~2. The magnitude of  the 
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Fig. 6. (a) Cumulative incremental strain histories (~ - e), (b) orientation histories ( ~  - e) and (c) progressive finite strain 
histories ((ID - E) for samples from 1985 transect shown in Fig. 3. ~ is orientation of incremental extension relative to final 
orientation of  $2. d) is orientation of incremental extension relative toorientation of $2 at that given point in strain history, d) 
values are labelled cw and ccw depending on whether the shortening direction is measured clockwise or counterclockwise 
relative to $2. e is orientation of finite extension relative to final orientation of $2. e is cumulative incremental elongation 
and E is progressive finite elongation. • - e curves plot on left when shortening direction is measured clockwise relative to 

cleavage, and on right when shortening direction is measured counterclockwise. Histories are described in text+ 
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Fig. 7. (a) Cumulative incremental strain histories (~ - e), (b) orientation histories (4) - e) and (c) progressive finite strain 
histories (O - E) for samples from 1983-1984 transect shown in Fig. 3. 

deviation of this value from 0. is a measure of how 
reasonable the passive rotation assumption is for cleav- 
age behavior during D3 coaxial strain. 

The value of O2 for each measured strain history in the 

I c I 
[®~.M21 / .'i"'1. I. , , , /  . . . . .  

-50 0 ' ~ 4 0 '  90 40 
COw c w  

lab (b} 

Fig. 8. Idealized (a)~ - e and (b) 4) - t histories for landward belt of 
the Kodiak Formation. M2 is magnitude of cumulative incremental 
elongation at completion of D2. M3 is magnitude of cumulative 
incremental elongation associated with stage 2 of/)3.  M2 + Ms is 

cumulative incremental elongation at completion of Ds. 

landward belt and seaward belt was plotted as a function 
of: (1) the ratio of M2 to Ms; (2) the magnitude of 
cumulative incremental extension during the first co- 
axial strain accumulation (M2); and (3) the magnitude of 
cumulative extension during the second coaxial strain 
accumulation (M3) (Fig. 9). Forty-two points were plot- 
ted on each graph because, wherever possible, several 
strain histories were determined for each of the twenty 
three samples. For M2/M3 < 2, there is a considerable 
amount of variability in the value of 02, with values 
ranging from 42 °ccw to 51 ° cw (N = 23, mean = 6 °ccw, 
S.D. = 20°). For ratios of M2/M3 > 2, there is less 
scatter, with all values between 20" ccw and 20 ° cw (N = 
19, mean = 1 ° cw, S.D. = 14°). A similar pattern is 
observed on plots of M2 vs 02, with variations in O2 from 
50" cw to 20 °ccw at M2 < 0.5 (N = 19, mean = 10" ccw, 
S.D. = 18 °) and variations from 24 ° cw to 22 °ccw for M2 
> 0.5 (N = 23, mean = 0., S.D. = 14°). There is no 
apparent relationship between O2 and M3. 
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Fig. 9. Scatter diagrams showing (a) ratio of D 2 to D3 elongation (M2/ 
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= - 2  °, S.D. = 6°). For M 2 < 0.5, Of varies from -22  ° to 
+ 18 ° (N = 20, mean = - 2  °, S.D. = 9*) and, for M2 > 
0.5, Of varies from -11 ° to +14 ° (N = 24, mean = - 2  °, 
S.D. = 7°). Thus, the orientation of the slaty cleavage 
becomes a better approximation to the orientation of 
finite extension as the magnitude of early coaxial strain 
(which led to initial development of the cleavage) be- 
comes larger. 

Only three of the samples analyzed (that do not have 
porphyroblasts) display an incipient crenulation cleav- 
age, indicating that plastic deformation of the slaty 
groundmass of these samples occurred within the field of 
unstable slip or buckling (samples 18-84, 43-83 and D- 
22). These samples display a rigid rotation between the 
two coaxial strain accumulations of greater than 40 °. M2 
values for the three samples range from 0.545 to 0.727. 
Seven other samples (samples 17-83, D-26, D-25, D-14, 
D-27.9-83 and D-9) also record rigid rotations of greater 
than 40 ° . However, in contrast to the samples that 
developed a second cleavage, M 2  values for these 
samples are lower and range from 0.091 to 0.455. Thus, 
the occurrence of a crenulation cleavage depends on 
both the amount of rigid rotation and the amount of 
strain associated with cleavage development prior to the 
rigid rotation. 
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For samples with low values of M2, the greater vari- 
ability in @2 may reflect variability in the local orien- 
tation of the weakly developed anastomosing cleavage 
rather than variations in mechanical behavior. Larger 
M2 values result in a stronger early cleavage and a more 
uniform cleavage orientation at the scale of the pyrite 
strain markers. The mean values of @2 for samples with 
low values of M 2 and M2/M3 are counterclockwise, 
suggesting that the cleavage rotates faster than a passive 
line marker when the fabric is poorly developed. Thus, 
for low values of M2, the cleavage is weakly defined and 
easily modified into near parallelism with the extension 
direction during stage 2 of D3 (e.g. samples 17-83 and 
25-84). For larger values of M2, the well developed 
cleavage behaves roughly as a passive line marker during 
subsequent strain accumulations. 

