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Incremental  deformation and fabric development in a KCl/mica mixture 
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Abstract--The history of deformation and of mica reorientation is described in a KCl/mica mixture in the middle 
of a kink-like, experimental shear zone. The history was reconstructed by deforming several specimens to 
successively greater total strains and assuming the more deformed specimens passed through the states of strain 
and fabric exhibited by the less deformed specimens. 

A pseudo-differentiated layering is described which arises from the original network distribution of the mica 
grains, without benefit of any differentiation process. A comparison is made between the observed mica fabrics 
at various strains and those predicted by the March model, taking the measured initial preferred orientation of 
the micas into account. The actual reorientation processes in the material are found to be more efficient than the 
March transformation at shortening strains less than about 70% but less efficient at higher strains. These 
departures from Marchian behavior are explaned qualitatively. Comparison is also made between observed and 
predicted intensities of mica preferred orientation, assuming a hypothetical random orientation of micas in the 
starting material for the March calculation. 

INTRODUCTION 

Iy Two previous papers (Williams et al. 1977, Hobbs  et 

al. 1982) we described the microstructure and fabric in 
some experimentally deformed salt/mica specimens, and 
the relationship of various induced structures to the local 
state of total finite strain. This paper  continues the series 
with an account of experiments  intended to show the 
history by which the total finite strain accumulates in the 
material ,  and the associated history of the mica fabric. 
The approach has been to deform a series of specimens 
to successively greater  total strains and to assume that 
the more strongly deformed specimens passed through 
the states of strain and fabric represented by the less 
deformed specimens. This incremental or historical 
approach is valuable in principle because such experi- 
ments reveal the details of structural and deformational  
evolution that are necessary for full understanding of 
deformation fnechanisms, and for investigating the influ- 
ence of different strain histories upon fabric. 

SPECIMENS AND EXPERIMENTAL 
PROCEDURE 

Profile views of the four deformed specimens and an 

undeformed specimen are shown in Fig. 1. Each speci- 
men is a twelve-layer assembly consisting of two central 
KCl/mica layers (25% mica by weight), and ten NaCI/ 
mica layers (50% mica by weight). The layers were 
prepared and rubber-s tamped with s train-marker  lines 
in the manner  described by Hobbs  etal .  (1982). We focus 
attention here on deformat ion and fabric in the central 
KCl/mica layers. The NaCl/mica layers proved too vari- 
able in initial fabric to permit  reliable reconstruction of 
the fabric history. 

In the undeformed state the specimens were rectangu- 
lar blocks measuring 7.9 x 1.9 cm in the plane of the 
layering by about  2.5 cm normal to the layering. They 
were deformed dry, at room tempera ture ,  inside thick 
lead jackets with sheets of lead to lubricate the piston 
faces. The arrangement  is shown in Means (1975 fig. 3). 
The confining pressure was 103 MPa, and the strain rate 
was 1.2 x 10 -4 s -1. 

After  deformation the specimens were potted in plas- 
tic and sawn in half normal to the hinge lines of the folds 
that developed.  Figure 2 shows a view in this plane of 
specimen 3. The black spots are the strain markers.  
Their  positions were measured in thin section using a 
micrometer  stage, or from photographic enlargements 
of the sawcut surfaces. Further details of the strain 
measurement  technique are given by Hobbs  etal.  (1982). 
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idea l  k ink ing  his tory  are r e p r e s e n t e d  graphica l ly  in 
Fig. 3. 

2 

3 

4 

© 4 c m  

Fig. 1. Profile views of specimens 0-4. Stippled layers are KCl/mica 
layers. Black dot shows area in center of main kink-like shear zone that 

was studied in detail. 

