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a b s t r a c t

The partitioning of triclinic flow into domains of apparent monoclinic and apparent orthorhombic flow is
described and discussed, using the Aiken River shear zone (ARSZ) as an example. The ARSZ is a 1e1.5 km
wide eastewest trending, dextral, north-side-up, mylonite zone, within the northern part of the Superior
Province in Manitoba. It displays a high along-strike stretch (w10), which is most likely indicative of an
escape-tectonic setting.

Although the central mylonite zone exhibits an apparent monoclinic fabric symmetry, the actual flow
field was probably triclinic with a high simple shearing over pure shearing ratio, which resolves potential
strain compatibility problems with neighbouring domains. The simple shearing-dominated zone is
relatively narrow and has well-defined boundaries. An up to w20 km wide zone adjacent to the ARSZ
shows an apparent orthorhombic fabric symmetry with shear zone boundary-parallel horizontal stretch
and shear zone-orthogonal shortening. However, the actual flow may have been triclinic with a low
simple shearing over pure shearing ratio. Either way, the pure shear component of the ARSZ is
distributed over a much broader area than the simple shear component and has diffuse boundaries. This
is consistent with simple shearing being a softening and pure shearing a hardening process.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Shear zones may have monoclinic or triclinic symmetry.
Monoclinic shear zones can be considered as special cases, where
the shear direction is parallel to one of the principal axes of the pure
shearing component (cf. Robin and Cruden, 1994; Jiang and
Williams, 1998; Lin et al., 1998). Shear zones may be thinning
(transpression), thickening (transtension) or not changing thick-
ness. Triclinic transpression zones are most common, because most
orogens, active convergent plate boundaries, and volcanic arcs are
associated with oblique convergence between plates or blocks
(Jiang et al., 2001; Jiang, 2007b, and references therein).

In transpression zones, the shear zone-parallel maximum
stretch is usually assumed or interpreted as being vertical or down
dip (Sanderson and Marchini, 1984; Tikoff and Greene, 1997; Lin
: þ1 617 552 2462.
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et al., 1998) or oblique (Czeck and Hudleston, 2003). Shear zone
boundary-parallel horizontal stretch in subvertical shear zones is
not commonly reported. Similarly, orogen-parallel stretch is not
common and existing estimates of finite orogen-parallel stretch are
low. The two types of stretch are related, because crustal-scale
subvertical shear zones are generally parallel to the trend of the
orogen. It is commonly believed that a high shear zone boundary-
parallel horizontal stretch or orogen-parallel stretch is not favour-
able, because it would cause space and strain compatibility prob-
lems in deformation. Furthermore, strain hardening would resist
the shear zone- or orogen-orthogonal (pure shear) shortening that
usually occurs at the same time.

In this paper, we present evidence for a high shear zone
boundary-parallel horizontal stretch in the subvertical Aiken River
shear zone (ARSZ) in the Superior Boundary Zone, northeast of
Thompson, Manitoba, Canada (Fig. 1). The amount of horizontal
stretch along the shear zone is estimated to be in the order of 10.
We discuss the feasibility of such high shear zone-parallel
stretches, for the ARSZ, as well as in general. A common tectonic
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Fig. 1. Simplified geologic map of the northwestern Superior Boundary Zone (after Böhm et al., 2007). Shear zones and their senses of movement are indicated. Insert: simplified
geological map of part of North America, showing Archean provinces and Paleoproterozoic belts.
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setting for such shear zones may be lateral extrusion zones in
escape-tectonic settings.

We also discuss strain partitioning in shear zones, using the
ARSZ as an example. Transpression along this shear zone is parti-
tioned into zones with a high and a low simple shearing over pure
shearing ( _g=_3) ratio, where ‘simple shearing’ and ‘pure shearing’
indicate rates of simple shear and pure shear, respectively (Means,
1990). The pure shear component is consistently distributed over
a wider area than the simple shear component (cf. Lin et al., 1998),
as is indicated by rotation patterns of lineations and fold hinge lines
along the ARSZ, as well as by rotation or shear zone-orthogonal
shortening or map scale structures along other shear zones in the
Superior Boundary Zone (cf. Kuiper et al., 2009). Furthermore,
triclinic flow along the ARSZ is partitioned into apparent mono-
clinic and apparent orthorhombic domains. The nature of these
domains, and whether flow fields in these domains were truly
monoclinic and orthorhombic, or triclinic with apparent mono-
clinic and orthorhombic symmetries, is discussed. It is argued that
the domain with apparent monoclinic fabric symmetry is in fact
a region of triclinic flow, based on strain compatibility arguments
with adjacent domains. The apparent monoclinic fabric symmetry
is a result of a high _g=_3 ratio and low finite strain. The domain with
apparent orthorhombic fabric may be truly orthorhombic, or
triclinic with a low _g=_3 ratio.