The orientation of finite extension relative to the 
cleavage (final O value in the progressive finite strain 
history, Of) can also be compared with values of M2/M3, 
M2 and M3 (Fig. 12). For M2/M3 < 2, Of varies from 
-22* to +18" (N = 25, mean = - 2  °, S.D. = 90), and, for 
M2/M3 > 2, Of varies from -11 ° to +10" (N = I9, mean 
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Fig. I0. Scatter diagrams showing(a) M2/M3 vs O~, (b) M2 vs O~ and (c) 
M3 vs Of. ef is orientation of principal axis of finite extension at 
completion of D2 and D3. Me and M3 arc same as in Figs. 8 and 9. 
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Fig. 11. Cumulative incremental strain histories for stage 1 of D3 in sample D-18. 

These analyses depend on the assumptions that there 
was no volume loss and that the strain path associated 
with D 2 and D 3 was coaxial pure shear. Fibers in press- 
ure shadows record the orientation and magnitude of 
extension associated with each increment of defor- 
mation, but the strain ratio for each corresponding strain 
increment must be known before changes in volume can 
be quantified. Nevertheless, in other slates where large 
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Fig. 12. (a) Line drawing of siderite porphyroblasts in silty (right) and 
pelitic (leh) layers within sample D-18. Note that porphyroblasts are 
rotated more relative to bedding in pelitic layers. Also note that $i is at 
high angles to bedding in pelitic layers and low angles to bedding in 
silly layers. (b) & (c) Two models which would produce stage 2 curved 
fibers and the relationship between bedding and $i shown in (a). 
Gradual rigid rotation during (b) pure shear or (e) a component of 

simple shear. 

volume loss has been demonstrated such as the Martins- 
burg Formation and Hamburg Klippe in Pennsylvania 
(Wright & Platt 1982, Beutner & Charles 1985), fibrous 
overgrowths are absent or negligible (Beutner & 
Charles 1985, Wright personal communication). More- 
over, a measurable volume loss during D3 would cause 
cleavage to appear to rotate more than a passsive line 
marker on • - e diagrams (which assume constant vol- 
ume). This would skew O2 towards counterclockwise 
(ccw) values, particularly for large values of M3. 
Although the data in this case may be insufficient to 
make a definitive statement about volume loss, the O2 
values in Fig. 9(c) are roughly symmetric about • = 90 ° 
and large overgrowths are observed in pressure shadows 
around pyrites and dctrital grains, so there was probably 
not an appreciable loss of volume. The assumption of 
pure shear is consistent with the observation that the 
cumulative incremental strain histories for D2 and D3 
are roughly coaxial and do not commonly show consist- 
ent gradual rotations that could be associated with 
progressive simple shear. 

Pyrite pressure shadows record only D 2 and stage 2 of 
D3. In samples that contain siderite porphyroblasts 
(samples D-22, D-18 and D-12), syntaxial siderite fibers 
record penetrative strain accumulated during stage 1. In 
most cases these fibers are very short, given the amount 
of strain indicated by the apparent rotation of porphyro- 
blasts. Cumulative incremental strain histories for stage 
1 in sample D-18 are shown in Fig. 11. Sample D-18 is 
shown because, in the other two samples, the stage 1 
fibers are too short to be suitable for incremental strain 
analysis. In sample D-18, the first increment of stage 1 
strain (fiber segment closest to the siderite host) is 
oriented at between 0 ~ and 38 ° cw in relation to the slaty 
cleavage. There is a gradual counterclockwise rotation 
of the extension direction (viewed to the southwest) and 
the final orientation of extension relative to the slaty 
cleavage is between 55 ° and 42 °. The total amount of 
rotation varies from 50 ° to 80 °, the final value of the 
cumulative incremental strain varies from 0.545 to 1.09, 
and the gradient d(~)/d(e) varies from 6.9°/0.1 to 
14.7°/0.1. The gradient associated with this non-coaxial 
strain accumulation is steeper than gradient expected for 
progressive simple shear (5.7°/0.1, Gray & Durney 
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1979). Nevertheless, the siderite fibers may not reflect 
the strain in the surrounding matrix because stage 1 fiber 
growth rate is controlled by the dissolution, diffusion, or 
precipitation of siderite rather than matrix minerals. 

