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The Caledonian Skerrols Thrust, SW Scotlandumicrostructure and strain 
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Abstract--Strain measurements from quartz grain shapes in deformed Jura Quartzite around Loch Skerrols, 
lslay, SW Scotland, indicate that a strain gradient is associated with the Loch Skerrols Thrust which separates the 
Jura Quartzite from the Bowmore Sandstone. Progressive strain is associated with microstructural changes in the 
form of grain refinement through to dynamic recrystallization. The maximum observed ratio of intracrystalline 
strain is 1.9:1.3:0.4, ~jo ffi 1.1. The X-axis of the finite-strain ellipsoid is close to the mesoscopic lineation in 
quartz-mylonites in the thrust belt and the XY plane is sub-parallel to the foliation. The apparent flattening strain 
may be explained by superposition of simple shear (thrust regime) on initial flattening strain associated with the 
earlier stages of progressive development of the Islay Anticline. This implies that the Loch Skerrols Thrust is 
comparable to a break thrust. Strain-induced quartz c-axis preferred orientation increases in intensity as the 
thrust is approached. At a higher strain the fabric is a type-I cross-girdle pattern with a point maximum within 20* 
of Z. Fabric asymmetry, both internal and with respect to an external frame, defined by the principal strain 
directions, attests to a westward transport of Dalradian Jura Quartzite on the thrust. 

INTRODUCTION 

THE Loch Skerrois Thrust separates the Bowmore 
Sandstone from the Dalradian sequence of NE Islay 
(Fig. 1). It follows a sinuous southward course from 
Bun-an-Uillt on the eastern shore of Loch Gruinart  and 
crosses Loch Skerrols. South of Loch Skerrols, the 
course of the thrust plane is less certain due to poor 
exposure in the area. Wilkinson et al. (1907) traced the 
thrust plane, offset by a normal fault, near Tallant Farm 
(Fig. la).  Beyond this point its course is concealed under 
superficial deposits, but it probably continues to the 
shore of Laggan Bay (Wilkinson et al. 1907, Bailey 1917, 
Amos 1959, ef. Fitehes & Maltman 1984). 

The Loeh Skerrols Thrust is thought to represent a 
major dislocation in Scotland. Although Kennedy 
(1946) and Garson & Plant (1972) differ in their recon- 
struction along the Great  Glen Fault, all these authors 
suggested that the logical southerly continuation of the 
Moine Thrust is the Loeh Skerrols Thrust in Islay. 
However ,  in contrast to the NW Highlands, Dalradian 
rather than the Moine rocks lie on top of the Loch 
Skerrols Thrust in Islay. On the other  hand, Borradaile 
(1979) notes that "greater  total strains have not been 
recorded from the vicinity of the Loeh Skerrols Thrust".  
Fitehes & Maltman (1984) consider the thrust just as one 
element in a major flat-lying NW-directed ductile shear 
zone and suggest that the Bowmore Sandstone (Group)  
is a lateral equivalent of the Crinan Grits in the 
Dalradian Supergroup, thus implying limited strati- 
graphical and structural discontinuity across the Loch 
Skerrols Thrust. More recently, the structure has been 
considered to be due to rejuvenation of an earlier basin 
margin fault bounding the Dalradian (Anderton 1988). 
Although most workers agree that there is consider- 
able movement  along the Loeh Skerrols Thrust,  no 
systematic study of strain and microstructures in the 
thrust zone has been made. 

The best available exposure of the thrust zone is in the 
Loch Skerrols--A:,  Carn area. Exposures of sheared 
Jura Quartzite are scattered in a narrow belt stretching 
from NE of Knockdon through An Carn to Loch Drolsay 
(see Fig. lb). The junction between the Bowmore 
Sandstone and the Dalradian Jura Quartzite is also 
exposed on the eastern shore of Loch Gruinart  near 
Bun-an-Uillt. 

On a traverse across the thrust zone from Loch Cam in 
the east to Knoekdon in the west, the available exposures 
were studied in detail to observe and measure thrust 
related minor structures; specimens were collected for 
three-dimensional strain measurement,  microstruetural 
and quartz c-axis fabric studies. The results of strain and 
fabric measurement are described here and their impli- 
cations to the development of the Loch Skerrols Thrust 
and the Islay Anticline discussed. 

MESOSCOPIC STRUCTURES IN THE 
THRUST ZONE 

A traverse f rom Loch Cam to An  Cam 

A traverse westward from the west shore of Loch Cam 
to the summit of An Carn shows a gradual change in the 
Ethology of the Jura Quartzite. Near Loeh Cam and 
northwest of the loeh, individual clastic grains can be 
recognized. These have a weak flattening shape fabric 
and their sub-parallel alignment defines a patchy folia- 
tion in the rock. Near  Drolsay River, there is the first 
appearance of a streaky lineation on foliation in 
quartzite. Where the elastic grains are obvious they 
show an apparent elongation parallel to this lineation. 
Farther west on the southern slope of An Carn, the white 
quartzite breaks along a low-angle, SE-dipping foliation 
which locally wraps around augen of relatively unde- 
formed quartzite. A lineation is defined by parallel 
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Fig. 1. (a) Geologic setting and location map, koch Skerrols Thrust, Islay. The locations of specimens collected for strain 
and fabric studies are shown in (b). LST = koch Skerrols Thrust, LGF = koch Gruinant Fault. 

alignment of mica flakes. Individual elastic grains are 
difficult to distinguish in hand specimen and the rock as 
a whole appears to be much finer grained. The foliation 
in the thrust zone dips 30--40 ° SSE and the lineation 
plunges at a low angle towards SSE, but is not exactly 
down-dip on foliation (Fig. 2). 