2. Geological background

The Superior Boundary Zone exists between the Archean
Superior Province to the southeast and the Paleoproterozoic Trans-
Hudson Orogen to the northwest. The Trans-Hudson Orogen is an
amphibolite grade Paleoproterozoic belt that consists of Paleo-
proterozoic volcanic arc and passive margin sedimentary rocks,
which record Paleoproterozoic continent collision and orogenesis
(Machado, 1990; Ansdell, 2005; Corrigan et al., 2005). The Superior
Province consists of Eoarchean to Neoarchean terranes that were
amalgamated in the Neoarchean (Percival, 2007). The Pikwitonei
Granulite Domain represents a mid- to deep crustal segment of the
Superior Province. It consists of predominantly tonalitic and
granodioritic gneisses that underwent granulite facies meta-
morphism and retrograde amphibolite grade metamorphism in the
Neoarchean (Mezger et al., 1990; Böhm et al., 1999, 2007). The Split
Lake Block consists of >2708 Ma gneisses and can be correlated
with the Pikwitonei Granulite Domain (Corkery, 1985; Böhm et al.,
1999; Kuiper et al., 2003, 2004a,b). It is bounded by the Assean Lake
and Aiken River shear zones (Fig. 1). It consists of predominantly
tonalitic and granodioritic gneisses with lower volumes of anor-
thosite, gabbroic and granitic gneisses, mafic granulite, layered
amphibolite and pelitic schist and gneiss (Haugh, 1969; Corkery,
1985; Hartlaub et al., 2004). The Split Lake Block underwent
granulite facies metamorphism and later amphibolite facies
metamorphism, both in the Neoarchean (Corkery, 1985; Böhm
et al., 1999, 2007; Downey et al., 2009).

TheAssean Lake Complex (Fig.1) consists of granitic and tonalitic
gneiss, metasedimentary rocks and layered amphibolite that are
older than 3.0 Ga material (Böhm et al., 2000, 2003, 2007; Hartlaub
et al., 2006). The peak ofmetamorphism reached amphibolite facies.
The Assean Lake Complex was deformed and metamorphosed
during the Paleoproterozoic Trans-Hudson orogeny, but evidence
for earlier events in the Late Archean and earliest Paleoproterozoic
exist (Böhm et al., 1999, 2003). The Thompson Nickel Belt (Fig. 1)
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consists of Neoarchean gneisses (Machado et al., 1990; Böhm et al.,
2007) and Paleoproterozoic supracrustal (Zwanzig, 2005; Zwanzig
et al., 2007) and ultramafic (Hulbert et al., 2005) rocks, and is char-
acterized by retrograde metamorphism.

Shear zones between the crustal blocks, described inmore detail
in Kuiper et al. (in review), display localized mylonite zones, but
also show evidence for shortening across the shear zone, within the
shear zone as well as in adjacent domains. Below, the ARSZ and
adjacent structural domains are described and discussed in detail.

3. Aiken River shear zone and Split Lake Block

The geology related to the ARSZ has been divided into structural
domains as follows (numbers correspond with domain numbers
indicated in Fig. 2): (1) northern Pikwitonei Granulite Domain, (2)
northern Pikwitonei Granulite Domain with refolded folds, (3)
mylonite, (4) transitional zone, (5) southern Split Lake Block, and (6)
central Split LakeBlock. The structural domains are described below,
fromnorth to south (domains 6 to 1) and are summarized in Table 1.

3.1. Central Split Lake Block (domain 6)

The main structural pattern of rocks in the studied part of the
central Split Lake Block is dominated by generally weakly deformed
rocks (Fig. 3a) and generally moderately to steeply SE-plunging
open to tight folds (Fig. 4a). The age of these folds is unknown, but
Fig. 2. Simplified geology of th
they predate movement along the ARSZ. A spaced foliation (S1)
with strongly flattened rafts and felsic melt layers of up to several
millimetres width exists in some of the gneisses. This foliation is
folded tightly to isoclinally by the deformation that was responsible
for the development of a penetrative gneissosity (S2). This
gneissosity is folded by the SE-plunging folds (F3). An weastewest
trending vertical foliation (S4) is present that appears axial-planar
to the F3 folds in the field. However, because the fold hinge lines
and associated lineations do not lie in the plane of this foliation (see
below), the foliation must be post-folding and may be related to
movement along the ARSZ.

Amoderately to steeply SE-plunging intersection lineation (L3) is
parallel to the F3 fold hinge lines (Fig. 4a). The larger spread in
orientations of fold hinge lines than that of lineations is attributed to
the largermeasurementerroron foldhinge lines (especially foropen
folds) compared to that on lineations. The poles to S2 form a weak
girdle, the pole of which coincides with the concentration in the
plunges of lineations and fold hinge lines to the southeast (Fig. 4a).
The majority of S2 surfaces dips steeply southeast, consistent with
a generally open cylindrical geometry of the folds.

3.2. Southern Split Lake Block (domain 5)

Open to tight F3 folds in domain 5 generally plunge shallowly
east but can vary (Figs. 3b and 4b). The nature of the lineations was
not always clear from field observations, but they are thought to be
e Aiken River shear zone.



Table 1
Summary of structures and interpretation of Paleoproterozoic deformation in domains 3e6. ARSZ: Aiken River shear zone.