Porphyroblasts of all shapes and initial orientations 
display stage 1 fibers with a gradual counterclockwise 
rotation. Thus, the apparent rotation of porphyroblasts 
cannot be solely the result of passive rotation of cleavage 
with respect to nonrotating porphyroblasts (i.e. coaxial 
pure shear model; Ramsay 1962, Bell et al. 1986). 
Although some of the apparent rotation of porphyro- 
blasts may be accounted for by passive rotation of $2 
relative to the porphyroblasts during stage 2 coaxial 
deformation, stage 1 fibers indicate non-coaxial strain 
that may also have resulted in apparent rotation of 
porphyroblasts by either: (1) passive rotation of cleav- 
age during gradual clockwise rigid rotation of the rock 
body through a fixed extension direction (Beutner & 
Diegel 1985, Sample & Fisher 1986) or (2) rotation of 
porphyroblasts in response to a component of progress- 
ive simple shear. 

• A comparison of porphyroblasts in competent (silt- 
stone) and incompetent (shale) lithologies supports 
model 2. In both siltstone and shale layers, the slaty 
cleavage is nearly parallel to bedding. The foliation 
preserved within porphyroblasts (Si) is rotated 40-75 ° 
cw relative to the slaty cleavage in shale layers, yet only 
10-30 ° in siltstone layers (Fig. 12). This result could be 
accounted for with either of the two models if there was 
less penetrative strain in competent layers where the 
cleavage is only weakly developed. However, if appar- 
ent porphyroblast rotation were a response to rigid 
rotation of the rock body during coaxial deformation, 
then silt layers (which were only weakly deformed), 
spherical porphyroblasts in shale layers (which were 
rigid), and porphyroblasts in silt layers (also rigid) would 
have experienced a rigid rotation of similar magnitude. 
The orientation of Si relative to bedding for spherical 
porphyroblasts should not have changed significantly 
after D2 and should represent the orientation of the 
cleavage relative to bedding prior to D3. In silt layers, Si 
is oriented at a low angle to bedding whereas in shale 
layers, Si is at a high angle to bedding. Thus, the rigid 
rotation model requires the unlikely premise that cleav- 
age initially refracted from a low angle relative to bed- 
ding in competent layers to a high angle to bedding in 
incompetent layers. 

Alternatively, the progressive simple shear model 
requires only that shear strain on planes subparallel to 
bedding is greatest in the least competent units. The 
present orientation of Si relative to bedding would not 
be the same as existed after D2 because, during stage 1, 
there was active rotation of porphyroblasts in response 
to a component of simple shear. The final orientation of 
extension recorded by stage 1 fibers relative to the slaty 
cleavage (40-50*) and the amount of rotation recorded 
by porphyroblasts of various shapes and initial orien- 
tations (Fig. 8) are consistent with a shear plane nearly 
parallel to the cleavage. The amount of porphyroblast 
rotation indicated by stage 1 fibers suggests that the 

simple shear strain (y) for stage 1 in sample D-18 was 
approximately 2. In the absence of stage 1 fibers, it is 
impossible to determine if any simple shear was in- 
volved, and apparent rotation could be explained by 
passive rotation of the cleavage relative to the porphyro- 
blasts during stage 2 coaxial strain. 

CONCLUSIONS 

The total strain history for D 2 and D 3 involved a 
coaxial strain accumulation (D2) with shortening per- 
pendicular to cleavage (~ --- 90 °) followed by a non- 
coaxial strain accumulation due to a component of 
progressive simple shear with a cleavage at a high angle 
(~ = 45 °) to the shortening direction (event 2) and 
finally, a second coaxial strain accumulation with cleav- 
age oblique relative to the shortening direction (~ - 20- 
40°). These penetrative strains coincide with structural 
events which are recognized in the field based on meso- 
scopic and map scale structures (Fisher & Byrne in 
preparation). 

