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(ca. 440–439 Ma) (Foster et al., 1998, 1999). Cleavage mica from 
other fault zones in the Bendigo zone, including the Muckleford 
fault, also give plateau dates of ca. 440 Ma (Bucher, 1998). Mini-
mum, low-temperature, ages for four of the age spectra from cleav-
age mica, the plateau age of one slate sample, and the minimum 
ages from many of the vein sericites from the Bendigo zone are 
between 417 and 426 Ma, suggesting a fault reactivation and exhu-
mation history similar to the Stawell zone. Finally, a Devonian 
date of 375 ± 2 Ma (revised from the ca. 382 Ma date in Foster 
et al., 1999) is given by sericite alteration surrounding a late syn-
tectonic dike intruding en-echelon fractures in the Heathcote fault 
zone. This is consistent with post-early Devonian thrusting along 

the eastern margin of the Heathcote fault zone, which is required 
to explain deformed strata of this age in the footwall where it over-
rides the Melbourne structural zone (Fig. 4) (VandenBerg, 1999).

In summary, the Bendigo zone 40Ar/39Ar data indicate that 
early (generally bedding-parallel) quartz veins and early cleav-
age, protected from reactivation in fold hinges, give ages of 
457–455 Ma. Several samples from axial planar cleavage and 
syntectonic quartz veins give ages ca. 445 Ma. The most com-
mon age given by the highly transposed fabrics in the major fault 
zones, and by white mice separated from late-tectonic quartz 
veins that intrude brittle fractures in fold hinge zone, is 440–
439 Ma (Fig. 9). We interpret this to indicate that folding of the 
turbidites began ca. 457–455 Ma and ended ca. 440–439 Ma.

Based on the style of deformation in the less deformed areas 
of the Melbourne zone, and the lack of evidence for fault-bend 
folding, deformation of the Bendigo zone began by sinusoidal 
buckle folding associated with bedding-parallel veins. Deforma-
tion then progressed to chevron folding and through to isoclinal 
folding and fabric transposition in the high strain zones, along 
with brittle thrusting in the hinge zones of chevron folds higher in 
the thrust sheets (Fig. 9). This progressive deformation occurred 
over a total of ~15–17 m.y., with most of the deformation in the 
thrust-sheet hanging walls occurring between 445 and 439 Ma, 
based on the 40Ar/39Ar geochronology.

Melbourne Zone
The lack of signifi cant cleavage over most of the Melbourne 

structural zone precluded the growth of signifi cant metamorphic 
mica and limits the ability to date deformation by the 40Ar/39Ar 
method. Stronger fabrics in the frontal thrusts within the Mount 
Wellington fault zone resulted in better data, but not of the quality 
obtained from the Stawell and Bendigo zones. Slate with strong 
transposition foliation from the basal parts of the Mount Welling-
ton fault zone gives ages of ca. 410 Ma (Foster et al., 1998). The 
mica cleavage in this sample contains a small amount of detrital 
mica has some recoil problems and therefore, ca. 410 Ma is taken 
as a maximum age for the metamorphic mica growth. White mica 
from a folded metavolcanic rock in the basal zone gave an age of 
416–411 Ma (Foster et al., 1999), and cleavage mica from phyl-
lite just above the contact with the metavolcanic rocks gave a 
plateau age of 419 ± 1 Ma (Spaggiari et al., 2003), which prob-
ably records early deformation in the Mount Wellington fault 
zone. It is unclear how widespread the 419–411 Ma deformation 
was in the Melbourne zone, because an associated unconformity 
is only local in extent (VandenBerg, 1999). Foster et al. (1999) 
interpreted the 419–411 Ma deformation to indicate that the basal 
décollement, exposed in the Mount Wellington fault zone, was 
active before signifi cant folding of the hanging wall.

Structurally higher samples of cleavage from the Mount 
Wellington fault zone give ages ca. 388 Ma (Foster et al., 1999); 
an age of 388 ± 2 Ma is also given by white mica in veins in a 
gold deposit in the eastern Melbourne zone (Foster et al., 1998). 
40Ar/39Ar dates of hornblende from mafi c dikes (Woods Point dike 
swarm) that intrude fractures aligned with the fold hinges give 
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360 Foster and Gray

ages of 378–376 Ma (Bierlein et al., 2001), and white mica from 
mineralization associated with dikes of this swarm give ages of 
378–374 Ma (Foster et al., 1996b, 1998, 1999). These data indi-
cate that deformation had ended by ca. 378 Ma, which is consistent 
with the stratigraphy of the Melbourne zone (Fig. 4) (VandenBerg, 
1999). The results from the Melbourne zone, therefore, suggest 
that deformation of the hanging wall of the thrust sheet took place 
between ca. 388 and 378 Ma, or over ~10 m.y. The error on this 
duration, however, could be as large as ± 5 m.y.