Domain D1 D2 D3 D4 Dominant Paleoproterozoic
syn-ARSZ deformation

Apparent
Paleoproterozoic
flow symmetry

Pre-ARSZ Pre-ARSZ Pre-ARSZ syn-ARSZ (Paleoproterozoic)

6 Spaced
foliation

Gneissosity and
tight to isoclinal folds

Open to tight, moderately
to steeply SE-plunging
upright folds

Eastewest
trending foliation

Weak shear zone-orthogonal
shortening and strike-parallel
shear zone boundary stretch

Orthorhombic

5 Gneissosity and
tight to isoclinal folds

Open to tight, shallowly
east-plunging upright folds

Eastewest
trending foliation

Shear zone-orthogonal shortening
and strike-parallel shear
zone boundary stretch

Orthorhombic

4 Gneissosity and
tight to isoclinal folds

Tight to isoclinal, shallowly
east and westplunging
upright folds

Eastewest
trending foliation; shear
fabrics mostly on fold limbs;
non-cylindrical folds

Strong shear zone-orthogonal
shortening and strike-parallel shear
zone boundary stretch; local dextral,
north-side-up shear

Orthorhombic
(locally monoclinic
close to ARSZ)

3 Eastewest trending mylonitic
foliation; penetrative dextral,
north-side-up shear fabrics
and sheath folds

Dextral, north-side-up shear Monoclinic
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parallel to the fold hinge lines and are thus interpreted as L3. The
poles to the gneissosity (S2) spread evenly along a girdle (Fig. 4b),
suggesting parallel (Ramsay class 1B) style folding. Contrary to
domain 6, the S4 foliation is apparently axial planar to the east-
plunging folds (Fig. 4b), possibly due to reorientation of the F3 folds
and not necessarily because they formed at the same time. Similar
to domain 6, the S4 foliation may have developed during defor-
mation along the ARSZ (see below).

3.3. Aiken River transitional zone (domain 4)

Compared to F3 folds in domain 5, those in domain 4 are tighter
(commonly isoclinal) and the fold hinge lines plunge shallowly east
andwest (Fig. 4c). An example is shown in Fig. 3c. The lineations are
parallel to F3 fold hinge lines and are interpreted as L3. A foliation
exists that appears to be axial planar to the F3 fold. However, based
on continuity with structures in domains 5 and 6 we interpret it as
a later foliation (S4) that may be related to ARSZ deformation. Poles
to S2 form a girdle perpendicular to the F3 fold hinge lines. The
majority of S2 planes is subvertical and east trending, which is
the orientation of the fold limbs and S4 (Fig. 4c). This confirms that
the F3 folds are isoclinal. We interpret that they developed as open
to tight folds as in domains 5 and 6 and were subsequently tight-
ened by D4 (ARSZ-related) deformation. Dextral, north-side-up
shear sense indicators (D4) are visible on both fold limbs, but not on
the hinges. At one location (Fig. 3d), a dextral shear zone cuts off
half of a fold hinge. At locations very close to the mylonite zone
(domain 3), fold hinge lines rotate towards steeper plunges (Figs. 3e
and 4d). Theymay be interpreted as immature non-cylindrical folds
that are related to sheath fold formation within the shear zone.

3.4. Aiken River shear zone mylonite (domain 3)

The ARSZ is a 1e1.5 km wide shear zone, exposed along the
Aiken and Burntwood rivers (domain 3 in Fig. 9). It consists of fine-
to medium-grained, mostly granitic to granodioritic and locally
mafic mylonite and protomylonite, and decimetre-scale layers of
chloritic schist. Mylonite is derived from rocks of both the Split Lake
Block and the Pikwitonei Granulite Domain. For consistency with
domains 4e6, all ARSZ-related fabrics are denoted D4, even though
earlier fabrics are so strongly overprinted that they are not recog-
nizable any longer. Dextral, north-side-up movement is indicated
by shear bands, S-C fabric, oblique foliation, asymmetric clasts
(Fig. 5), and Z-folds. Locally, dextral fabric and lineations are folded
by Z-folds, indicating that new Z-folds continued to develop during
late shearing. A few north-side-up, dextral sheath folds exist
(Fig. 3f). Complex fold patterns exist in the eastern part of the study
area, perhaps because folds of the Split Lake Block (and Pikwitonei
Granulite Domain?) were refolded by shear zone-related drag folds
and/or sheath folds. The presence of shear bands and absence of
kink structures, and the fact that fold hinge lines lie within the
plane of the shear zone, indicate that the shear zone is thinning or
transpressional (Williams and Price, 1990; Jiang and Williams,
1999; Kuiper et al., 2007).

