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Abstract—It is commonly accepted that arrays of en échelon veins occur either singularly or in conjugate pairs.
Bulk finite plane strain is accompanied by these singular or conjugately arranged arrays when their formation and
subsequent displacement occur in the same kinematic framework. A new geometric and kinematic model for vein
arrays is proposed which takes into account the effects of bulk non-plane-strain deformations on the evolving
arrays. In this model, four sets of arrays develop during coaxial non-plane-strain deformations and two non-
conjugate sets of arrays develop during non-coaxial non-plane-strain deformations. The formation of singular
and conjugate arrays is restricted to bulk plane-strain deformations. This model is the natural extension to the
brittle—ductile realm of models proposed for the geometry and kinematics of brittle faults formed during non-
plane-strain deformations. En échelon vein arrays mapped in central Australia which cannot be understood as
simple conjugate structures, are interpreted as having formed during a bulk non-coaxial non-plane-strain

deformation.

INTRODUCTION

IT 1s commonly accepted that arrays of en échelon veins
occur either singularly or in conjugate pairs. In this
paper we document contemporaneous en échelon vein
arrays that do not display the geometry, symmetry and
kinematics of conjugate structures. In order to explain
the formation of these arrays we propose another model
in which up to four sets of orthorhombically arranged
arrays can develop depending on the imposed bulk
strain (Fig. 1). In this model conjugate arrays form
during bulk coaxial plane strain, while four sets of
orthorhombically arranged arrays form during bulk co-
axial, non-plane strain. During non-coaxial defor-
mation, the number of arrays are reduced to one for
plane strain and two for non-plane-strain deformation.
If this model is correct, then it can no longer be assumed
that en échelon vein arrays form only singular or conju-
gate pairs for such geometries are particular only to
plane strain conditions.

The central Australian vein system documented in

b.

2D Strain

iy

two arrays of
en échelon veins

this study shows a high degree of symmetry with fold
elements and fracture sets, consistent with the folds,
fractures and veins developing under the same, non-
plane strain kinematic conditions. First we document
the geometry and symmetry of these structures, and
discuss their relationships to bulk deformation. Then,
we present our model for the formation of en échelon
vein arrays, and briefly discuss similar models proposed
by Oertel (1965), Aydin (1977), Reches (1978a,b, 1983)
and Krantz (1988, 1989) to explain the geometry and
kinematics of brittle faulting, since our ideas have been
strongly influenced by and are the natural extension of
their models from the brittle to the brittle—ductile
realm.

STRUCTURAL ASSOCIATIONS AT WHITE
RANGE

The veins of this study are located within the 25 km?
White Range duplex (Fig. 2) (Kirschner & Teyssier

3D Strain

six Intersection lineations

Fig. 1. (a) Conjugate arrays of en échelon veins develop during coaxial plane strain (reproduced with minor changes from

Wilson 1982 and Ramsay & Huber 1987). (b) Proposed orthorhombic arrangement of arrays of en échelon veins which

develop during bulk triaxial deformations. Contrary to the one intersection lineation in conjugate arrays, orthorhombically
arranged arrays have six intersection lineations between vein arrays.
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Fig. 2. A vein system composed of orthorhombically arranged arrays

is located on the exposed northeast margin of the White Range duplex.

central Australia. The gold-sulphide—quartz vein system, which over-

prints all of the duplex-related structures, is localized along the

quartzite—basement thrust contact near the hinge zone of a large, late

NE-trending antiform. The vein system was mined circa 1900-1910
and 1989-1991.

1992), which is a stack of isoclinally folded nappes of
Late Proterozoic Heavitree Quartzite structurally over-
lain by a regional thrust sheet composed of Early Proter-
ozoic basement gneisses. The ductile duplex developed
during crustal-scale, north-over-south thrusting associ-
ated with the Devonian to Carboniferous Alice Springs
Orogeny (Forman 1971, Shaw et al. 1971, Stewart 1971,
Collins & Teyssier 1989, Dunlap et al. 1991, Dunlap
1992). The duplex-related structures (foliation, linea-
tion, ductile thrust zones, isoclinal folds) are over-
printed by NE-trending open folds and faults, multiple
fracture sets and a gold-bearing vein system particularly
well developed along the exposed northeastern margin
of the duplex. Both the duplex-related structures and
the late folds, faults, and veins are interpreted as having
developed progressively during the Alice Springs oro-
geny.