B u n - a n -  Uillt area 

The area described below includes the section of 
intermittent exposures that straddles the high-tide level 
along the eastern shore of koch Gruinart between a 

Fig. 2. Equal-area plot of foliation poles (circles) and mineral elonga- 
tion lineations (ellipses) in Loch Skerrols thrust zone. The girdle gives 

the average orientation of foliation. 

point about 0.5 km southwest of Bun-an-Uillt Farm and 
Crois-Mhor. The rocks in the southern half of the section 
are shattered and often traversed by bands and veins of 
breccia or fault gouge, which is related to a fault indepen- 
dent of the koch Skerrols structure. 

In a small exposure about 300 m southwest of the 
farmhouse [296693], intact blocks of a micaceous 
quartzite have the appearance of a platy mylonite. 
Although the foliation is undulatory due to the presence 
of open crenulations on axes plunging gently WSW, the 
overall dip is 20%. A lineation defined by parallel 
grooves on polished foliation surfaces, and parallel 
alignment of white mica is persistent throughout the 
exposure, and has an E-W trend. The lineation is gently 
curved around hinges of later minor folds. 

From the shore opposite Bun-an-Uillt farmhouse to 
Crois-Mhor buff coloured quartzite has a penetrative 
foliation dipping 60-70 ° WNW and defined by the align- 
ment of flattened sand-sized grains. A lineation is also 
observed, which plunges roughly down-dip on foliation. 
This reversal in dip of the mylonitic foliation between 
An Cam and Bun-an-Uillt is probably related to folding 
of the Loch Skerrols Thrust. The E-W trend of foliation 
southwest of Bun-an-Uillt farmhouse can be explained 
as due to a drag effect along an E-W fault that has 
displaced the koch Skerrols Thrust (Amos 1959). 
Moreover, minor crenulations and brittle shears are 
overprinted on the mylonitic foliation in this area. 
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STRAIN ANALYSIS 

Method 

Strain measurements relate to deformed Jura 
Quartzite in the vicinity of Loch Skerrols Thrust. For 
practical purposes the western boundary of the outcrop 
of the Jura Quartzite is taken as within a few metres of 
the thrust. Details of deformation microstructures are 
presented in a later section. In general, thin sections of 
deformed Jura Quartzite show relatively larger grains of 
quartz (clast) surrounded by finer (30-40/~m) grains of 
quartz (matrix). The clast sizes are at least an order of 
magnitude larger than the matrix grains. Two-dimen- 
sional strain was determined for each of three mutually 
perpendicular thin sections cut from hand specimens of 
Jura Quartzite collected at various localities in the thrust 
zone (Fig. lb). In each thin section strain ratios were 
obtained from quartz clasts using the Re/@ method 
(Ramsay 1967, Dunnet  1969); a few representative plots 

are shown in Fig. 3. The strain values thus obtained were 
cross-checked using an algebraic method of Robin 
(1977). The magnitudes of strain determined by two 
methods do not differ by more than 5%, on average, for 
the measured samples (Table 1). Orientations of the 
principal strains from the two methods are within a few 
degrees of each other. Three-dimensional strain was 
computed from the two-dimensional strain ratios using a 
modified Ramsay (1967) method (Saha 1985). 

Strain magnitude and orientation 

The strain ellipsoids from the Loch Skerrols thrust 
zone are shown in a conventional Flinn plot (Fig. 4a) and 
a Hsu plot (Fig. 4b) and estimates for different strain 
parameters are summarized in Table 2. The strain inten- 
sity (~s) is higher in specimens 82, 83 and 438 close to the 
thrust where mylonite microstructure is obvious in thin 
section. The proportion of matrix/clast is also higher in 
these locations. 

Table 1. Two-dimensional strain ratios estimated from quartz grain shape measure- 
ment, Loch Skerrols thrust zone. Three consecutive specimen numbers correspond to 
each sample location on Fig. l(b) and refer to measurements on three mutually 
perpendicular sections, the third of which is sub-parallel to mesoscopic foliation. 
There is a close correspondence between strain ratios calculated using the two different 

methods 

No. of grains Strain ratio from 
measured 50% data curve on Strain ratio from 

Sample No. (n) Rj¢ plot Robin (1977) method 

86.1 91 1.80 1.76 
86.2 90 1.60 1.60 
86.3 90 1.40 1.39 

87.1 90 1.70 1.66 
87.2 91 1.85 1.84 
87.3 90 1.45 1.38 

434 A 120 1.85 1.88 
434 B 122 2.05 1.95 
434 C 120 1.20 1.17 

433 A 120 2.20 2.19 
433 B 120 1.80 1.80 
433 C 91 1.35 1.31 

435 A 82 2.25 2.24 
435 B 120 1.85 1.84 
435 C 64 1.30 1.23 

431 A 120 2.35 2.47 
431 B 120 1.90 1.89 
431 C 120 1.35 1.30 

84.1 67 2.05 2.06 
84.2 80 1.90 1.86 
84.3 90 1.05 1.44 

85.1 70 1.90 1.86 
85.2 84 2.25 2.32 
85.3 90 1.60 1.60 

438 A 122 2.90 2.86 
438 B 120 1.95 1.81 
438 C 120 1.75 1.68 

83.1 74 2.30 2.24 
83.2 73 3.00 3.01 
82.3 55 1.55 1.51 

82.1 66 3.40 3.50 
82.2 69 3.00 2.91 
82.3 50 1.45 1.38 
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Fig. 3, Representative Rf @ plots for low strain (location 86) and high strain (location 82), Loch Skerrols Thrust. For each 
location grain shape was measured separately on three mutually perpendicular sections: one sub-parallel to mesoscopic 
foliation (samples 86.3 and 82,3), a second perpendicular to foliation and lineation (samples 86.2 and 82.2) and a third 
l~rpendicular to foliation but containing the lineation (samples 86.1 and 82.1). Rs is the estimate of two-dimensional strain 
ratio from 50% of data curve shown in solid l ine; ,  is the number of grains measured in each sample, Dashed contours are 

Rf/~ loci for constant Ri values, starting with Ri = 1.5 and increments of 0,5. 
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Fig. 4. Strain ellipsoids from Loch Skerrols thrust zone on (a) Flinn plot; (b) Hsu plot. Numbers refer to specimen locations 
given in Fig. l(b). 