The ARSZ generally dips steeply to the NNE (domain 3A, Figs. 6a
and 9). Lineations plunge moderately to the WNW (Fig. 6b). Z-fold
hinge lines spread along the plane of the foliation. S-folds are rare.
Their fold hinge lines plunge moderately to the WSW (Fig. 6c).
Towards the west, towards the Assean Lake shear zone, structures
are essentially the same as described above, except that the entire
shear zone, including foliations, lineations and fold hinge lines,
trends west (domain 3B, Figs. 6d and 9). This is also apparent in the
westerly trend of Split Lake towards the Burntwood River, as
opposed to the WNW trend of the Aiken River (Fig. 9). Lineations
plunge moderately to the west. Sheath folds in this domain indicate
north-side-up (dextral) movement. The S-fold in Fig. 6d is part of
a north-side-up sheath fold. Within w10 km of the Assean Lake
shear zone, the Burntwood River still trends west, whereas the
mylonitic foliation trends WSW, parallel to that of the Assean Lake
shear zone (Figs. 6e and 9). Fold hinge lines and lineations liewithin
the plane of the foliations (domain 3C; Fig. 6e). Rare sheath folds
indicate north-side-up, dextral movement. Lineations plunge
moderately to the WSW. The ENE-trending segment of the Burnt-
wood River, farther west again, is part of the dextral, southeast-
side-up Assean Lake shear zone, which crosscuts the ARSZ (Fig. 9;
Kuiper et al., 2004b).

3.5. Pikwitonei Granulite Domain (domains 1 and 2)

Domains 1 and 2 are structurally dominated by tight to isoclinal
upright, ESE-plunging folds. Domain 2 is a local area where these
folds are refolded by steeply north-plunging open to close folds.
Such refolded folds did not occur in domain 1 or elsewhere. Because
this paper focuses on the north side of the ARSZ and southern Split
Lake Block, domains 1 and 2 are not considered further in this
paper. Detailed descriptions can be found in Kuiper et al. (2003).

4. Deformation partitioning along the Aiken River shear zone

Southeast-plunging folds of domain 6 consistently become
tighter, and fold hinge lines display shallower east andwest plunges,
towards theARSZ (domains 5 and 4). The fact that tightening of folds



Fig. 3. Photographs of the rock types from the central Split Lake Block to the Aiken River shear zone: (a) weakly deformed (D1) clotted tonalite (domains 5 and 6); (b) open east-
plunging F3 fold in hornblende/biotite gneiss (domain 5); (c) tight east-plunging F3 folds in hornblende/biotite gneiss (apparently axial-planar S4 foliation is parallel to the pencil
(domain 4); (d) tightened F3 fold hinge crosscut by dextral shear zone (domain 4); (e) rotation of F3 fold hinge lines towards steeper orientations (steepening toward the front of the
picture; domain 4); and (f) dextral, north-side-up D4 sheath fold in mylonite (domain 3).
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Fig. 4. Equal-area lower-hemisphere projections of structural data from the Split Lake
Block: (a) central Split Lake Block (domain 6); (b) southern Split Lake Block (domain 5);
(c) Aiken River transitional zone (domain 4), excluding station 609, where fold axes
steepen; and (d) Aiken River transitional zone (domain 4), station 609. ARSZ is Aiken
River shear zone.
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in proximity to the shear zone occurs before shear sense indicators
develop suggests that the pure shear component of the shear zone is
accommodated in a wider zone than the simple shear component.
This is consistentwith conclusions drawn from the Roper Lake shear
zone on Cape Breton Island, Canadian Appalachians by Lin et al.
(1998), who discussed the phenomenon in more detail (see also
Lin et al., 2007, and below). The plunge of the fold hinge lines
Fig. 5. (a) Sigma-clasts and S-C fabric (crossed nicols), and (b) S-C fabric and shear bands (C0

River shear zone. Scale bars are 1 mm.
becomes shallower towards the shear zone, suggesting shear zone
boundary-parallel horizontal stretching. Therefore, the pure shear
component of the shear zone includes shortening perpendicular to
the shear zone and horizontal stretching parallel to it. The S4 folia-
tion in domain 6 is also interpreted as a result of shear zone-
orthogonal shortening, implying that some shortening occurred as
far asw20 km north of the ARSZ.

In approaching the shear zone, dextral, north-side-up shear sense
indicators develop on the limbs of the folds (domain 4). The shear
sense is the same on both limbs and can thus not be attributed to
shearon fold limbsbecauseof folding. The foldhingesarenot affected
by shear, probably because shear deformation in a vertical plane can
more easily be accommodated in the subvertical fold limbs than on
the subhorizontal fold hinges. Closer to themylonite zone, fold hinge
lines start to rotate from subhorizontal to steeper orientations,
perhaps asa resultof shear in theshear zone. This rotationmaybe the
initiation of sheath-fold development. Well-developed sheath folds
are recognized within the mylonite zone to the west (domain 3C;
Fig. 6e). Northeast-plunging Z-folds in the same domain may be
immature folds that formed as a result of the same shear that was
responsible for the development of sheath folds. Sheath folds in the
ARSZmayeither have developed from these shear zone-related folds
or from the pre-existing folds described above.

Within the mylonite zone, dextral, north-side-up shear sense
indicators are well developed and penetrative (Kuiper et al., 2003),
and sheath folds are present. Shallowly east- and west-plunging
folds (as in domain 4) are absent, as they have evolved into sheath
folds and/or complex refolded folds. The simple shear component
of the shear zone thus involves dextral, north-side-up movement.