Gold-bearing quartz veins developed within the Hea-
vitree Quartzite along the northeastern margin of the
White Range; these veins are the focus of this study. The
undeformed to moderately deformed gold-bearing
quartz veins microscopically exhibit undulatory extinc-
tion, optical subgrains and deformation bands, a few
recrystallized grains, and ubiquitous secondary fluid
inclusion planes. These mineralized veins, which are
localized almost exclusively on the eastern limb of the
large antiform, do not extend upward into the basement
gneisses.

Gold mining at the turn of the century resulted in the
formation of hundreds of small S-dipping mine stopes
cutting downwards through the quartzite (Mackie 1986).
Recent open pit mining (1989-1991) in the same area has
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drastically modified the land surface and provided excel-
lent exposure of the veins.

Folds

The large-scale outcrop pattern of the White Range 1s
controlled by a series of NE-trending, open, upright
folds (Figs. 2 and 3a). Foliation orientations were
recorded throughout the Range in order to constrain the
mean orientation of the fold elements. The best-fit fold
axis is ~012, 17°N (trend and plunge): the great circle
defining the mean fold axis. however, is not well con-
strained (Fig. 3a) and some crenulations associated with
the large open folds trend more easterly (Kirschner &
Teyssier 1992). The gold-bearing vein system is situated
on the eastern limb of the largest antiform (Fig. 2), and
the rest of the paper focuses on this area.

Small late S-verging folds of the mylonitic quartzite
fabrie with subhorizontal E-W-oriented hinges are
localized underneath the basement thrust contact and
arc proximally associated with the veins and arrays.
Most of these small folds are associated with the growth
and rotation of individual sigmoid veins. Some minor
folds are not associated with veins but developed during
minor residual movement of the overlying thrust sheet.

Fractures

The Heavitree Quartzite, along the broad hinge zone
of the large antiform, contains a number of fracture sets.
The fractures are predominantly smooth, subplanar and
continuous for meters to tens of meters. Apart from a
few fractures exhibiting weakly developed plumose
structures and fringe fractures, surface morphologies
commonly associated with extensional fractures (Pol-
lard & Aydin 1988) were not observed. Adjacent copla-
nar fractures are spaced up to a few meters apart. Since
no consistent crosscutting relations between fracture
sets were observed, all of the fractures are interpreted to
have formed more or less synchronously. The fracture
system is one of the last, if not the last, structure to have
formed in the White Range.

Fracture orientations were measured along the east-
ern limb and hinge zone of the large antiform. Care was
taken to measure fractures on all available open pit and
stope walls in order to representatively capture all the
fracture sets and minimize any bias in the data. Few
measurements of fracture orientations were recorded
along the western limb of the same antiform.

Five moderately distinct steeply dipping sets (sets A—
E) are defined by concentration maxima in the con-
toured fracture data (Fig. 3b). Two sets (A and B) witha
dihedral angle of approximately 47° might be grouped
together as one conjugate pair. Fracture sets C and E can
also be grouped as one conjugate pair with a dihedral
angle of approximately 54°. Fracture set D bisects the
conjugate fracture sets C and E. Regardless of how the
fractures are interpreted, it is important to note that the
plane of symmetry that acutely bisects the A-B pair
intersects the representative great circles of fracture sets
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Fig. 3. (a) Foliation formed during the development of duplex is
folded about a NE-trending fold axis to form open, upright anitforms
and synforms. (b) Fracture sets A~E cross-cut the duplex-related
structures and exhibit orthorhombic symmetry. (c) Individual quartz
veins in en échelon vein arrays dip toward the south. (d) Rose diagram
of vein array traces show two populations, one trending ENE and the
other ESE. (Diagrams a, b, and ¢ are Schmidt lower-hemisphere
stereonets; C.1. stands for contour intervals.)

C, D and E along one line (approximately 235,71°S,
trend and plunge). This singularity of intersection sup-
ports the hypothesis that all the fractures formed
synchronously.
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Veins and vein arrays

The following terminology will be used to describe the
geometry of the veins. Planar or sigmoid veins aligned
en échelon form a vein array or en échelon vein array. A
vein array in proximity with other coplanar arrays form a
set of arrays. Two sets of arrays which are conjugately
arranged form a conjugate pair. All of the spatially and
temporally related veins, arrays and sets in the area form
a vein system.