It is interesting to note that although the specimens 
come from a thrust zone, the finite-strain ellipsoids 
determined from clast shape measurements fall in the 
apparent flattening field (0 < k < 1, + 1 > v > 0), with no 
systematic change in k or v towards the thrust. The 
question of such a shape of the finite-strain ellipsoid is 
discussed later. 

The above strain values give only an estimate of the 
strain accommodated by crystal-plastic deformation in 
quartz clasts. It must be emphasized that these estimates 
are only a minimum for total strain in each locality in the 
thrust zone. The fine-grained matrix surrounding the 
clasts, which increases in volume with progressive defor- 
mation, and grain refinement are likely to accommodate 
relatively higher strain because of strain softening (see 
e.g. Tullis & Yund 1985). 

The principal strain axes (X, Y, Z) show a consider- 
able spread in orientation (Fig. 5). However, at studied 
locations the average XY plane is close to mesoscopic 
foliation (compare Figs. 2 and 5), with the X-axis sub- 
parallel to the stretching lineation. The spread in orien- 
tation of the strain axes is partly due to the sinuous 
course of the thrust. 
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Fig. 5. Strain ellipsoid orientations in the Loch Skerrols thrust zone, 
equal-area plot; X--squares; Y--rectangles; Z--triangles. Numbers 
refer to locations in Fig. l(b). Girdle gives the average XYplane which 

is close to average mesoscopic foliation. Compare with Fig. 2. 

Table 2. Strain magnitudes and shapes of strain ellipsoids in the Loch Skerrols thrust zone. Specimens are 
arranged in order of increasing strain intensity. Specimen locations are in Fig. l(b) 

Strain ellipsoid Strain ellipsoid 
Specimen axes Natural strains Strain intensity shape 

No. XIY ZIY e: ~2 e3 ~s v k 

86 1.4 0.6 0.37 0.04 -0.41 0.5 0.15 0.69 
87 1.3 0.6 0.35 0.09 -0.44 0.6 0.34 0.42 

434 1.2 0.5 0.34 0.14 -0.48 0.6 0.52 0.25 
433 1.4 0.6 0.42 0.07 -0.49 0.7 0.24 0.54 
435 1.3 0.5 0.39 0.11 -0.50 0.7 0.36 0.39 
431 1.4 0.5 0.43 0.09 -0.52 0.7 0.30 0.47 

84 1.5 0.6 0.45 0.06 -0.51 0.8 0.18 0.63 
85 1.6 0.5 0.52 0.06 -0.58 0.9 0.16 0.65 

438 1.9 0.5 0.64 0.02 -0.66 0.9 0.04 0.90 
83 1.6 0.4 0.59 0.10 -0.69 0.9 0.25 0.50 
82 1.5 0.3 0.62 0.24 -0.86 1.1 0.49 0.23 

SG 11:S-D 
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RELATIVE AGE OF THRUSTING 

lslay Anticline and the Loch Skerrols Thrust 

I n  a recent tectonic model, Colonsay and Islay are 
shown to lie within the Caledonian front (Fitches & 
Maltman 1984). In this work four phases of deformation 
are recognized and all post-Dz deformation phases in the 
Colonsay Group are correlated with the deformation of 
the Dalradian sequence. The influence of flat-lying shear 
zones in the deformation of the frontal zone have been 
highlighted and the Loch Skerrols Thrust is considered a 
relatively higher level shear zone in this model; the 
inception of the Islay Anticline being approximately 
coincident with, and sided by the formation of, the Loch 
Skerrols Thrust. All these movements are interpreted to 
be contemporary with the generation of the D2 structures 
recorded by Fitches & Maltman (1984) in the Colonsay 
Group (Dzc of Borradaile 1979). Late stages of evolution 
of the Islay Anticline, as well as flexing of the Loch 
Skerrols Thrust (sinuous course in Fig. 1), are con- 
sidered to relate to D3 structures. 

Fairchild (1980) has shown the structure ofNE Islay as 
an en 6chelon anticlinorium of which the Islay Anticline 
is an integral part. This structure is considered to repre- 
sent the first phase of deformation in the area (Did of 
Borradaile 1979). In conventional models, the Loch 
Skerrols Thrust is shown to disrupt an overturned NW 
limb (in which the Dalradian sequence dips to the SE) of 
the Islay Anticline, thus accounting for the absence of 
stratigraphical horizons represented on the southeastern 
limb (e.g. Bailey 1917). The Bonahaven Formation, 
north of Loch Skerrols, shows a penetrative foliation, 
with a SE-plunging stretching lineation, comparable 
with that in the mylonite foliation in the Jura Quartzite 
close to the thrust. Minor overturned folds are also 
observed in the inter-bedded phyllites and impure 
carbonate layers in this area. However, between Crois- 
Mhor and Gortantoid Point [331744] (on the NW limb of 
Islay Anticline), the bedding in Jura Quartzite dips 
towards the NW. NW-SE profiles through this area 
should, therefore, show the Islay Anticline as an asym- 
metric open fold (see also Fairchild 1980). The change in 
style of the regional fold from south to north probably 
reflects the erosion level as the anticline is NE-plunging 
(Fitches & Maltman 1984). 

