
Journal of Structural Geology, Vol. 14, No. 1, pp. 11 to 17, 1992 0191-8141192 $05.00+0.00 
Printed in Great Britain Pergamon Press plc 

Estimated obliquities between the horizontal traces of X - Y  surfaces and 
foliation trajectories in strained orthogneiss 

W. M. SCHWERDTNER and E. J. COWAN 

Department of Geology, University of Toronto, Toronto, Ontario, Canada M5S 3B1 

(Received 22 May 1990; accepted in revised form 30 May 1991) 

Abstract--The geometrical style of mineral foliation varies greatly within deformed metaplutonic masses, and 
the angle between foliation trajectories and horizontal traces of X-Y  surfaces of total strain depends largely on 
this variation. In laminated orthogneiss derived from protoliths with isolated megacrysts or polycrystalline 
aggregates, the foliation trajectories can be markedly oblique to the traces of the X-Y  surface. The obliquity 
angle (6) depends on (1) the boundary migration of mineral aggregates, (2) the finite strain accumulated during 
the production of laminae and (3) the finite deformation imposed on laminated gneiss. Prediction of the obliquity 
angle is difficult because (1) and (2) are effectively unknown, and (3) varies greatly with position. By assuming 
that (i) all isolated aggregates behave as if they deform coaxially while being transformed into laminae and (ii) all 
laminae rotate as passive markers, we were able to calculate the obliquity angle for a range of laminae-producing 
strains and a spectrum of imposed plane deformations. These results apply to rocks located on the symmetry 
planes of large folds and X-Z sections of shear zones. Here the obliquity between foliation trajectory and the 
horizontal trace of X-Y plane is < 15", for any amount of laminae-deforming strain, if the formation of laminae 
requires horizontal strain ratios of >2.4. Even if the laminae-producing strain is as low as 2.0, 6 < 15" provided 
that the ratio of laminae-deforming strain is <1.8. Higher strain ratios may be ruled out if the laminae are 
effectively planar, on the scales of centimetres to metres, or where the short limbs of open buckles in gneissosity 
resemble conjugate kink bands or chevron folds. 

INTRODUCTION 

PRINCIPAL strain trajectories are valuable tools in study- 
ing the deformation pattern of large-scale structures 
(Hossack 1978, Cobbold 1979), but such trajectories can 
rarely be mapped in three dimensions. Foliation trajec- 
tories, on the other hand, appear on many structural 
maps, and are regarded as effectively parallel to the 
horizontal traces of X - Y  surfaces of total strain (Brun & 
Ports 1981, B r u n e t  al. 1981, Andrews et al. 1986, 
Paterson & Tobisch 1988, Schwerdtner 1990). This prac- 
tice is problematic where foliation comprises mineral 
laminae which are coplanar, or disrupted by shear 
bands, or thrown into buckle folds (Fig. 1). Even if 
laminae deform in a passive manner they cannot remain 
pegged to the X - Y  plane of non-coaxial strain 
(Schwerdtner 1973, Le Theoff 1979, Suppe 1985, p. 98). 

The scale at which foliation may be viewed as planar is 
generally an order of magnitude larger than the wave- 
length of small folds or spacing of narrow bands. On that 
scale, the obliquity between foliation trajectories and 
horizontal traces of X - Y  surfaces may greatly change 
with position. 

This paper summarizes the results of two-dimensional 
geometrical studies in which we estimate the final angle 
6 between the mineral-aggregate lineation (foliation 
trace) and the direction of maximum total extension 
(Fig. 2). In our study, 6 depends on two states of finite 
pure shear: a first strain which creates a set of laminae 
and a second strain which deforms the laminae. These 

pure shears represent the distortion components of 
natural non-coaxial deformations. 