The vein system in the White Range is characterized
by N-dipping planar or sigmoid veins forming S-dipping
en échelon vein arrays (Figs. 3c and 4a&b). Individual
veins are centimeters to meters wide, and up to tens of
meters long. Though some isolated veins are planar,
most veins are sigmoid with thin vein tips that dip steeply
to the north (on average 80°N), and thick central
portions more shallowly dipping to the north. The fold
(rotation) axes of individual sigmoid veins trend
approximately E-W and are subhorizontal. Rare S-
dipping individual veins are much smaller in size and
either are isolated or bifurcate from N-dipping veins.
The planar mylonitic foliation in the quartzite is either
truncated by the veins along a sharp angular disconti-
nuity, or more commonly, folded about an E-W axis at
the vein contact. This folding of the mylonitic fabric
resulted from the sigmoid development of the individual
veins. A mineral lineation located along the vein—
quartzite contacts lies in a subvertical plane. The orien-
tations of these folds and mineral lineation are consist-
ent with the principal plane of movement approximately
oriented N-S and subvertical.

Individual N-dipping veins are arranged into S-
dipping en échelon arrays which are typically 5-10 m
high (Figs. 4a&b). The central zones of these arrays are
composed almost entirely of vein material separated by
thin ‘enclaves’ of Heavitree Quartzite. The widths of the
S-dipping arrays are generally on the order of several
meters. The angle between the steeply inclined N-
dipping vein tips and the imaginary envelopes of the
moderately inclined S-dipping arrays averages 30-40°
(Fig. 4b). The line of intersection between individual
veins and the imaginary envelope of the en échelon array
is oriented approximately E-W and subhorizontal.
Visual observations and drill-hole data suggest the ma-
jority of en échelon arrays dip 60-80° to the south. No N-
dipping en échelon arrays were observed.

These 5-10 m high S-dipping en échelon arrays are in
turn arranged en échelon into larger S-dipping zones
(Fig. 4c). The vertical extent of these large en échelon
zones cannot be accurately constrained; however, from
arrays observed on the open pit walls and intersected in
exploration drill holes, these zones appear to be no more
than 15-20 m in vertical extent.

Therefore the cross-sectional geometry of the N-
dipping individual sigmoid veins arranged en échelon in
S-dipping arrays would be consistent with the classical
interpretation that only one half of a conjugate pair
developed in localized zones of shear + some dilatation.
Why did the conjugate N-dipping arrays not develop in
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Fig. 4. Field sketches of vein arrays in study arca. (a)&(b) North-dipping individual veins are arranged en €chelon in $-

dipping arrays. {c) Many arrays are themselves arranged cn échelon in larger S-dipping zoncs. (d)—(h) Two sets of mutually

cross-cutting veins form rhombohedral and pinnate geometries in plan view of weakly developed arrays. (i) In larger and
better developed vein arrays, ‘enclaves’ of quartzite are aligned parallel to the margins of the arrays.

this vein system? Ramsay & Graham (1970) and Ram-
say & Huber (1987) proposed that the unequal develop-
ment of en échelon arrays in a conjugate pair is due to
the progressive rotation of the principal stress directions
relative to the rock body during formation of the veins.
This rotation results in a bulk noncoaxial deformation.
There are two possible explanations why this progress-
ive change in axes’ orientations occurred in the White
Range. First, the topographic high of the nearly cylindri-
cal orogen was probably to the north of the White Range
in the more internal zone of the orogen resulting in an
asymmetry in the boundary conditions surrounding the
range. Normal sense-of-shear movement along S-

dipping arrays would have been favored by the increase
in ‘free surface’ to the foreland of the range and the
preferential orogenic collapse in this direction. A second
explanation is that minor S-directed movements of the
overlying basement thrust sheet would have inhibited
dilatation of N-dipping arrays and facilitated dilatation
of S-dipping arrays during vein growth. This S-directed
movement could have been due to partitioning of dis-
placement along flats (e.g. the basement—quartzite con-
tact at White Range) and ramps during extensional N-S
collapse of the orogen or during late residual movement
of the contractional thrust system. The late movement
along the basement-quartzite contact inhibited the
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Rose diagram of vein array traces

Fig. 5. Map of vein arrays and a few larger individual veins in one part

of White Range mine area (contour intervals in meters; theodolite

surveying and compass triangulation were used during mapping of

arrays). Vein array traces shown in rose diagram. The larger vein

arrays in this map area were mined along S-dipping stopes ca 1900
1910.

development of N-dipping vein arrays and resulted in
the contemporaneous formation of late minor S-verging
folds with E-~W-oriented fold hinges.