Finite ellipsoid shape and strain factorization 

Measurement of strain and fabric in the vicinity of 
Loch Skerrols shows that a definite strain gradient occurs 
in the area and that a significant part of the strain is 
accommodated by intracrystalline slip (cf. Borradaile 
1979). The shape of the finite-strain ellipsoids as deduced 
from clast shape measurements show an apparent 
flattening, whereas for simple shear a plane strain 
(k = 1) finite-strain ellipsoid would be expected if the 
volume is unchanged during deformation. Three 
hypotheses may be suggested to explain the oblate shape 
of the finite-strain ellipsoid: 

(i) there was differential volume loss during deforma- 
tion across the thrust: 

(ii) a later deformation (D2d?) following thrust move- 
ment changed the shape of a plane strain ellipsoid 
associated with thrust movement; 

(iii) the observed finite-strain ellipsoid is due to the 
combined effect of an initial constrictive or flattening 
deformation related to D~a plus a plane strain type 
deformation related to thrust movement. 

Figure 6 shows the field in which the observed strain 
ellipsoids lie; the boundary between the constrictive and 
flattening field for different volume loss are also shown. 
Since the observed strain field crosses lines for different 
volume loss, the overall deformation could only be 
regarded as plane strain if accompanied by different 
amounts of volume loss at different specimen localities. 
In view of the similar lithology and deformation 
mechanism throughout the thrust zone, the proposition 
of different volume loss seems geologically unrealistic. 
Thus the hypothesis (i) above is rejected. 

Minor crenulations and kinks on schistosity in NE 
Islay show that a phase of deformation (D2d of 
Borradai le ;  D 4 of Fitches & Maltman) post-dates the 
thrust movement. However, the effect is only local and 
is not penetrative enough to produce changes of shape 
on a grain scale. Thus D2d is considered to have negligible 
effect on the finite-strain ellipsoid. 

A penetrative axial plane cleavage is associated with 
the Islay Anticline (Did). Borradaile (1979) recorded 
both constrictional and flattening strain from various 
Dairadian horizons on either limb of the Islay Anticline. 
An intragranular component of Dza strain must have had 
some imprint on the Jura Quartzite which is also 
deformed in the Loch Skerrols thrust zone. Between 
Loch Cam [345665] and Loch Skerrols, the thrust zone 
foliation strikes parallel to that of the axial plane 
cleavage recorded farther east (Fairchild 1980); how- 
ever, the thrust zone foliation is more gently inclined. 
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Fig. 6. Field of observed strain ellipsoids in the Loch Skerrols thrust 
zone (data of Fig. 5) and its relationship with the boundary between 
constriction and flattening strain for different amounts of volume 

loss (A). 
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Fig. 7. Flinn diagram showing solutions to deformation gradient tensor for a strain superposition model (pre-multiplication 
by simple shear of prolate or oblate strain) taking into consideration varying obliquities (O) of the shear-zone boundary with 
respect to the pre-thrusting XY  plane. See text and the Appendix for details. Strain paths corresponding to live prolate and 
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Presuming that the thrust developed after considerable 
amplification of the Islay Anticline, the influence of the 
'initial' shape of the strain ellipsoid on the final shape is 
evaluated in a strain superposition model. 

In this model a simple shear deformation is considered 
to be operative during thrusting. Constancy of the inter- 
mediate principal strain axis (Y) throughout this defor- 
mation and equivoluminal strain are assumed. The 
model takes into account varying obliquity of the shear 
direction with respect to pre-thrusting orientation of 
maximum principal strain axis; assuming that at an 

intermediate stage XY plane of strain ellipsoid is close to 
axial plane cleavage orientation, the obliquity refers to 
the then angle between axial plane cleavage and shear- 
zone boundary (also shear direction). 

The algebra involved in the computation is given in 
the Appendix and is essentially similar to that used 
in an earlier model of strain variation in thrust zones 
(Sanderson 1976). The results demonstrate that even for 
very high shear strains (Y = 20) the strain path does not 
cross the plane strain line on a Flinn plot (Fig. 7); the 
final ellipsoid shape is constrictional or flattened depend- 
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ing on whether the pre-thrusting strain ellipsoid is in the 
constriction or flattening field, respectively. The general 
field to which the final ellipsoid shape belongs is also 
independent of the obliquity (8) of the shear direction 
(compare Figs. 7a, b & c which are for 0 = 0 °, 0 = 50 ° 
and 0 = 90 °, respectively). The above strain factoriza- 
tion gives an estimate of), between 0.5 and 2 (Fig. 7d). 

A possible sequence of evolution of the Islay Anticline 
is shown schematically in Fig. 8. The two different final 
profiles (Fig. 8c) correspond to an ESE-WNW section 
through Loch Skerrols (on the right) and a section 
farther north through Gortantoid point in NW Islay (on 
the left). The change in shape of the fold profile may be 
due to: (a) level of erosion; (b) divergence of the move- 
ment zone from the trend of the major fold axis; or (c) 
dissipation of the movement along one or more slides 
without any significant drag effect on the NW limb. The 
analysis above favours the suggestion that the Loch 
Skerrols Thrust post-dates a stage of considerable 
amplification (but not much tightening)of the Islay 
Anticline. Thus the structure is considered to be com- 
parable with a break thrust (quoted in Willis 1894, 
House & Gray 1982). 