Stage 1 of D 3 is only recognized in samples that have 
porphyroblasts. Apparently there was little fiber growth 
in pyrite pressure shadows during the initial rotation of 
porphyroblasts. Stage 1 deformation may have been 
dominated by plastic processes such as dislocation creep 
or independent particulate flow rather than by a redistri- 
bution of mass by diffusive mass transfer. There are 
several possible explanations for variations in the domi- 
nant deformation mechanism. An increase in bulk strain 
rate would result in an increase in the relative import- 
ance of plastic processes, but the absolute strain rate 
contribution of diffusive mass transfer should remain 
constant. Alternatively, for a constant bulk strain rate, 
an increase in temperature could lower the yield stress 
associated with basal-slip in micas, and the strain rate 
contribution of diffusive mass transfer would decrease. 
Finally, for a constant temperature and bulk strain rate, 
the strain rate contribution of diffusive mass transfer 
could have decreased as a consequence of the orien- 
tation history. During stage I, • was close to 45 ° and the 
yield stress for plastic processes may have been negli- 
gible or at least lower than for D 2 and stage 2 of D 3. 

Thus, variations in the relative importance of diffusive 
mass transfer and plastic processes may coincide with 
variations in deviatoric stress that are controlled by the 
orientation history. 

Inferences about the relationship between deviatoric 
stress and orientation history depend on the assumption 
that, throughout the strain history, the deviatoric stress 
was on the parabolic yield curve for plastic processes. In 
the field of stable slip, this assumption is difficult to test 
because there is little textural record for plastic defor- 
mation in slates. In the field of unstable slip, plastic 
deformation is recorded by buckling instabilities within 
the rock matrix. Buckling is observed in several samples 
where the rigid rotation from D2 to D3 was greater than 
40 ° . However, the yield stress for plastic processes may 
be low in these cases (i.e. close to the lowest points on 
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the parabola). In the central belt of the Kodiak Forma- 
tion (strain histories for this region are discussed in 
Fisher & Byrne in preparation), a crenulation cleavage 
occurs nearly orthogonal to the slaty cleavage. More- 
over, in the landward belt, a sample from the hinge of a 
rare small-scale D 3 fold (sample D-17 located within 10 
m of sample D-18) has a crenulation cleavage ($3) 
orthogonal to $2, The deviatoric stress must be on the 
yield curve for plastic deformation in these cases where 
el, is close to 0 °. Thus, for rocks with a strong mechanical 
anisotropy, the stress-strain history can be inferred from 
the orientation history recorded by incremental strain 
markers. In the landward belt, the region would have 
experienced strain hardening during D2 followed by 
deformation at a lower stress at the onset of D3, and 
finally, strain hardening during stage 2 of D3. 

Given that plastic processes are always operative, 
there are two factors that determine whether a second 
cleavage will be present after a strain history involving 
two coaxial strain events separated by a rigid rotation: 
(1) the amount of strain associated with cleavage devel- 
opment and (2) the orientation history. When strain 
associated with D2 was small, the slaty cleavage was only 
weakly developed, and a crenulation cleavage did not 
form, even after a rigid rotation of greater than 45 °. This 
observation suggests that a parabolic yield curve for 
plastic deformation develops only after the strain has 
succeeded in aligning mica grain boundaries and basal 
planes into a mechanically significant anisotropy. In the 
case where D2 strain is not sufficient to establish a 
parabolic yield curve, a rigid rotation followed by a 
second strain event will either unstrain the pre-existing 
fabric or cause the development of a diffuse or pervasive 
fabric that cuts the earlier fabric (Fig. 6g). In either case, 
a spaced crenulation cleavage will not develop. 

The other factor which controls crenulation cleavage 
development is the orientation history. In the Kodiak 
Formation and in samples described by Gray & Durney 
(1979), crenulation cleavages only formed in samples 
when the rigid rotation was greater than 45", indicating 
that the field of unstable sliding (once a parabolic yield 
curve is established) encompasses q~ values of 0* to 45*. 
This suggests that the angle of internal friction (W) is 
close to 0", and thus, dislocation creep with slip on basal 
planes of micas may be more important than frictional 
sliding on grain boundaries in these low-grade rocks. 

An arbitrary strain history will only reach the field of 
unstable sliding if a ~ - e history has an episode where 
the gradient de/d~ is small (i.e. the rigid rotation is 
greater than the passive rotation of opposite sense). This 
occurrence can be recognized by constructing a • - e 
plot using the data from the ~ - e history. If • is constant 
or approaches 90 ° , then deformation is stable. If 
approaches 0* then a crenulation cleavage will develop 
when the orientation history enters the field of unstable 
sliding. 
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