The classical interpretation for vein arrays and their
geometries would predict one dominant trace of the
veins and arrays in plan view on the horizontal to
moderately dipping surface slope of the range given that
the intersection between veins and vein array envelopes
is approximately horizontal (e.g. Wilson 1961, 1982,
Ramsay & Huber 1987). This is not the case. Rather, the
traces of individual veins and vein arrays follow two
dominant trends from the outcrop to the kilometer
scale. The strike of over 200 individual veins measured
throughout the study area are concentrated about 082°
and 118° (Fig. 3c) and the traces of many vein arrays,
which were mapped in one portion of the study area
(Fig. 5), are similarly concentrated about these two
directions (Fig. 3c). In the smaller arrays, individual
veins of these two distinct sets commonly intersect to
form rhomboids (Figs. 4d—f) and less commonly pinnate
geometries (Figs. 4g&h). No consistent cross-cutting
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relationships were observed between individual veins;
ENE-striking veins both displaced and were displaced
by ESE-striking veins. It is apparent from the mutually
cross-cutting relationship of the veins following these
two trends that they formed penecontemporaneously
and did not form during two distinct vein-forming
events.

This detailed geometry is more difficult to observe in
the larger, more fully developed arrays where one set of
veins generally dominates the array; rather, the quartz-
ite appears only as enclaves aligned parallel to the
array’s envelope (Fig. 4i). Both ENE- and ESE-striking
arrays are equally well developed (Fig. 5). The arrays do
not typically intersect each other, but are spaced meters
to tens of meters apart. The horizontal extent of most of
these arrays is on the order of 5-15 m, although a few
arrays up to 35 m in length are present. All of the
observations and data indicate that the arrays trend
ENE (strike of 80~90°) and ESE (strike of 110~120°)
with moderate dips (50-80°S).

Mapping clearly shows that zones of concentrated
veining on the scale of hundreds of meters anastomose
around zones of unveined quartzite (Fig. 6). The
unveined zones are rhomboids, with their long diagonal
trending approximately E-W, and long to short diagonal
ratios approximately 2 to 1. This macroscopic anasto-
mosing geometry on the order of hundreds of meters
mimics the rhombohedral geometry produced by indi-
vidual cross-cutting veins on the mesoscopic scale (Figs.
4d-f).

Apart from a few anomalously large vein arrays along
the northwestern margin of the study area, the size and
frequency of veins and arrays are greatest in the pre-
sently exposed center of the vein system and systemati-
cally decrease laterally towards the northern, western,
and southern margins of the study area. There are no
indications of how far east the vein system laterally
extends under the basement gneisses of the roof thrust.
The vertical extent of the vein system is greatest below
the now eroded roof thrust contact at the center of the
exposed vein system (based upon drill hole data and
open pit exposures). Therefore the vein system is
spatially, and probably genetically related to the
quartzite-basement contact of the roof thrust. The
three-dimensional zone of veining would thus be con-
tained within a concave-upward envelope which is
bounded on top by the basement thrust sheet.

STRUCTURAL INTERPRETATION

Three lines of evidence suggest that folding, fractur-
ing and veining are related. First, the folds, fractures and
veins are the last structures to overprint the mylonitic
fabric of the ductile duplex, and no significant post-Alice
Springs Orogeny deformation has been recognized in
the region (Wells et al. 1970, Shaw et al. 1971). In
addition, the three structural elements are symmetri-
cally arranged, and there is no clear cross-cutting re-
lationship between those elements. Finally, the gold-



1134 D. L. KirscHNER and C. TEYSSIER
a. Fig.5 . b.
. ~ L
et T region with veins

region with no veins

Fig. 6. (a) Generalized large-scale distribution of veins in mine arca {map provided by White Range Gold N.L.). Bold lines

denote isolated vein arrays or more commonly zones of closely spaced vein arrays (compare with detailed map of Fig. 5).