SPECIMEN-SCALE STRUCTURE 

The  p r o m i n e n t  la rge-sca le  s t ruc tura l  change  in the  
spec imens  is the  d e v e l o p m e n t  of  a k ink- l ike  shea r  zone  
that  t raverses  the  layers  ob l ique ly  and  widens  with 
increas ing  overa l l  d e f o r m a t i o n  of  the  spec imens  
(Fig.  I).  A l t h o u g h  the shea r  zone  is ' k i nk - l i ke '  in a 
b r o a d  sense and  might  be ident i f ied  as a k ink  band  with 
s o m e w h a t  r o u n d e d  hinges if one  only  saw prof i le  4 
(Fig. 1 ), its h is tory  is not  tha t  of  an ideal  k ink  in the  sense 
of  Pa te r son  & Weiss  (1966). In an ideal  k ink  the finite 
shear  s t ra in  across  the  kink stays cons tan t  with increas ing  
overa l l  d e f o r m a t i o n .  The  k ink  width  grows with t ime ,  
and this a lone  a c c o m m o d a t e s  the  overa l l  d e f o r m a t i o n .  
In the p resen t  spec imens ,  howeve r ,  the  shea r  s t ra in  
across the  kink increases  with increas ing  overa l l  de fo r -  
ma t ion  and there  is also large concur ren t  l aye r -pa ra l l e l  
shor t en ing  (to the s tage r e p r e s e n t e d  by spec imen  2) in 

DEFORMATION HISTORY 

Finite strains 

Spec imens  1, 2, 3, 4 are  hence fo r th  r e fe r r ed  to as 
stages 1,2 ,  3, 4 of  a p rogress ive  d e f o r m a t i o n .  

The  two-d imens iona l  total  finite s t rains  at each  s tage 
were  ca lcu la t ed  f rom m e a s u r e m e n t s  of  the coo rd ina t e s  
of  th ree  non -co l inea r  m a r k e r s  in the d e f o r m e d  and 
u n d e f o r m e d  s ta tes  (see H o b b s  et al. 1982). This  yields  
the  pr inc ipa l  s t re tches  st and  s 3 in the profi le  p lane  of  the  
folds and the angles  0' and  0 m e a s u r e d  f rom the s~ 
d i rec t ion  to the  l ayer ing  in the d e f o r m e d  and unde-  
f o r m e d  states .  

Ca lcu la t ion  of  the  i nc remen ta l  s t rains  re la t ing  each 
s tage to the  next  was ca r r i ed  out  in the same way except  
now the ' u n d e f o r m e d '  coo rd ina t e s  of the th ree  s t ra in  
m a r k e r s  are  the  c o o r d i n a t e s  at the beg inn ing  of  one  of  
the  i nc remen t s  of  d e f o r m a t i o n .  These  coo rd ina t e s  were  
ca lcu la t ed  f rom the m e a s u r e d  or ig inal  coo rd ina t e s  ( the 
t ru ly  u n d e f o r m e d  coo rd ina t e s )  by app ly ing  the known  
finite s t ra in  at the  s tar t  of  the i nc r emen t  in ques t ion .  

T h e r e  are  two sources  of  e r ro r  in the s t ra in  measu re -  
men t s  - -  the  finite size of  the s t ra in  m a r k e r s  and  large-  
scale i n h o m o g e n e i t y  in the  s train fields. This  led to two 
sets of  s t ra in  m e a s u r e m e n t s .  M e a s u r e m e n t s  of set A 
(Tab le  1) were  m a d e  using s t ra in  m a r k e r s  as far apa r t  as 
poss ib le  in the  KCi /mica  layers ,  yet  not  so far  as to 
enclose  very  obv ious  large-scale  s t ra in  grad ien ts .  These  
m a r k e r s  a re  shown in Fig. 4. The  m e a s u r e m e n t s  of  set A 
con ta in  m i n i m u m  er ro r s  due to the finite size of  the 
s t ra in  marke r s ,  and  give o r i en ta t ions  (0) of  the st pr inci-  
pal  s t ra in  d i rec t ion  with respec t  to layer ing  in the unde-  
f o r m e d  s ta te  to within _+2 ° . No m e a s u r e m e n t  of  this type  
was m a d e  for  s tage 4 because  of  the u n a v o i d a b l e  large 
s t ra in  g rad ien t s  p resen t .  M e a s u r e m e n t s  of  set A were  
used in an a t t e m p t  to e s t ima te  the deg ree  of  non-coax ia l -  
ity of  the  p rogress ive  d e f o r m a t i o n .  