4.1. Numerical models of rotation paths of pre-existing fold hinge
lines

In summary, the transition from the moderately to steeply
southeast-plunging folds of the Split Lake Block to shear zone-related
structures displays the following phenomena as the shear zone is
approached: (1) folds tighten andplunges change frommoderately to
steeply southeast to shallowly east (and west); (2) shear sense indi-
cators develop on the fold limbs but not the fold hinges; (3) fold hinge
lines become closer to the sheardirection (the initiation of sheath fold
development); and (4) dextral, north-side-up shear sense indicators
arepervasive and sheath folds are present. The fold hinge line rotation
towards subhorizontal orientations in domain 4 (phenomenon 1
above) cannot be a result of the dextral, north-side-up shear, because
that would have steepened the pre-existing fold hinge lines. Because
fabric) in plane polarised light, indicating dextral, north-side-up, shear along the Aiken



a b

c d

e

Fig. 6. Equal-area lower-hemisphere projections of D4 structural data frommylonite of
the Aiken River shear zone (domain 3), southeastern Split Lake: (a) foliations; (b)
lineations; (c) fold hinge lines; (d) mylonite of western Split Lake; and (e) Aiken River
shear zone mylonite along the Burntwood River.

Fig. 7. Rotation path of pre-existing fold hinge line or lineation, with initial orientation
of 60� / 140� as in the Split Lake Block (domain 6), subjected to four different types of
flow ( _g=_3 ratios as indicated). The simple shear direction is 45� / 280� , as in the
mylonite zone (domain 3). The maximum stretching direction of the pure shearing
component is parallel to the strike of the shear zone boundary (00� / 280�) and the
maximum shortening direction is perpendicular to the shear zone boundary
(00� / 010�). Table shows stretch of the pre-existing fold hinge line or lineation and
stretch along the strike of the shear zone boundary, for selected points along the
rotation paths as indicated with symbols.
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there is no evidence for any other simple shear, these rotations must
be a result of pure shear. In a pure shear setting, linear fabrics rotate
towards themaximumstretchingdirection (Jiang andWilliams,1998;
Lin et al., 1998; Kuiper et al., 2007), which must therefore be sub-
horizontalandsubparallel to the shearzoneboundary. Theshortening
direction is interpreted as shear zone-normal and subhorizontal,
basedonthe tighteningof folds indomain4and theexistenceof shear
bands in domains 4 and 3 (cf. Williams and Price,1990). We interpret
that at least part of the tightening of folds and fold hinge line rotation
in domain 4 was coeval with movement along the ARSZ, because of
the transitional nature of the structures in the two domains, and the
exclusive existence of domain 4 structures in proximity of domain 3.
Between domains 3 and 4, the simple shear component drops
abruptly along the boundary between the two domains. Some simple
shear is accommodated in localized zones close to themylonite zone,
in domain 4, for example along the fold limbs. Fig. 3d shows another
example of localized simple shear in domain 4.

In order to constrain the potential deformation path within the
various structural domains, we subjected the general orientation
of fold hinge lines and lineations within the Split Lake Block
(60�/140�) to various types of flow. The general orientation of
60�/140� was determined using a Gaussian density distribution
function in the program SpheriStat on the lineation data in Fig. 4a.
We did not use the fold hinge line data, because they are more
scattered due to larger measurement errors than those for linea-
tions, as explained in Section 3.1. While the exact orientations of
the initial fold hinge lines and lineations vary, our models pre-
sented below are generally the same for any moderately to steeply
southeast-plunging linear element. Four models of fold hinge line
rotation in different types of flow are shown in Fig. 7: (1) simple
shearing (monoclinic flow with _g=_3 ¼ N), (2) transpression
(triclinic flow with _g=_3 ¼ 20 and 2), and (3) pure shearing
(orthorhombic flow with _g=_3 ¼ 0). In the models, the simple shear
direction is 45�/280�, based on lineation and fold hinge line
orientations within the mylonite zone. For the pure shearing
component, the maximum stretching direction is parallel to the
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strike of the shear zone boundary (00�/280�) and the maximum
shortening direction is perpendicular to the shear zone boundary
(00�/010�). In our models, fold hinge lines and lineations are
treated as material lines, as in Kuiper et al. (2007). A material line
can be treated as a rigid prolate object with an aspect ratio of
infinity. The rotation of rigid ellipsoidal objects in viscous flows is
described by Jeffery’s (1922) theory. To model the rotation of fold
hinge lines we used the method and program of Jiang (2007a).

In the simple shearing model ( _g=_3 ¼ N), pre-existing fold
hinge lines rotate towards the shear direction. Monoclinic flow
with the maximum stretching direction of the pure shearing
component parallel to the shear direction would result in
a similar rotation path, but since we have reason to believe that
the maximum stretching direction is horizontal (see above),
which would make the flow triclinic, we did not model mono-
clinic transpression.