Vein-rich zones anastomose around unveined zones of quartzite (arcas A-H). (b) The macroscopic geometry of veined
zones grossly mimics the mesoscopic rhombohedral geometry of individual veins (cf. Figs. 4d-f).

bearing vein system of White Range is localized along
the broad hinge zone of the large NE-trending antiform.

The following scenario is proposed for the temporal
evolution of the vein system. North-over-south thrusting
responsible for duplex development virtually ceased
during the waning stages of the mid-Paleozoic Alice
Springs Orogeny. Orogen subparallel contraction of the
nappe complex then produced constrictional fabrics,
NE-trending, open, upright folds and kink folds in the
White Range (Kirschner & Teyssier 1992). Fracturing
and vein formation initiated at the quartzite—basement
gneiss contact near the hinge zone of the largest evolving
antiform. During folding, the vein system propagated
laterally along and vertically downwards from the roof
thrust contact. Minor, residual north-over-south shear-
ing prevented N-dipping vein arrays from developing.

In the following discussion, we present the geometric
relationships between the fractures, veins, and antiform
in order to show that the vein system formed during bulk
non-plane-strain deformation resulting in horizontal E-
W contraction and N-S horizontal extension. We will
then explain the geometry of the veins and arrays in
terms of the orthorhombically arranged displacement
zone concept.

Svmmetry between fractures, fold and veins

The five fracture sets recorded in the orientation data
of White Range exhibit three important geometric re-
lationships with the fold axis of the large NE-trending,
open, upright antiform (Fig. 7). First, the fold axis
012,17°N lies close to the plane that bisects the two NE-
striking fracture sets (sets A and B). Secondly. the same
bisecting plane intersects the representative great circles
of the other three fracture sets (sets C, D and E) along
oneline 235, 71°S. And finally, fracture set D is within 5°
of being orthogonal to the fold axis. The fracture sets are
approximately arranged in orthorhombic symmetry to
the open upright antiform.

The symmetry between fracture sets and fold ele-
ments has been documented by many workers (see
reviews by Pollard & Aydin 1988, Hancock 1985), and is
generally attributed to: (1) fracturing resulting directly

— representative fractures
— representative veins

J vein traces
{from Rose diagram)

® fold axis

Fig. 7. Representative fold axis, fractures and veins of study area.
Fracture sets A-E are symmetrically arranged relative to fold axis.
Strikes of individual veins and arrays approximate the strikes of
tracture sets C and E. and are bisected by set D. These geometric
relations support the hypothesis that a systematic stress-incremental
strain field persisted throughout late folding, fracturing and veining,
and that vein formation occurred during bulk non-plane-strain defor-
mation.

from folding (e.g. Van Hise 1896, Harris et al. 1960); and
(2) fracturing not resulting from folding, nor necessarily
contemporancous with folding, but occurring in a simi-
larly oriented stress field that produced folding (Price
1966, Engelder 1982a.b). We suggest that this latter
scenario applies to the White Range because fractures of
similar orientations are also present in the overlying
regional thrust sheet and are not directly related with
NE-trending folds. Thus the symmetry of the fractures
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C. Experimentally deformed
limestone (3D strain)

Fig. 8. (a) Conjugate faults develop during bulk coaxial plane-strain deformation. (b) Activation of four sets of
penecontemporaneous faults arranged in orthorhombic symmetry results in bulk triaxial strain. (c) Fractures experiment-
ally produced in a limestone cube during bulk triaxial strain by Reches & Dieterich (1983, RD-71 sample inverted).

and NE-trending folds in White Range would suggest
that a systematic stress field persisted throughout late
open folding and fracturing.

The two distinct sets of veins and arrays exhibit two
important structural relationships with the fractures and
fold. First, the strike of the two vein sets approximates
the strike of fracture sets C and E, and the strike of
fracture set D bisects the strike of the two vein sets.
Secondly, the strike of the plane perpendicular to the
fold axis approximately bisects the strike of the two vein
sets. The overall symmetry of the individual veins, vein
arrays, fractures and fold is triclinic, though the sym-
metry is not far from being orthorhombic.