Gortantold Point ~ .  

Loch Sklrrols 

Fig. 8. SchematicsketchesshowingtheevolutionofthelslayAnticline 
with progressive deformation. The Loch Skerrols Thrust transgressed 
the western limb after considerable amplification of the anticline 
(stage b). Two alternative paths from stage (b) reflect observed 
differences in fold profile between Loch Skerrols and Gortantoid Point 
(NW Islay). Note that the footwall syncline shown here has not been 

mapped in the area. 

MICROSTRUCTURAL VARIATION IN A ZONE OF 
STRAIN GRADIENT 

Microstrttcture 

As shown earlier, the traverse from Loch Cam to a 
point 0.5 km north of Knockdon Farm reveals a zone of 
natural strain gradient across Loch Skerrols thrust zone. 
The microstructural evolution of the Jura Quartzite 
associated with the thrust has been studied in samples 
collected at varying distances from the western boundary 
of the Jura Quartzite (sample locations in Fig. lb). The 
Loch Skerrols Thrust separates the Bowmore Sandstone 
and Jura Quartzite, but contact between the two units is 
not exposed in the An Carn-Knockdon area. Changes in 
optical microstructure with increasing strain are illus- 
trated in Figs. 9(a)-(e). In the following discussion 
matrix refers to aggregate of small grains (30-50/~m) 
surrounding porphyroclasts of larger grains (I>0.5 mm). 
The larger grains are deformed sedimentary grains and 
are considered to be clasts. As described below the clasts 
contribute to the matrix through dynamic recrystalliza- 
tion and attendant grain refinement. The term dynamic 
recrystallization is used here to indicate grain-boundary 
migration-accommodated recovery during dislocation 
creep (Tullis & Yund 1985). Only optical microstruc- 
tures form the basis of any inference drawn here. 

At an overall strain intensity, ~s ~ 0.55, the quartz 
clasts show undulose extinction, deformation bands 
(Fig. 9d) and small recrystallized grains are generally 
restricted to clast boundaries producing a core and 
mantle structure (White 1976). Although the samples 
studied contain ~< 1% feldspar, twin lamellae in feldspar 
grains are diffuse and some of these clasts show pull- 
aparts. 

With increasing strain (~s ~ 0.8) the proportion of 
matrix to clast increases (Fig. 9b). The recrystallized 
grains have straight to gently curved boundaries, except 
where they occur at the boundary of a relict porphyro- 
clast core, in which case, lobate grains can be seen. Some 
of the larger clasts are broken down into sub-parallel 
ribbon grains separated by trails of recrystallized grains, 
which show a weak shape fabric sub-parallel to the 
mylonitic foliation. 

At the highest recorded strain intensity (~ ~ 1.1), the 
proportion of matrix grains is more than 85% (Fig. 9c). 
Recrystallization of highly elongated clasts is common 
(Fig. 9e), producing generally straight grain boundaries, 
often aligned parallel to each other, thus defining the 
mylonite foliation. Some recrystallized grains are larger 
than average probably due to static grain growth. 

The proportion of matrix/clast increases with 
increasing strain, the relative proportion of sericite is 
also higher in specimens with higher strain. The latter is 
interpreted as a transformation of kaolinized feldspar to 
micaceous minerals. However, the average size of 
reerystallized grains does not show much variation 
(Table 3). The frequency distribution of the aspect ratio 
of recrystallized grains also maintains the same general 
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Fig. 9. Microstructural changes in Jura Quartzite in the vicinity of Loch Skerrols Thrust. Photomicrographs from sections 
cut perpendicular to foliation but parallel to lineation, except (a) where the section is perpendicular to lineation. (a) 
Flattening of clasts is minimum, matrix to clast ratio is only 0.54, location 87. (b) Clasts are more flattened, location 85. (cj 

Highly elongated clasts; proportion of matrix is also higher (85%), location 82. (Continued.) 
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Fig, 9. Continued, (d) At lower strain (X/Z < 2) dynamic recrystallization i~, more cor~monly restricted to grain 
boundaries,  location 86. (e) At higher strains (X/Y < 4---6) thorough recrystallization of quartz clasts occur; recrystallized 

grain boundaries  are also aligned, location 83. 
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Table 3. Recrystallized quartz grain size and palaeostress estimates from Loch 
Skerrols thrust zone. Specimens are arranged in order of increasing strain intensity, 
~,. Specimen locations are in Fig. 1. Flow stresses are calculated using equations: I. 
Twiss (1977) o = 603 (Dj)-°'~; II. Mercieretal. (1977) o = 381 (D/)-°'?l; III. Ord & 
Christie (1984) o = 4090 (D/) -|'11, Di is average grain diameter, for details of 

calculation see text 

Recrystallized Palaeostress 
Specimen Matrix proportion grain size (MPa) 

No. (%) (D/± S.D.) I II III 

86 50 32 ± 16 57 33 87 
87 54 26 ± II 66 38 II0 
84 55 30 ± II 60 34 94 
85 55 28 ± I0 63 36 I01 
83 80 33 ± 15 56 32 84 
82 85 33 ± 17 56 32 84 
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pattern irrespective of strain value (Fig. 10). The modal 
class in both low and high strain samples includes grains 
with an aspect ratio between 1 and 2. These may be 
interpreted as due to either a post-tectonic static recrys- 
tallization, or a dynamic recrystallization attained 
through grain-boundary-migration accommodated 
recovery. In the latter case, cyclic slip and recrystalliza- 
tion during progressive deformation prevents survival of 
early recrystallized grains with high dislocation density, 
i.e. highly flattened early fine grains are dispensed with 
(Tullis & Yund 1985). 