St ra in  m e a s u r e m e n t s  of  set B were  m a d e  using s t ra in  
m a r k e r s  tha t  a re  as c lose t o g e t h e r  as poss ib le  and close 
to the  a reas  within which the fabr ic  m e a s u r e m e n t s  were  
m a d e  (da she d  rec tangles  in Fig. 4). Set  B m e a s u r e m e n t s  
suffer  less f rom the effects of  la rge-sca le  s t ra in  

Table 1 

s~ s~ O' 0 R 

Strain measurements A 
Stage 1 1.7 (I.44 --  84 ° 3.9 
Stage 2 2.3 0.35 .-- g2 ° 6.6 
Stage 3 3.9 (I.15 -- 81 ° 26 

Strain measurements B 
Stage I I . g  I ) . 4 4  ~e,  ° - -  - -  

Stage 2 2.3 (I.32 47 ° - -  - -  
Stage 3 4.,q (t.13 IS" - -  - -  
Stage 4 ~.O (I.II94 (~° - -  - -  
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Fig. 2. Photograph of specimen 3 after deformation and its undeformed configuration (line drawing). 
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Fig. 5. Photomicrographs  of areas in KCI (black)/mica (white) layers within which mica orientations were measured.  
Positions of these areas are a~lso shown in Fig. 4. White band across lower left corner of photographs  1-4 shows orientation 
of s~ direction of total finite strain. Photographs taken with crossed nicols and crossed quar ter  wave plates so that all micas 

are i l luminated regardless of  orientation.. 
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Fig. 3. Depar tures  of specimens from ideal kinking behavior.  The 
mean  shear strain across the shear zone increases with increasing 
overall deformation.  The layers outside the zone are shor tened sub- 
stantially while the shear  zone develops,  to the stage represented by 
specimen 2. For ideal kinking the mean  shear  strain across the shear  
zone would have some constant  value for all specimens,  and the 

layering outside the zone would show no shortening for all specimens.  

\. 
"\ 

® "- ' \  

"m...~ . . . .  3 L~ ;\. \" 

I \. \~. ~ .  
" \ i " " ~" . . . . . .  ",~,, 0 5ram \ \ 

".\  \ ~. 

. . . . .  . . I  I x. . ~ .  L V \ ~  

2 " ~ ' \ ' \ ' "  ~ -  i i ) 
\ ' \®. ~-_ 4 \ ' \  

® 

Fig. 4. Enlarged central parts of  KCl/mica layers, showing layer 
boundaries  (solid lines) and areas shown in Fig. 5 (dashed rectangles). 
Strain markers  indicated by circles and stars were used respectively to 
calculate strain parameters  of sets A and B (Table 1). Other  strain 
markers  shown by dots. Lines connecting the left and right pairs of 
circled markers  on the top and bot tom layer boundar ies  are lines 
initially orthogonal  to the layer boundaries.  All drawings in same 
orientat ions as Figs. 1 and 5, with the direction of overall shortening 

horizontal. 

inhomogenei~ty but contain larger errors resulting from 
the uncertainty in measured positions of the strain mar- 
kers. The measurements of principal strain directions in 
set B are good only to +_5 °. However, these measure- 
ments were considered more appropriate for the com- 
parisons of local strains with local fabrics. Strain 
parameters of sets A and B are listed in Table 1 and 
represented graphically by rectangles drawn with their 
sides parallel and proportional to the principal stretches 
sl and s3 that lie in the plane of the figures (e.g. Figs. 7 
and 9). The quantity R in Table I is the axial ratio sl/s3 of 
the strain ellipse. 