Can the two distinct sets of gold-bearing veins and
arrays of White Range be considered a conjugate pair
(as proposed by Mackie 1986)? For en échelon vein
arrays to be conjugate there must exist a relatively high
degree of symmetry between the two sets, unless sub-
sequent deformation has overprinted and modified that
symmetry. Four elements are colinear in a conjugate
pair of vein arrays (Fig. 1a) (Ramsay & Huber 1987): (1)
the fold axis of individual sigmoid veins; (2) the intersec-
tion lineation between array envelopes; (3) the intersec-
tion lineation between an individual vein and its array
envelope; and (4) the intersection lineation between two
cross-cutting individual veins. These four linear ele-
ments are not colinear for the gold-bearing veins of
White Range: the fold axes of sigmoid veins trend
approximately E-W, and are subhorizontal; the inter-
sections between array envelopes trend N-S and plunge
moderately to the south; the intersections between indi-
vidual veins and their arrays trend approximately E-W
and plunge subhorizontally; the intersections between
individual veins are either E-W and subhorizontal or N-
S and plunging to the north. Given the non-coincidence
of the linear elements, these vein sets cannot be con-
sidered as one conjugate pair.

However, the gold-bearing vein sets are unique in
mineralogy and geometry on the limb of the antiform,
with no consistent cross-cutting relationships to suggest
that they formed during distinct events. In addition, the
apparent symmetry between the vein sets, fractures sets
and antiform suggest that they are geometrically and
possibly genetically related. If this is the case, what
model can be used to explain their geometry?

Orthorhombic vein array model

We propose a model for en échelon vein arrays in
which up to four sets of orthorhombically arranged
arrays develop depending upon bulk strain (Fig. 1). In
this model conjugate arrays form during bulk coaxial
plane strain, while four sets of orthorhombically
arranged arrays form during bulk coaxial non-plane
strain. During non-coaxial deformations, the number of
arrays are reduced to one for plane-strain and two for
non-plane-strain deformation.

This model for vein arrays is similar to and the natural
extension of the models proposed to explain the orthor-
hombic patterns of brittle fractures and faults during
bulk non-plane-strain deformation (Fig. 8). Oertel
(1965) was the first to document the synchronous forma-
tion of three to four sets of faults during non-plane-strain
deformation experiments involving clay. These sets of
faults were arranged in an orthorhombic symmetry such
that the three mirror planes of symmetry were coinci-
dent with the principal planes of bulk finite strain. He
argued that the presently accepted failure criteria were
either inappropriate (e.g. Tresca’s) or incapable (e.g.
Coulomb’s) of explaining the geometry and kinematics
of the four fault sets unless there were large systematic
spatial inhomogeneities in stress and/or strain rate
within the deforming clay cake. Discounting this possi-
bility, he formulated a mechanical model which assumes
that the mutual interference of slip between faults deter-
mines the formation of the fault sets during non-plane-
strain deformation.

Following Oertel’s work it became apparent from
field studies that three or more mutually cross-cutting
fault sets have developed contemporaneously in natur-
ally deformed rocks. Aydin (1977) observed four fault
sets in sandstone in Utah. Reches (1978a) documented
four sets of faults in sandstone in the Palisades monoc-
line of Grand Canyon, Arizona. He suggested that many
of the fault patterns observed in the Basin and Range
(cf. Donath 1962) could be reinterpreted as forming
three or more contemporaneous fault sets (Reches
1978b). In order to account for these fault patterns,
Reches (1978b, 1983) provided a mechanical model in
which the four active fault sets, in a prefractured rock
body, are those that require the lowest stress difference
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Fig. 9. Five models for the development of vein arrays. (a) Veins formed in zones undergoing shearztdilatation (drawn

from fig. 2 of Beach 1975 and fig. 26.15 of Ramsay & Huber 1987). (b) Results of numerical model by Olsen & Pollard

(1991), fig. 9a) in which the growth of tensile fractures in en échelon arrays is promoted by the enhanced tensile stresses (or

lower compressive stresses) in the overlap region between individual fractures. (¢) En échelon veins emanating from a single

parent vein as seen in serial sections within a sandstone cobble (drawn from fig. 4 of Nicholson & Ejiofor 1987). (d) Veins

formed in dilational zones within a kink band (drawn from plate 2b of Anderson 1968). (¢) Veins formed in dilational zones
between adjacent P-fractures (drawn from fig. 3 of Gamond 1987).