Both in low and high strain samples the recrystallized 
grains originating from a single clast (relict outline 
defined by mica trails) show a relatively high neighbour 
mismatch, misorientation angle being >10" in more than 
80% of cases; the modal misorientation angle is around 
30 ° in low strain samples and around 15 ° in high strain 

samples. A quartz-(feldspar)--chlorite-sericite mineral 
paragenesis prevails throughout the thrust zone and as 
such there is little difference in thermal influence 
between low and high strain samples. In such a situation, 
any post-tectonic static recrystallization will have to be 
driven mostly by differences in strain energy. Sub-grain 
controlled nucleation and subsequent grain-boundary 
migration during static recrystallization (Nicolas & 
Poirier 1976) would have entailed more frequent low 
angle (<10 °) boundaries. Recrystallization due to 
progressive sub-grain rotation (dislocation climb 
assisted recovery of Tullis & Yund 1985) would also 
have been expected to produce more frequent low-angle 
boundaries between neighbours, especially at low 
strains. Microstructural development in the Loch 
Skerrols thrust zone is thus considered to be largely 
controlled by a grain-boundary migration-accom- 
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Fig. I0. Frequency distribution of the aspect ratio of dynamically recrystallized grains in specimens with different strain 
intensities. Strain values generally decrease from specimen locations 82-87. The mean aspect ratio (p) shows little change 
with strain; d is average grain intercept (±  I S. D.) in microns; n is the number of grains measured in each thin section, a and 
b with each specimen location number refer to two mutually perpendicular thin sections cut perpendicular to foliation, but 
one parallel, the other normal, to lineation, from each specimen, For location 86 only perpendicular to lineation section is 

measured. 
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modated recrystallization with progressive deformation. 
As presented in a later section, better defined preferred 
orientation of recrystallized grains in high strain samples 
is also consistent with cyclic slip and recrystallization. 

Palaeostress estimate 

Deformation-induced dislocation density, sub-grain 
size and dynamically recrystallized grain size in rocks 
from deeply eroded fault zones may provide signatures 
of differential stress that existed when the fault was 
active (Nicolas & Poirier 1976, Mercier et al. 1977, Twiss 
1977, Weathers et al. 1979, White 1979, Christie & Ord 
1980, Kohlstedt & Weathers 1980, Schmid 1980, Ord & 
Christie 1984). Theoretical arguments and experimental 
observations demonstrate that the microstructural 
elements, if generated during steady-state deformation, 
will depend primarily on the flow stress (Mercier et al. 
1977, Twiss 1977). Although the principle has been 
applied by a number of workers (e.g. Twiss 1977, Burg 
& Laurent 1978, Etheridge & Wilkie 1979, Weathers et 
al. 1979, White 1979, Christie & Ord 1980, Ord & 
Christie 1984), uncertainties exist in the derivation of 
flow stresses from microstructural information (dis- 
cussions in Ord & Christie 1984). In particular, presence 
of mica or other impurity phases limit the grain size by 
impeding the boundaries of quartz grains during growth 
(Hobbs et al. 1976). Recrystallized grain sizes may also 
be related to a variation in chemical environment with 
constant flow stress. For a given flow stress different 
recrystallized grain sizes have been observed in samples 
of experimentally deformed quartzite under 'wet' and 
'dry' conditions, which suggests the possibility of an 
influence of water content on the dynamic relationship 
between grain size and stress (Christie et al. 1980). 
Annealing recovery/recrystallization may also substan- 
tially alter microstructures attained during syntectonic 
recrystallization (e.g. Ord & Christie 1984). 

In the present case only recrystallized grain size in 
samples of deformed Jura Quartzite from the Loch 
Skerrols thrust zone is used in estimating the flow stress. 
Since, the mineral paragenesis in the thrust zone indi- 
cates only a lower-greenschist facies P T  environment, 
the influence of annealing recovery is thought to be 
minimal. Care has been taken to select mica free areas 
for grain size measurement in thin sections of Jura 
Quartzite. Mutually perpendicular longest and shortest 
intercepts (D/l and Diz) on each grain were measured 
under an optical microscope (magnifications up to x 400) 
and using a micrometer ocular. Grain size (D) is calcu- 
lated using the formula, 

D = 1/n ~ (Di1D,~) 1/2, 
i~l  

where n is the number grains measured; n ~> 210 in each 
sample. Since the recrystallized grains have small aspect 
ratios (Fig. 10) the method adopted here for grain size 
measurement is believed to approximate results obtain- 
able from a method using linear intercepts (Smith & 
Guttman 1953). The results of flow stress calculations 

are shown in Table 3 and the salient points are discussed 
below. 

Although the proportion ofmatrix/clast increases with 
increasing strain, the average size of recrystallized grains 
does not show much variation (26-33 #m). The average 
value of the palaeostresses in the Loch Skerrols thrust 
zone using the Twiss method is 60 MPa which compares 
well with values of 50--130 MPa obtained for the Moine 
thrust zone (Christie 1963, Twiss 1977). A southward 
decrease in the flow stress value has been reported for 
the Moine thrust zone near Knockan Crag, Stack of 
Glencoul and the Loch Eriboll area (Weathers et al. 
1979, Ord & Christie 1984). Coincidentally, the flow 
stress estimates for the Loch Skerrols Thrust, which 
Kennedy (1946) suggested to be an extension of the 
Moine Thrust, is at the lower end of the range of values 
given by different workers for the Moine thrust zone. 
Comparable magnitudes of flow stress from quartz grain- 
size palaeopiezometry have been estimated from other 
shear zones where a crystal-plastic deformation 
mechanism prevailed (Twiss 1977, White 1979, 
Kohlstedt & Weathers 1980). 