Degree of  non-coaxiality 

Some degree of non-coaxiality seems likely in the 
progressive deformation. The first small increments of 
strain were probably applied with principal directions 
parallel and normal to the layering, whereas later incre- 
ments were applied less symmetrically with respect to 
the undeformed layering. The only alternative to ini- 
tially symmetrical straining is the possibility that geomet- 
rical irregularities in the layering (of which we were not 
aware) led to oblique straining even during the first 
increments of deformation. Some degree of non-coaxial- 
itv thus seems probable between Stages 0 and 1, but the 
experimental data provide no means of measuring it. 
Between stages 1 and 3 (between 56 and 87% local 
shortening) we have the pairs of R and 0 values shown in 
Table 1. The nominal small variation of 0with increasing 
R may or max' not be real. considering the +2 ° uncer- 
tainty in each 0 value. An attempt was made to place 
limits on possible values of the kinematic vorticity 

number (Means et al. 1980) by comparing the observed 0 
variation with R between stages 1 and 3 with the 0 
variation calculated for the same range of R values in 

• flows with various constant vorticity numbers. However, 
M. B. Bayly (pets. comm.) pointed out the danger of 
using this procedure on experimental flows with vorticity 
numbers that might have varied with time. In such flows 
there is no unique relationship between 0 variation with 
increasing R at a given moment and the vorticity number 
at that moment. 

MICA FABRICS 

Pseudo-differentiated layering 

At the lower strains of stages 1 and 2 a fine micaceous 
layering is developed (Figs. 5 and 6b). It is approxi- 
mately parallel to the s~ principal strain direction and 
resembles the 'pinstripe' layering familiar in many schis- 
tose rocks of medium metamorphic grade. Between the 
pinstripes are coarser, folded mica grains, of a type 
which, in rocks, are taken to indicate that the pinstripe 
foliation is a modified crenulation cleavage. Microstruc- 
tural details such as those at m and n (Fig. 6b) are 
normally interpreted to indicate that the crenulation 
cleavage was modified by some kind of differentiation 
process. At n (Fig. 6b) a steeply-dipping pinstripe layer 
cuts across a gently dipping folded layer that would 
normally be taken to represent the pre-crenulation 
cleavage foliation. At m a pinstripe layer truncates the 
gently dipping foliation. 

Despite these microstructural relations, the present 
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Fig. 6.  Details of mica (black) and KC1 (white) distribution before and 
after deformation to illustrate origin of pseudo-differentiated layering. 
(a) Detail of undeformed material from lower left part of photo 0 in 
Fig. 5. M and N mark three- and four-way nodes in the initial network 
distribution of micas around the KC1 grains. (b) Detail of deformed 
material from lower middle part of photo 2 in Fig. 5. rn and n mark 
deformed three- and four-way nodes which could give a false impres- 
sion of an origin by differentiation for the (steeply dipping) 'pinstripe' 

foliation. 

pinstripe layering is clearly not a differentiated crenula- 
tion cleavage. The pinstripes are simply very at tenuated 
micaceous regions that were present in the undeformed 
material and happened to lie in extension orientations. 
The critical factor for appearance of this type of pinstripe 
layering is the initial network distribution of the micas 
(Figs. 5 stage 0 and 6b). Microstructures of types m and 
n in the deformed material arise from nodes in the initial 
network,  such as those at M and N in the undeformed 
material (Fig. 6a). 

Mica orientation and finite strains 

Figure 7 shows total strain rectangles for each stage in 
the deformation and the measured orientations of the 
trace of (001) of the mica grains. (All mica grains were 
measured,  irrespective of their positions inside or out- 
side the pinstripe layering). 

In the undeformed state 0 there is marked  preferred 
orientation approximately parallel to the layering. This 
was induced during initial compaction of the layers, 
prior to specimen assembly. It is most marked in the 
coarser grains. 