for slipping and simultaneously minimize the work done
by the external forces. Reches & Dieterich (1983)
experimentally confirmed in a series of triaxial defor-
mation experiments of sandstone, granite and limestone
that the number of faults which develop depends on the
imposed bulk strain (Fig. 8c): three or four sets of faults
invariably developed during imposed non-plane-strain
displacements, and one or two sets formed in response
to bulk plane-strain displacements. Krantz (1988, 1989)
provided a similar geometric and kinematic modeli to
correlate the arrangement of the multiple fault sets and
the relative principal bulk strains. He applied his model
to fault patterns in Utah, Nevada, Israel and Crete.
This concept of orthorhombically arranged displace-
ment zones has only been applied to brittle faults. We
extend this concept to include brittle-ductile zones of
localized displacement. It is most straightforward to
extend the concept of orthorhombic displacement zones
to vein arrays formed in shear zones (type ‘a’ in Fig. 9)
(Wilson 1952, 1982, Roering 1968, Lajtai 1969, Hancock
1972, type 1 arrays of Beach 1975, Durney 1979, Ramsay
1982), though the concept is applicable to the formation
of other vein arrays in which deformation and displace-
ment are localized (e.g. veins contained within kink
bands—Anderson 1968, Garnett 1974, Hanmer 1982,
Ramsay & Huber 1987; veins contained in dilating shear
fractures—Gamond 1983, 1987, Ramsay & Huber
1987). For the type (a) vein arrays in Fig. 9. the en
échelon veins form in shear zones where an otherwise
ductilely formed fabric is disrupted by the discontinuous
vein structures (brittle—ductile shear zones, Ramsay
1980). There is no abrupt transition in the gross geom-
etry and kinematics between zones of localized simple
shear which are accommodated entirely by brittle pro-
cesses (brittle fault zone) and by both brittle and ductile
processes (brittle-ductile shear zones); though the

geometry and kinematics of brittie—ductile shear zones
can be more complex given the involvement of ductile
deformation localized within the shear zone. The wall
rocks adjacent to brittle-ductile shear zones are much
less deformed or even undeformed relative to rocks
within the shear zones, thus the brittle—ductile shear
zones have localized most, if not all of the deformation
and displacement in the rock mass.

The kinematics between brittle fault zones and
brittle-ductile shear zones can be similar. A planar
brittle fault can only accommodate large displacements
parallel to the fault plane. In contrast, a brittle~ductile
shear zone can accommodate any imposed displacement
within the zone because some of the imposed displace-
ment can be accommodated both by shear parallel to the
shear zone boundary and by layer-parallel and -perpen-
dicular extension or contraction by ductile deformation
processes (Ramsay & Graham 1970, Simpson & De
Paor 1993). Contraction or extension parallel to the
planar shear zones will either result in large strain
gradients or strain incompatibilities at the shear zone—
wall rock contacts because the brittle—ductile shear zone
localizes the deformation and the wall rock remains
much less deformed. or even undeformed (for similar
discussions see Sanderson 1982 for faults and Dewey
1965 for kink bands). Strain compatibility can only be
maintained if both the zone and wall rocks homogene-
ously contract or extend parallel to the planar zones
(Ramsay & Graham 1970). Thus, an individual zone or
conjugate pair of brittle—ductile shear zones, in an other-
wise undeformed rock mass, can only accommodate
significant amounts of bulk plane-strain deformation
(Fig. 1a). In order to accommodate significant bulk non-
plane coaxial strain deformation by brittle-ductile shear
zones, we propose that more than two brittle-ductile
shear zones must develop with an orthorhombic sym-



Orthorhombically arranged vein arrays

Fig. 10. (a) Relative development of each vein array in a conjugate

pair depends, in part, on the coaxiality of deformation (reproduced

with minor modifications from Ramsay & Graham 1970). (b) Minor

north-over-south movement along the basement—quartzite contact

and/or preferential orogenic collapse towards the foreland resulted in

bulk non-coaxial deformation which inhibited the development of N-
dipping vein arrays in the White Range.

metry. Four sets of arrays develop during coaxial non-
plane-strain deformations (Fig. 1b) and two non-
conjugate sets of arrays develop during non-coaxial non-
plane strain deformations. The formation of singular
and conjugate arrays is restricted to bulk plane-strain
deformation.