DEVELOPMENT OF STRINGERS OR LAMINAE: 
FIRST STRAIN 

Many gabbroid and granitoid rocks contain subequant 
xenoliths and isolated mineral constituents such as mafic 
igneous clots or felsic igneous megacrysts (Ramsay & 
Graham 1970, Ramsay 1989). Metamorphic derivatives 
of such primary inclusions become highly inequant and 
assume preferred orientations as the rocks are trans- 
formed into orthogneiss (Ramsay & Huber 1983, pp. 36, 
46, 1987, p. 590). Transitions between subellipsoidal 
mineral aggregates and polycrystalline laminae may be 
observed within individual orthogneiss units (Davidson 
1983, Schwerdtner 1988, 1990). Where rocks have been 
stretched rather than flattened, cigar-shaped mineral 
aggregates grade into very long stringers over distances 
of a few metres or tens of metres. Such stringers have 
subcircular cross-sections in which the apparent distor- 
tion of the aggregate boundaries is very much smaller 
than that in longitudinal section. 

Many stringers are considerably larger than their 
weakly strained parents. For example, mafic stringers in 
stretched anothositic sheets of the western Grenville 
Province (Van Kranendonk 1985) have minimum vol- 
umes which are two orders of magnitude larger than the 
average volume of subequant mafic clots found at dis- 
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tances of <50 m along strike. This suggests that clot 
boundaries migrate and eventually coalesce during de- 
formation (Robin 1979, Sawyer & Robin 1986). Aggre- 
gate boundaries are predicted to migrate in such a way 
that they shrink in the direction of maximum instan- 
taneous shortening and grow in the direction of maxi- 
mum instantaneous extension. This process combines 
with non-coaxial passive deformation and promotes 
coalescence of aggregates in the lineation direction. 

Consider an elliptical mafic clot that has aligned itself 
with the direction of early principal extension, by the 
combined effects of passive deformation and boundary 
migration, and has become representative of the 
aggregate-shape fabric (Fig. 3a). The diameter ratio of 
the strain ellipse is smaller than that of the shape fabric 
ellipse, therefore subsequent passive deformation re- 
orientates the progressive strain ellipse at a faster rate 
than the shape ellipse (Schwerdtner 1973, Le Theoff 
1979). Passive deformation would result in an obliquity 
(to) with counter-clockwise sense, between the major 
diameters of progressive strain and passively deformed 
shapes of mineral aggregates (Fig. 3b). Boundary mi- 
gration, on the other hand, increases the clot length in 
the direction of maximum instantaneous extension, at 
an angle p to the major diameter of the progressive strain 
ellipse (Fig. 3b). Angles to and p differ greatly in absol- 
ute magnitude for some types of non-coaxial strain, but 
their sense is always opposite. This justifies the simple 
assumption that the combined effect of passive defor- 
mation and boundary migration keeps the fabric ellipse 
coaxial with the progressive strain ellipse until the rocks 
possess coplanar laminae or colinear stringers. 

The magnitude of the first finite strain is unknown, but 
probably depends on rock type and physical condition of 
ductile deformation. We decided to vary the hypotheti- 
cal magnitude of first finite shortening from 10 to 70%, 
which corresponds to strain ratios of 1.2 and 11.1, 
respectively (Figs. 2, 4 and 5). 

DEFORMATION OF STRINGERS AND LAMINAE: 
SECOND STRAIN 

In spite of non-coaxial isochoric rock strain (Fig. 3), 
coalescing mineral aggregates are assumed to behave as 
if they deform coaxially. Unlike isolated mineral aggre- 
gates, gneissic laminae and stringers will rotate, but not 
necessarily strain, as if they are passive markers (Fig. 2). 
If 0 ° < 0 < 90 ° (Figs. 2, 4 and 5), the principal directions 
of progressive strain will deviate from the stringer direc- 
tion and lamination normal. However, the final orien- 
tation of passive laminae and stringers will be indepen- 
dent of the deformation path and completely 
determined by the principal ratios of the first and second 
strains, together with the angle of superposition 0 (see 
Fig. 2, and the Appendix), Accordingly, all unmarked 
points on the curves in Figs. 4 and 5 represent final 
geometric states rather than stages of progressive defor- 
mation. 