For the triclinic models we used simple shearing and pure
shearing components, as explained above, and varied the _g=_3 ratio.
For _g=_3 ¼ 20, the rotation pattern for low strains is quite similar to
that of simple shearing, but at high strains the fold hinge lines
rotate through shallowly westerly plunging orientations to the
maximum stretching direction of the pure shearing component
(fabric attractor; 00�/280�). With a higher pure shearing
component, _g=_3¼ 2, the fold hinge lines first rotate towards steeper
orientations and then through shallowly easterly plunging orien-
tations to the fabric attractor (00�/100�).

In the pure shearing model ( _g=_3 ¼ 0), the maximum stretching
direction is horizontal and parallel to the shear zone boundary and
the maximum shortening direction is horizontal and perpendicular
to the shear zone boundary, as above. Fold hinge lines rotate
directly towards the maximum stretching direction (fabric attrac-
tor; 00�/100�). Note that with only a small simple shearing
component (e.g. _g=_3 ¼ 2, see above), the rotation path looks
significantly different from the pure shearing rotation path.

4.2. Applications of models to structural domains along the Aiken
River shear zone

Fold hinge lines and lineations rotate from 60�/140� in the
Split Lake Block to horizontal (00�/280�) in domain 4 or the Aiken
River transitional zone (Fig. 8a,b), which is consistent with the pure
shear rotation path as presented above. Because no steepening of
fold hinge lines is observed in domain 4 as in the triclinic and
simple shear flowmodels, the simple shearing component must be
very small or not present. Thus, the flow in domain 4 in proximity
to the mylonite zone was pure shearing-dominated or approxi-
mately orthorhombic.
a b

Fig. 8. Fabric attractors (largest filled circles) for (a) the Split Lake Block (domain 6), (b) the
(c) the mylonite zone (domain 3), which is dominated by simple shearing as indicated. AR
Fold hinge lines and lineationswithin themylonite zone (domain
3) rotate towards the shear direction (45�/280�; Fig. 8c), which
appears to be consistent with a simple shear flow path (Fig. 7).
Monoclinic transpression, either with the maximum stretching
direction of the pure shearing component parallel to the shear
direction, or with equal stretching in all directions parallel to the
shear zone boundary, would result in a similar rotation path of the
fold hinge lines and lineations as simple shearing. The fabric
attractor would be parallel to the shear direction (cf. Jiang and
Williams, 1998, 1999; Lin et al., 1998; Kuiper et al., 2007).
However, we interpret the maximum stretching direction of the
pure shearing component as being horizontal, consistent with
domain 4, and therefore we prefer the simple shearing model over
the monoclinic transpression models. Triclinic flow paths would, at
high strains, result in rotation of the fold hinge lines and lineations
towards horizontal orientations (Fig. 7), which is not observed.
However, at low strains and high _g=_3 ratios (e.g. _g=_3 ¼ 20), the
triclinic flow path is similar to the monoclinic flow path. Such
a triclinic flow is the most likely interpretation for domain 3, as is
discussed in detail below.

Someof the lineationswithin themylonite zone (domain 3),may
not have been pre-existing as assumed above, but may have formed
as a result of themovement that was responsible formylonitisation.
For these newly formed stretching lineations, themodels presented
above do not apply. Jiang and Williams (1998) and Lin et al. (1998)
modeled the orientations of the strain ellipsoid during various
progressive deformations. Stretching lineations are approximated
by the long axes of the strain ellipsoids, l1, and the poles to the
foliations are the short axes of the strain ellipsoids, l3. Fig. 9a shows
a model of rotation patterns for lineations in monoclinic flow, and
Fig. 9b for triclinic flow, based on Jiang andWilliams (1998) and Lin
et al. (1998). The coordinate system is orientated so that the shear
direction and sense, and the stretching and shortening directions of
the pure shearing component, are the same as in the models pre-
sented above. In monoclinic flow (Fig. 9a), lineations rotate towards
the shear direction, which is consistentwith field results (Fig. 8c). In
Fig. 9b, rotation paths of lineations for triclinic flow are indicated by
the dashed lines for various _g=_3 ratios. For any _g=_3 ratio, lineations
rotate towards horizontal during progressive deformation. In
domain 3, subhorizontal lineations are not observed and therefore
the orientations of lineations within themylonite zone appear to be
more consistent with monoclinic strain than with triclinic strain.
However, as for pre-existing fold hinge lines and lineations, at low
strains andhigh _g=_3 ratios (e.g. _g=_3¼20), the triclinicflowpath for l1
is similar to its monoclinic flow path.

From the discussion above, it follows that fold hinge line and
lineation orientations in the mylonite zone (domain 3) appear to be
c

transitional domain (domain 4), which is dominated by pure shearing as indicated, and
SZ is Aiken River shear zone.