Application of model to White Range

The vein arrays in the White Range accommodated
normal sense-of-shear displacementthorizontal N-S
dilatation. This resulted in local vertical shortening and
horizontal N-S§ extension concomitant with orogen sub-
parallel shortening and folding. The White Range did
not experience bulk plane-strain deformation during
vein formation and the two sets of vein arrays do not
form one conjugate pair. The two S-dipping sets of
arrays formed during bulk non-plane-strain deformation
and are one half of four orthorhombic zones. The two
sets of N-dipping vein arrays did not develop either due
to preferential orogenic collapse to the foreland or non-
coaxial deformation resulting from minor residual
movement along the overlying basement—quartzite con-
tact (Fig. 10). The orientations for the undeveloped N-
dipping arrays can be constrained by utilizing the two
end-member geometries commonly observed in vein
arrays (Beach 1975) and the 40° angular relationship
between vein tips and envelope of the S-dipping en
échelon arrays (Fig. 11). If the vein tips in one array
were parallel to the envelope of the other array (type 1
geometry of Beach 1975), the N-dipping arrays would
dip steeply (60-75°) to the north. If the vein tips in a pair
of arrays were all coplanar (type 2 geometry of Beach
1975), the N-dipping arrays would be dipping moder-
ately (20-35°) to the north. The former case (type 1)
would most nearly fit an orthorhombic geometry for the
whole structural system, including folds and fractures.
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Type #2 Vein Arrays

Type #1 Vein Arrays

(vein arrays of White Range shown in bold)

Fig. 11. Two geometric models for orthorhombic arrangement of vein

arrays {S-dipping arrays in White Range shown in bold): (1) vein tips

are coplanar with the envelope of the associated array (type 1 of Beach

1975); and (2) vein tips in each pair are coplanar (type 2 of Beach
1975).

Due to the lack of N-dipping vein arrays, the relative
bulk displacements responsible for the evolution of the
orthorhombically arranged vein arrays cannot be
uniquely constrained since the bulk displacement
depends on the orientations, magnitudes and directions
of shear+dilation of individual arrays, spacing between
coplanar arrays and relative activity of the different
arrays (cf. Reches 1983, Krantz 1988). Clearly, how-
ever, the normal sense-of-shear movement along the S-
dipping arrays resulted in extension of subhorizontal N—
S-oriented lines. Subhorizontal E-W-trending lines
were probably contracting, although the amount of
contraction or extension depends on the slip directions
and displacements accommodated by the individual
arrays (Fig. 11).

CONCLUSIONS

The number and geometry of en échelon vein arrays is
dependent on the bulk finite strain imposed on the
deforming rock and the degree of coaxiality. The classi-
cal interpretation for singular or conjugately arranged
arrays is restricted to bulk plane-strain deformations.
The degree of coaxiality of deformation determines if
only a single set of arrays forms (strongly non-coaxial),
or whether two unequally developed (moderately non-
coaxial) or two equally well developed sets of conjugate
arrays (coaxial deformation) form. Bulk non-plane-
strain deformations cannot be accommodated by two
conjugately arranged zones, otherwise strain compatibi-
lity is not maintained at the contacts between the rela-
tively undeformed host rock and the brittle-ductile
shear zones containing the arrays. Four sets of arrays are
required to accommodate significant non-plane strain
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coaxial deformation, while two non-conjugate sets of
arrays can accommodate bulk non-plane non-coaxial
deformation. The two contemporaneous sets of vein
arrays from the White Range, central Australia, formed
during non-coaxial non-plane-strain deformations in the
waning stages of the Alice Springs Orogeny.

This model for en échelon vein-array geometries and
kinematics is similar to models proposed for brittle
faults. The number and geometry of other planar dis-
crete zones in the brittle-ductile realm (e.g. kink bands)
which localize deformation and displacement to the near
exclusion of any host-rock deformation might also
depend on bulk strain and coaxiality of deformation.
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