QUARTZ c-AXIS FABRIC 

Fabric measurement and representation 

The specimens used for fabric measurement were 
those used for strain determinations. Quartz c-axes were 
measured by standard universal stage techniques 
(Fairbairn 1949, Turner & Weiss 1963) for each of two 
mutually perpendicular thin sections. Necessary rota- 
tions were implemented before comparing fabric 
diagrams obtained from separate thin sections. Parts of 
the thin section containing a relatively high proportion 
of mica were avoided so that we are dealing essentially 
with a monomineralic fabric. The results for matrix 
grains are shown in Fig. 11. Orientations of quartz c-axes 
in clasts were plotted separately (Fig. 12). Separate 
measurements were taken for different subgrains, defor- 
mation bands and recrystallized grains within a single 
clast. 

The fabric pattern 

Matrix. For low strain value locations (Fig. 11---434, 
87, 86 and 84) the fabric pattern is rather diffuse. How- 
ever, the equatorial plane (close to X Z  plane) contains 
one or more point-maximum (2-3 x E) that are closer 
to Z than to X. The foliation plane and XY plane show 
very low concentrations of c-axes. With higher strain 
intensity (locations 85 and 83) a weak cross-girdle 
pattern appears. The better developed girdle with point- 
maximum (3--4 x E) near foliation normal (Z) passes 
through Y. In specimen 83 there is a sub-maximum near 
Y. In highly deformed specimens (locations 82 and 438) 
the fabric pattern is close to the type-I cross girdle (Lister 
& Williams 1979) with point-maximum (3-5 × E) on 
the X Z  plane; the angle between the point-maximum 
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Fig. 11. Quartz c-axis fabric (matrix grains) for different specimens in Loch Skerrols thrust zone. Specimen numbers are 
given as bold figures in the upper part of each diagram. Lower-hemisphere equal-area plots contoured in multiples of E, 
expectation for uniform distribution. The maximum point density (× E) is given in the lower part of each diagram. Foliation 
trace runs N-S; structural top of foliation is towards east. X, Y, Z refer to relative orientations of principal strains. 400 

measurements in each thin section. 

Fig. 12. Quartz c-axis fabric for clast grains. The relative orientations 
of foliation, lineation and structural top in all the diagrams (a--d) are as 

in (e). For other details see the legend in Fig. 11. 

and Z is less than 20 °. The fabric pat tern is marked by an 
internal asymmetry  : a main girdle with minor girdles 
branching off (Figs. 11g-k). 

For specimen C D T L S T X  (Fig. 111) which comes from 
the Bun-an-Uillt  area, strain data are not available. 
Microstructurally it resembles a mylonite with a very 
high proport ion of matrix grains. The fabric pat tern 
shows an incomplete single girdle with point maximum 
(3 x E) subnormal to the foliation (Fig. 111). The angle 
between foliation normal and the point-maximum is 
about  15 ° , the offset being in the same senses as that for 
the main girdle at location 82. 

Clasts. The essential pattern for clast c-axes is a paired 
maximum with unequal development  of the two concen- 
trations lying on the equatorial plane, perpendicular to 
the foliation (Fig. 12). In the most deformed specimen 
(location 82) the stronger cluster is in a position compar-  
able to that of the main girdle in the matrix fabric. A 
similar pat tern is obtained for location 85, and in location 
86 there is a maximum only on one side of the foliation 
normal (Z).  The fabric corresponding to location 83 
shows clusters on either side of the foliation normal,  but 
the stronger cluster (point-maximum : 8-10 x E)  is dis- 
posed in a sense opposite to that for all other  samples. 
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A number  of measurements  for c-axis orientation 
were made on the same clast to account for different 
sub-grain orientations or deformation bands. The 
number  varied from five in the less deformed specimen 
86 to 50 in the more deformed specimens 83 and 82. Thus 
the effective sample size is smaller than in the corre- 
sponding matrix fabric and the much higher point- 
maximum (10-11 x E) in these fabric diagrams may 
reflect the influence of host-grain control. 

Discuss ion.  The essential pattern of  quartz c-axis 
fabric in matrix grains is a type-I  cross girdle which 
becomes well defined with increasing strain in the Loch 
Skerrols thrust zone. The pat tern is asymmetric,  both 
internally and with respect to the foliation, lineation and 
the X, Y, Z finite-strain axes in more deformed speci- 
mens. Fabric asymmetry  criteria for determining the 
sense of vorticity have been discussed and applied by a 
number  of workers (e.g. Bouchez & P6cher 1976, Berth6 
et al. 1979, Lister & Williams 1979, Brunel 1980, Lister 
& Hobbs  1980, Simpson 1980, Passchier 1983, Simpson 
& Schmid 1983). The quartz c-axis fabric patterns in the 
Loch Skerrols thrust zone indicate a dextral sense of 
movement  in Fig. 11. Reorientat ion of the foliation and 
lineation to their true geographic position makes the 
sense of movement  consistent with a westward move- 
ment  of the Dalradian over  the Bowmore  Sandstone 
along the Loch Skerrols Thrust  (Fig. 13). Although the 
clast fabric at location 83 shows an opposite sense of 
shear, the unequal development  of the two maxima in 
diagrams corresponding to locations 82, 85 and 86 is 
consistent with the sense of shear determined from the 
bet ter  defined matrix fabric. 