a b

c

Fig. 9. Rotation path of lineation, or long axis of strain ellipsoid (l1) for simple
shearing (a) and triclinic transpression (b) with _g=_3 ratios as indicated. The simple
shear direction is 45�/280� , as in the mylonite zone (domain 3). The maximum
stretching direction of the pure shearing component is parallel to the strike of the
shear zone boundary (00�/280�) and the maximum shortening direction is
perpendicular to the shear zone boundary (00�/010�). (c) Stretch of the lineation and
stretch along the strike of the shear zone boundary, for selected points along triclinic
rotation paths as indicated with symbols in (b) and (c). Also indicated is the strain
intensity, S, defined by Ramsay and Huber (1983, pp. 201e202) as:
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most consistent with a simple shear flow pattern, or triclinic flow
with a high _g=_3 ratio and relatively low strain. If flow was truly
simple shear, then the question arises why there would not be
a pure shearing component if there is one adjacent to the mylonite
zone. Intuitively, there appears to be a strain compatibility problem
if themylonite zonewould not experience strike-parallel stretching
and shear zone-normal shortening while the country rocks do. For
this reason, triclinic flow with dextral, north-side-up shear and
shear zone boundary-parallel horizontal stretching and shear zone-
normal shortening, rather than simple shearing, is likely to have
occurred in domain 3. As long as the _g=_3 ratio is high and the strain
is low enough that lineations and fold hinge lines have not rotated
away from the shear direction, then the rotation patterns (Figs. 7
and 9b) are consistent with the observed orientations of linea-
tions and fold hinge lines (Fig. 8). To test whether this is a reason-
able explanation, we calculated finite strains (stretches) of fold
hinge lines, lineations and the shear zone boundary for various
points along the rotation paths (Figs. 7 and 9b).

4.3. Finite stretch

Ifflow in domain 3 included a pure shearing componentwith the
same symmetry as the pure shearing in domain 4, then flow in
domain 3 was triclinic. For low finite strains, and high _g=_3 ratios,
triclinic flow paths are similar to monoclinic flow paths. For
example, l1 follows a rotation path close to the vorticity-normal
section (VNS) towards the shear direction (Fig. 9b). In theory, at
higher strains, the lineations would rotate away from the VNS
towards the fabric attractor (Jiang andWilliams,1998), but the finite
strainmaybe toohigh for that tooccur innature, as explainedbelow.
For the pre-existing fold hinge lines with orientation 60� / 140� to
rotate towards an orientation close to the shear direction
(45� / 280�), thefinite stretch of that fold hinge linewould bew5.3
and the shear zone boundary-parallel horizontal stretch w2.1
(Fig. 7). Fig. 9b shows the orientations of stretching lineations as
they would initiate and rotate during triclinic flow, using the same
parameters as above. For a lineation to rotate towards an orientation
close to the shear direction with _g=_3 ¼ 20, the stretch along that
lineation would be w6.6 and the shear zone boundary-parallel
horizontal stretch would bew1.4 (Fig. 9c). Thus, it is likely for both
pre-existing fold hinge lines and lineations, and newly formed
stretching lineations, to rotate towards the shear direction.
However, rotation beyond the shear direction towards horizontal
orientations (the fabric attractor) would require much higher finite
stretches. For example, the open diamond in Fig. 9b requires
a stretch along the lineation of 34.9 (Fig. 9c). Fold hinge lines and
lineations may be obliterated due to strong deformation or become
hard recognize or measure. Furthermore, at such high strains, it is
likely that rotated lineations recrystallize and a new lineation forms
(cf. Means, 1981 (steady-state foliation); Jiang and Williams, 1998).
For those reasons, the high-strain part of the rotation paths for
lineations and fold hinge lines may not be recorded in nature and
only the low-strain part may be relevant. These low-strain parts of
rotation paths for triclinic flow with high _g=_3 ratios may be indis-
tinguishable from monoclinic flow patterns. Thus, despite the
apparent monoclinic symmetry of fabrics in domain 3, flow may
have been triclinic with a high _g=_3 ratio.

The magnitude of shear zone boundary-parallel horizontal
stretch is best constrained by the pure shearing model and domain
4. In the pure shearing model (Fig. 7, _g=_3 ¼ 0), the finite stretch
along the strike of the shear zone needs to be w9.5 for the pre-
existing fold hinge lines with orientation 60�/140� to rotate to
a subhorizontal orientation (as observed in domain 4; Fig. 8b). The
feasibility of such a high strike-parallel stretch is discussed below.

4.4. Shear zone boundary-parallel horizontal stretch

The discussion above leads to the general question of howmuch
shear zone boundary-parallel horizontal stretch and shear zone-
orthogonal shortening is likely to occur in nature. While shear zone
boundary-parallel horizontal stretch has been documented in the
literature, this stretch is more commonly a result of the simple
shearing component than the pure shearing component (e.g.
Goscombe and Gray, 2003; Pereira et al., 2008) and not truly
parallel to the shear zone boundary. The difference between the
two types of stretch is illustrated in Fig. 10. Both figures show
transpression, one with a high simple shearing component
( _g=_3 ¼ 20, Fig. 10a) and one with a high pure shearing component
( _g=_3 ¼ 0.1, Fig. 10b). The stretch in Fig. 10a is mostly as a result of
simple shear and not truly parallel to the shear zone boundary.
While themaximum stretch is 10.57, the shear zone-parallel stretch
is only 1.65. Fig. 10b shows a high shear zone-parallel stretch as
a result of pure shear. Because the simple shearing component is
very low, the maximum stretch (7.40) is nearly the same as the
shear zone-parallel stretch (7.39). The type of stretch in Fig. 10a is
common for shear zones with large displacements. Displacements,
shear strains and associated stretches can be high, because simple
shearing is a strain softening process (Williams and Price, 1990; Lin
et al., 1998). On the contrary, the amount of shear zone-parallel
stretch as a result of a pure shearing component (Fig.10b) is limited,