The path-independence of the curves is exemplified 

for simple shearing, even though it may be rare in 
natural structures (De Paor 1987). The end of the 
simple-shear path may be seen by using the simple-shear 
scale in Figs. 4 and 5, whereby the orientation of the 
shear plane varies with magnitude of y (finite unit shear) 
as specified in Fig. 6 and the Appendix. 

OBLIQUITY ANGLES (8) IN PLANE STRAIN 

Large 6-angles are obtained if 0 < 30 ° and the first 
shortening is 10-30% (Fig. 4). However, small 0 angles 
can probably be ruled out where the laminae have 
escaped late-stage buckling. Moreover first-shortening 
values of <35% or strain ratios <2.4 seem unrealistic in 
comparison to those of well-studied metaplutonic rocks 
that are devoid of laminae. For example Ramsay & 
Huber (1983, pp. 81 and 86) obtained a ratio of 2.6 in 
weakly foliated xenolith-rich granite that lacks evidence 
of marked aggregate boundary migration. For first strain 
ratios of >2.4, maximum 0-values are about 15" (Figs. 4 
and 5). The application of this result is not restricted to 
plane deformations because strain ratios are indepen- 
dent of area change. 

Even if 0 < 30 ° and the first strain is as low as 2.0, 
remains <15 ° so long as the second strain ratio does not 
exceed 1.8, i.e. 25% shortening in pure shear (Fig. 4b). 
These conditions probably hold in kinked or gently 
crenulated orthogneiss where the ductile thickening of 
laminae is negligible (Paterson & Weiss 1966, Cobbold 
& Gapais 1986, Ramsay & Huber 1987, p. 415). 

The results of the preceding geometrical study are 
directly applicable to metaplutonic masses that have 
been deformed by heterogeneous transcurrent shear 
(Ramsay & Graham 1970, Berth6 et al. 1979). Such 
masses are characterized by horizontal mineral lineation 
and vertical foliation, so that the foliation trajectories 
coincide with the lineation trajectories and the prolate- 
ness factor (Flinn 1962) of the total strain ellipsoid does 
not depart from unity (Schwerdtner et al. 1977). A 
regional component of vertical extension, e.g. in trans- 
pression zones (Sanderson & Marchini 1984), lowers the 
k-value everywhere and causes a loss in horizontal area 
even if the triaxial total strain is isochoric. Such area loss 
alters the shortening percentages in Figs. 4 and 5, but 
does not affect the angular relationship discussed in the 
previous paragraphs. The strain ratios shown in Figs. 4 
and 5 apply also to any orthogneiss located on symmetry 
planes of large-scale deformation fields (Schwerdtner 
1988), e.g. traces of vertical hinge planes in upright 
orthorhombic folds or traverses across ductile thrusts. 

A difficulty arises where symmetry planes of large 
structures are strongly inclined. At any locality on the 
trace of such symmetry planes, the horizontal surface is 
an arbitrary section through the general ellipsoid of 
triaxial total strain. This implies that the major diameter 
of the section ellipse is oblique to the horizontal trace of 
the X - Y  plane (Flinn 1962, Ramsay 1967, p. 160). The 
angle between this horizontal diameter and the X - Y  
plane varies with shape and orientation of the total- 



O b l i q u i t i e s  b e t w e e n  X - Y  su r f ace s  a n d  f o l i a t i o n  in o r t h o g n e i s s  

Fig. 1. Gentle buckling of the foliation in a metatonalite on Highway 69, west of Gibson Lake, central Ontario (Schwerdtner 
& Mawer 1982, fig. 26.2). The fold axis makes an angle of <10 ° with the outcrop surface, which exaggerates the fold 

amplitude and therefore facilitates the identification of the gentle buckles. 
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Fig. 2. Oblique supeq>osition of second strain onto first strain, and 
ensuing passive deformation of foliation trace (lineation). Note angles 
used in the mathematical equations (see the Appendix) and through- 

out the text. 

strain ellipsoid, which are generally unknown. This 
precludes the use of Figs. 4 and 5, in which 6 is measured 
with respect to the major diameter of the horizontal 
strain ellipse (Fig. 2), rather than the trace of the X - Y  
plane. 