The external asymmetry  of the observed fabric pattern 
is a reflection of the non-coaxial deformation along the 
Loch Skerrols Thrust.  Assuming a steady-state deforma- 
tion and that grains are oriented for easy slip during 
strain-induced fabric development ,  the point -maximum 
close to Z, could be due to a dominant  activity of the 
basal (a) slip system (Tullis et al. 1973, Bouchez et al. 

1983). This is consistent with the tempera ture  conditions 
deduced from a mineral paragenesis of chlorite + sericite 
+ quartz. However ,  a girdle pat tern for the matrix fabric 
indicates more than one operat ive slip system. To 

Fig. 13. Movement along Loch Skerrols Thrust and its relation with 
asymmetry of quartz c-axis fabric. Idealized block diagram to show the 
westerly movement of the Dalradian "block'. The fabric skeletons in 
mylonitized Jura Quartzite (both matrix and clast) in their true geo- 
graphic orientation on an ESE-WNW section are shown. Note that a 
better developed girdle in matrix fabric is normal to the thrust plane. 

explain concentrations near Y and intermediate posi- 
tions glide on other slip systems is required, e.g. prism 
(a) or dipyramid (a + c). 

CONCLUSIONS 

The component  of finite strain accommodated by 
crystal-plastic deformation increases towards the 
western boundary of the Jura Quartzite in the Loch 
Skerrols thrust zone. The maximum observed value of 
the intracrystalline strain is given by the strain ratio 
1.9:1.3:0.4,  ~ = 1.1. The X-axis of the finite-strain 
ellipsoid is close to the stretching lineation in quartz 
mylonites, the foliation plane being sub-parallel to the 
X Y  plane. Microstructural changes with increasing 
strain are reflected in the increasing matr ix /c las t  ratio 
and better  defined fabric pattern at higher strain, which 
are interpreted in terms of cyclic slip and grain boundary 
migration accommodated  recrystallization. Palaeostress 
estimates from the size of recrystallized quartz grains in 
the Loch Skerrols thrust zone indicate a differential 
stress of ~60 MPa,  comparable  to the stress magnitude 
obtained from the Moine thrust zone in the Loch Eriboll 
area (see Weathers  et al. 1979). 

At higher strains the quartz c-axis fabric is a type-I 
cross girdle pattern with an asymmetry reflecting non- 
coaxial deformation and westward transport  of the 
Dalradian block over the Bowmore  Sandstone along the 
Loch Skerrols Thrust.  The flattening strain ellipsoid in 
the thrust zone may be explained as due to a superposi- 
tion of simple shear during thrusting over an initial 
flattening strain associated with buckle shortening of the 
Jura Quartzite.  This implies that the Loch Skerrols 
Thrust  is a break thrust. 
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APPENDIX 

Reference axes of a rectangular Cartesian co-ordinate frame are 
chosen as follows: 

xEparallel to shear direction or 'direction of tectonic transport'; 
z--normal to the shear-zone boundary or thrust plane; thus xy is the 

thrust plane. 

The ,;.2 axis of an initial (pre-thrusting stage in the text) triaxial strain 
ellipsoid coincides with the y axis; x axis makes an angle 0 with 2 t axis. 
0 is positive measured in an anticlockwise direction from x axis. 7 is the 
amount of shear strain (a left-handed, anti-clockwise shear reckoned 
positive). The deformation is equivoluminal. 

Referred to the principal strain axes, the deformation gradient 
tensor for an initial triaxial strain is reduced to the diagonal form 

~ 

0 ,~" 
For the above choice of reference co-ordinate frame, the reference 
axes and the principal strain axes are related by the direction cosine 
matrix 

I • 

L - s i n 0  0 cos0J  

The effect of the superposition of simple shear is obtained through 
pre-multiplication by a simple shear deformation of the initial defor- 
mation matrix. The total deformation matrix, D is thus given by 

D = 1 x I x ,I~ r~ 

0 L-sin 0 0 cos 0J 0 3.~ t2 
simple shear direction cosines triaxial strain 
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Then. 

DD r = 

,;.[::(cos 0 + 7 sin 0) 0 

-/-I:" sin 0 0 

I21(cos 0 + 7 sin 0}: 
+ ,;.3(sin 0 ~ 7 cos 0): 

2~ cos 0(sin 0 - ;, cos 0) 
- 2t sin 0(cos 0 + :.,sin 0) 

2~/:(sin 0 - 7 cos 0)" 

0 

:.~:-~ cos 0 

• ( A . I )  

0 23cosO(sinO-TcosO) ] 
-,I. I sin 0(cos 0 + y sin 0) 

2~ 0 - 

0 ,i. t sin" 0 + '~3 cos-' 0 

(A.2) 

DD T is the inverse of the Cauchy deformation tensor (Malvern 1969). 
This is a symmetrical tensor which has eigenvalues equal to the 
principal quadratic elongation (~',, i = 1.3) and eigenvectors parallel 
to the principal axes. 

Once the elements of DD r matrix are calculated for a set of/3q, 2,. 23, 
0 and ~, values, the eigenvalues are calculated using NAG routines on 
an EC 1033 mainframe computer of  the Indian Statistical Institute. 
The resulting strain ellipsoid shapes are shown on Flinn plots only for 
two limiting values and one intermediate value of the obliquity, 
0 = 0 °, 90 ° and 50L respectively (Figs. 7a--c in the main body of the 
text). Calculations were also done for other  obliquities, 0* ~ 0 ~ 90* at 
10 ° increments. These results are in conformity with the general 
observation made earlier and available on request. 