Fig. 10. Two dimensional models of transpression zones with _g=_3 ¼ 20 (a) and
_g=_3 ¼ 0.1 (b). The stretch in (a) is mostly as a result of simple shearing and not truly
parallel to the shear zone boundary. The stretch in (b) is mostly a result of a pure shear
stretch parallel to the shear zone boundary.
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because pure shearing is a strain hardening process (Williams and
Price,1990; Lin et al., 1998). Shear zone-parallel stretch also leads to
space problems, and to strain incompatibility problems between
the shear zone and adjacent rocks (Vitale and Mazzoli, 2008).
Therefore, shear zone-parallel stretch is more commonly vertical or
oblique (Tikoff and Greene, 1997; Lin et al., 1998; Czeck and
Hudleston, 2003) and not constrained by space.

Large shear zone boundary-parallel horizontal stretches are
known to occur in horizontal shear zones, such as channel flow and
infrastructure zones (Beaumont et al., 2006; Culshaw et al., 2006;
Hodges, 2006; Kuiper et al., 2006; Williams et al., 2006; Vitale and
Mazzoli, 2009). Shear zone boundary-parallel horizontal stretch in
steep transpression zones is not as commonand not likely to be high
(e.g. Pulver et al., 2002; FügenschuhandSchmid, 2005; Je�rábeket al.,
2007). Such transpression zones may exist in zones of oblique
convergence, inorogenswithanorogen-parallel stretch component.
The maximum amount of orogen-parallel stretch during conver-
gence is not well quantified in the literature, but current estimates
are low (cf. Fügenschuh and Schmid, 2005; Je�rábek et al., 2007). In
the West Carpathians, Je�rábek et al. (2007) estimated an orogen-
parallel stretch of up to w1.8, based on the shape of recrystallized
quartz aggregates. While these are minimum estimates for stretch,
no evidence for higher syn-orogenic orogen-parallel stretch is
currently documented in the literature.

One setting where higher shear zone boundary-parallel hori-
zontal stretches in subvertical shear zones may exist is in escape-
tectonic settings, where shear zone boundary-parallel horizontal
stretch and orogen-parallel stretch is a result of lateral extrusion. In
escape tectonics, relatively rigid blocks are laterally extruded in
a direction parallel to the orogen along discrete faults (e.g. Molnar
and Tapponnier, 1975; Jacobs and Thomas, 2004). At shallow levels,
this explains large-scale orogen-parallel stretch, but the individual
faults or shear zones do not necessarily stretch. However, at depth,
lateral extrusionmayoccur in amorehomogeneousmanner (cf. Yang
and Liu, 2009), so that shear zones between the laterally extruded
blocks are stretched. The Aiken River shear zonemay be an example,
as discussed in Kuiper et al. (in review).

5. Conclusions

The ARSZ shows evidence for triclinic transpression. Along the
ARSZ, triclinic transpression is partitioned into an apparent simple
shearingdomain and an apparent pure shearingdomain. A 1e1.5 km
wide central mylonite zone (domain 3) shows an apparent mono-
clinic dextral, north-side-up simple shearing symmetry, but the
actual flow is interpreted as triclinic with a high _g=_3 ratio. To the
north of this zone, a 1e1.5 km transitional zone (domain 4) exists
with apparent pure shearing symmetry (involving shear zone
boundary-parallel horizontal stretch and shear zone-normal
shortening), but the flow may have been triclinic with a low _g=_3

ratio. Thus, in triclinic transpression zones, flow can be partitioned
into apparent monoclinic and orthorhombic domains even though
the true flow in these domains may have been triclinic.

The boundary between domains 4 and 5 is transitional and in
domain 5 the shear zone boundary-parallel horizontal stretch and
shear zone-orthogonal shortening are not as pronounced as in
domain 4. Domain 6 shows evidence of weak shear zone-orthog-
onal shortening, as far as w20 km north of the ARSZ. Thus, the
simple shearing is concentrated in a narrow zone with sharp
boundaries, while pure shearing is distributed over a broad zone
with diffuse boundaries (cf. Fig. 3 of Lin et al., 2007). This is
consistent with simple shearing being a softening process and pure
shearing being a hardening process (cf. Williams and Price, 1990;
Lin et al., 1998). In the ARSZ, the width of the zone affected by
pure shearing is about three times thewidth of the zone affected by
simple shearing.

The shear zone boundary-parallel horizontal stretch of the ARSZ
is in the order of 10, based on results of domain 4. In domain 3 the
shear zone boundary-parallel horizontal stretch is difficult to esti-
mate, because of the high _g=_3 ratio and high strains associated with
the simple shear components. The shear zone boundary-parallel
horizontal stretch of w10 along the ARSZ is most likely to have
occurred in an escape-tectonic setting.
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