CONCLUSIONS 

Many orthogneiss masses contain rocks with coplanar 
laminae produced by severe strain and synkinematic 
coalescence of spaced mineral aggregates (recrystallized 

/ 

/ \ 
(a) (b) 

progressive 
. snosr seflse 

progressive strain 

hypothetical shape fabric 
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deformation \ / 

instantaneous 
strain dlr~ttons ~ elliplical mineral aggregate 

i i  ' ~  " ~  produced by the ooml~necl 
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and boundary migration 

Fig. 3. Shape change of a marie clot (black) caused by a large increment 
of sinistral simple shear (y = 1). Open elfipses = consecutive stages of 
progressive strain (a & b), prior to coalescence and cessation of first 
strain. Note that p and w have opposite sense, and that the clot is 

assumed to remain parallel to the strain ellipse. 

igneous megacrysts, etc.). In such rocks, foliation trajec- 
tories can be markedly oblique to the horizontal traces 
of X - Y  surfaces of total strain, and field geologists need 
to know where this obliquity is largest. 

We made crude estimates of the obliquity angle (6) 
which apply to rocks located on effective-symmetry 
planes of total-strain fields. Such symmetry planes may 
coincide with the peneplain across upright vertical folds 
or transcurrent shear zones. Structures such as canoe- 
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Fig. 5. Values of t~ (Fig. 2) at constant percentage of first shortening or strain ratio (s.r.). The ),-scale should be used in 
conjunction with Fig. 6. Angles used are indicated in Fig. 2. 

shaped synclines or parallel-sided zones of thrust shear 
have vertical symmetry planes whose horizontal traces 
may also be analysed by using Figs. 4 and 5. Here c~ < 15 ° 
if the formation of laminae requires horizontal strain 
ratios of >2.4, for any amount of laminae-deforming 
strain. Even if the laminae-producing strain is as low as 
2.0, c~ < 15 ° provided that the ratio of laminae- 
deforming strain is < 1.8. Higher strain ratios are gener- 
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Fig. 6. Relation of principal second shortening to oblique simple shear 
(7) through the angle fl between shortening axis and shear direction 

(equation A3, see Appendix). 

ally indicated by close buckles or microlithons in the 
foliation, which may be identified in the field. 

Schistosity becomes conspicuous at a strain ratio of 
2.1 (Ramsay 1967, p. 180), but field geologists feel that 
the laminae-producing strain ratio in orthogneiss is 
>2.4. If this intuition proves correct and our assump- 
tions are valid then the obliquity between the foliation 
trajectory and horizontal trace of X - Y  plane should be 
less than 15 °, provided that the foliation is not closely 
folded on the scales of centimetres or decimetres. 
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APPENDIX: STRAIN CALCULATIONS 

As shown in Fig. 2, we derived the plots of Figs. 4-6 by using the 
components of the total-deformation tensor (Do) expressed in suffix 
notation (Nye 1960). In a hiaxiai frame of reference, the first-strain 
ellipse makes an angle of 0 with axis 1' and the second-strain ellipse is 
parallel to axis 2' (Fig. 2). Therefore, A~. are non-principal com- 
ponents of the first strain and 

(D~j) = ( A~IB~I, , A~2B111, , , (A1) 
~AI2Bll A22Bll] 

where i ,j ,  m = 1,2 andA22 = 1~At1 and A~2 = A~I and B~I is the minor 
radius of the second-strain ellipse. 

Moreover, 

A~j = limljmAmm , (A2) 

where direction cosines 

(lij)=(-sCiCSO cos sin0/'0/ 

The magnitude of simple shear 

~, = -B~I + 1/B~1 , (A3) 

which differs in sign from Jaeger's (1962, p. 33) expression because our 
axis 1' is the maximum shortening direction (Fig. 2). The calculation of 
a', 0' and fl in terms of (D/~) was done using equations by Jaeger (1962, 
pp. 2~33), and denoting the angle between the shear direction and 
axis 1' as ft. 