By stage 1 (56% local shortening) the KCI grains have 
deformed plastically and the micas have become rotated,  

3 

,it 

• k 

Fig. 7. Circular histograms showing measurements of the trace of 
(001) of mica and associated strain rectangles for areas 0-4 of Fig. 5. 
Concentric calibration marks at 0, 5, 10, etc. per cent of total mica. 
Histogram cell width 5 °. 242, 181, 194, 182 and 264 measurements 
respectively in 0--4 respectively. All strain rectangles to scale given by 
the unit square of stage 0, drawn with sides parallel to principal 
directions in undeformed state of first incremental strain of strain 
measurements B (s t at 82 ° to layering). All drawings in same orienta- 

tions as Figs. 1 and 5, with overall shortening direction horizontal. 

in part by folding, to define a bimodal fabric with both 
modes somewhat  oblique to the s~ direction (Fig. 7 
stage 1). 

By stage 2 (68% shortening) the KCI grains are more 
strongly at tenuated,  the pinstripe layering is well 
developed,  and the mica (001) directions show a uni- 
modal fabric with preferred orientation approximately 
parallel to the s~ direction. 

By stage 3 (87% shortening) the KC1 grains have 
become extremely at tenuated,  and the pinstripe layering 
is less distinct geometrically from the now subparallel 
foliation defined by the coarse mica grains. The mica 
preferred orientation has become sharper and again lies 
parallel to the s~ direction (with the +5 ° uncertainty in 
the latter). Stage 4 (91% shortening) displays only slight 
further changes in fabric. In both stages 3 and 4, there 
are good examples of en 6chelon coarse mica flakes or 
'fish' similar to such features in mylonitic rocks. 

Figure 8 shows the intensity of mica preferred orienta- 
tion as a function of total strain. The intensity measure is 
the percentage of mica lying with the trace of (001) 
within 2.5 ° of the preferred orientation. The strain meas- 
ure is the percentage shortening in the s3 direction (from 
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s3 values of set B, Table 1). Also shown are intensities 
predicted by applying the March transformation (March 
1932, Owens 1973, Oertel & Wood 1974) to the observed 
distribution at stage 0 and to a hypothetical uniform 
distribution at stage 0. For stages 1 and 2 the observed 
mica concentrations are 20 and 30% stronger than the 
predicted concentrations employing the real initial pre- 
ferred orientation parallel to layering. The observed 
concentrations for stages 1 and 2, however, agree per- 
fectly with the predicted concentrations where a 
hypothetical uniform orientation is assumed in the start- 
ing material. For stages 3 and 4 the observed intensities 
of mica orientation are considerably weaker than the 
predicted intensities, particularly where a uniform initial 
orientation is assumed. 

Efficiency of mica reorientation 

Figure 8 already suggests that the mica-orienting pro- 
cesses in the KC1/mica material are more efficient than 
the March 'process' at low and moderate strains but less 
efficient at shortening strains greater than about 70%. 
This was investigated further by calculating incremental 
strains separating each of the stages and applying these 
to each of the sequentially observed fabrics. The incre- 
mental strain generating stage 1 from stage 0 was applied 
to the observed fabric at stage 0; the incremental strain 
generating stage 2 from stage 1 was applied to the 
observed fabric at stage 1, and so on. The results are 
shown in Fig. 9. There is a bi-modal predicted fabric at 
stage 1 and unimodal predicted fabrics thereafter,  as 
observed (cf. Figs. 9 and 7). But the predicted fabrics 
are again weaker than the observed fabrics for stages 1 
and 2 while they are stronger than the observed fabrics 
for stages 3 and 4. confirming the suggestion above that 
the real orienting process in these materials is more 
efficient than the March process at lower strains but less 
efficient at higher strains. 

Fig. 9. Marchian predictions comparable with observed mica fabrics 
shown in Fig. 7, generated incrementally by applying calculated incre- 
mental strains to each preceding measured fabric, as explained in text. 

DISCUSSION 

Distinction between true and pseudo-differentiated 
layering 

In the present material it is easy to identify the origin 
of the pinstripe layering, because the initial fabric is well 
known, the strains are known, and the structural 
development is viewed incrementally. In rocks with such 
layering, none of this is generally possible, so it becomes 
a problem to know whether the pinstripe compositional 
layers were introduced by differentiation during the 
deformatio~a or whether they are simply a very deformed 
version of micaceous regions present before deforma- 
tion. Two criteria for a differentiation origin can be 
suggested. If a given pinstripe layer contains four or five 
or more intersections of types m or n (Fig. 6b), then an 
origin by differentiation seems attractive. If the micas in 
the pinstripe layers are compositionally different from 
those in the crenulated layers, then again an origin by 
differentiation is perhaps indicated. However ,  both of 
these criteria are somewhat unreliable. Many intersec- 
tions of type m (Fig. 6b) might form along a single 
pinstripe by deformation of an initial micaceous network 
combined with sliding along sets of boundaries of the 
non-mica grains that happened to line up. A composi- 
tional difference between the crenulated micas and the 
pinstripe micas might conceivably reflect an original, 
perhaps sedimentary, difference in compositions 
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Fig. 10. Contrasted idealized behavior of mica flakes under Marchian 
transformation (a, c) and in more realistic inhomogeneous deforma- 

tion (b, d). 

A possible explanation is that although use of March 
analysis tends to overestimate strains (in the range of 
strains commonly encountered in slates), there is a 
compensating underestimation brought in when the ini- 
tial fabric is assumed to be uniform or less strongly 
oriented parallel to bedding than was actually the case. 
This appears to be the situation illustrated by stages 1 
and 2 in our experiments. A qualitatively similar theoret- 
ical prediction of low-strain reorientation that is more 
efficient in anisotropic materials behaving in non-Mar- 
chian fashion than in isotropic materials behaving in 
Marchian fashion is given by Cobbold.(1976, fig. 8). 

Figures 10 (c) & (d) contrast the observed behavior of 
mica grains at high strains with the behavior envisioned 
by March theory. At high strains many grains will have 
(001) aligned in an extension direction at a low angle to 
the st direction. March theory assumes such grains are 
free to extend homogeneously with their matrix and 
rotate as shown in Fig. 10 (c). In the real material, the 
grains are not able to extend and the average rotation 
required by a given increment of deformation will be 
smaller than in the Marchian case as shown in 
Fig. 10 (d). 

between coarse grains which were deposited horizon- 
tally in what will become the crenulated foliation and 
fine grains which settled into and filled up the chinks 
between the more equant non-mica grains. 

Departures from Marchian behavior 

The differences between the observed and predicted 
mica fabrics can be explained qualitatively by consider- 
ing the nature of the initial fabric in the experiments and 
the microstructural behavior of the mica flakes. The 
initial fabric is dominated by micas with the trace of 
(001) at low angles to the overall shortening direction. In 
the March transformation such grains contribute little to 
the new preferred orientation. They shorten and thicken 
with little rotation (Fig. 10a). In the real material, how- 
ever, such grains buckle and fold, with large rotations of 
(001) even at modest strains (Fig. 10b). This small-scale 
folding, of the grains themselves or of the foliation in 
which they lie, probably accounts for the greater strength 
of the observed fabrics (to about 70% shortening) than 
the predicted fabrics. In rocks behaving this way use of 
the March model would tend to overestimate the strain 
that has occurred, if the correct initial fabric is assumed. 
Yet work by Tullis & Wood (1975), Oertel & Wood 
(1974) and Wood et al. (1976) indicates either good 
correlation between strains indicated by March analysis 
and strains indicated by deformed markers, or March 
strains slightly less than the strains indicated by markers. 
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