Strain States in the Western Lachlan Orogen

Strain markers within the western Lachlan Orogen include 
deformed pillows and amygdales in metavolcanics of the 
Stawell zone (Wilson et al., 1992), syntectonic quartz fi bers in 

pressure shadows on pyrite and graptolites on bedding planes 
in the Bendigo zone (Gray and Willman, 1991b; Gray, 1997), 
and syntectonic quartz fi bers in pressure shadows on pyrite and 
deformed cooling columns in metavolcanics of the Melbourne 
zone (Gray, 1995) (Fig. 10). Strain analysis techniques are after 
Durney and Ramsay (1973) and Ramsay and Huber (1983). For 
description of the methods see Wilson et al. (1992), Gray and 
Willman (1991b), and Gray (1995) for the Stawell, Bendigo, 
and Melbourne zones, respectively.

Stawell Zone Strain
Total XZ strain estimates are restricted to the Cambrian 

metavolcanic units (see Wilson et al., 1992, for data and loca-
tion information). Deformed pillow shapes and quartz-calcite 
augens, formerly plagioclase phenocrysts, within porphyritic 
meta volcanics in the strongly deformed parts of steep, east-
dipping fault slivers (“Waterloo” structures) at the Stawell gold 
mine give X:Y:Z = 4.9:1:0.31 with X/Z = 16:1 and a Flinn k value 
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of ~0.25 (fl attening fi eld). Volume loss for the western Lachlan 
slates was <10% (Gray, 1997b) so that the strain remains in the 
fl attening fi eld close to plain strain, even assuming the maximum 
volume change. A background strain in the mine exposures of 
X/Z = ~1.5:1 is recorded within the less-deformed cores of the 
individual fault slices or shear lozenges (Wilson et al., 1992).

Amygdaloidal strain markers within the Mount Ararat 
metavolcanic rocks show a marked increase in strain toward 
the Ararat fault (Table 3 in Wilson et al., 1992), with X/Z strains 
increasing from 3:1, to 11:1, to 25:1 in the high strain zone of 
the fault. Flinn k values have k > 1 (constriction fi eld), indicating 
signifi cant stretching where the principal stretch X-axis is sub-
parallel to the stretching lineation (Wilson et al., 1992).

Bendigo Zone Strain
Total XZ strain in slates (R), determined largely from syntec-

tonic quartz fi bers in pressure shadows on pyrite and graptolites 
on bedding planes (see Gray and Willman, 1991a, 1991b; Gray, 
1997a, for methods and terminology), varies regionally across 
the thrust belt with XZ strain ranging from 2> R ≤ 40 (Gray and 
Willman, 1991b). The background X/Z strain values are relatively 
homogenous and range between 2 and 5 in slates away from fault 
zones. The highest strains (XZ > 40:1) are associated with the hang-
ing walls of the major faults (Table 1) (Gray and Willman, 1991b). 
Strain magnitude also varies with lithology, because XZ strains 
in sandstones determined by the Fry method range between 1.3 
and 1.7 and are signifi cantly lower than those in mudstones (Gray 
and Willman, 1991a; Yang and Gray, 1994). Psammites show XZ 
strain magnitude variations dependent on position on folds; 
XZ strain estimates from fold hinges are generally higher 
(≈1.6–1.7) than limb estimates (≈1.3) from the same fold.

Melbourne Zone Strain
In the penetratively deformed, chevron-folded, cleaved tur-

bidites of the Melbourne zone, total X/Z strain states range from 
~6:1–15:1 (Gray, 1995). Strain magnitude increases from the 
upright fold zone (X/Z strains <6:1) into the inclined fold zone 
(X/Z strains between 10:1 and 15:1) and matches the increase 
in cleavage intensity into the Mount Wellington Fault Zone. The 
magnitude of total strain varies within the Cambrian mafi c vol-
canic inliers, with less deformed parts giving X/Z strains <3.5:1, 
and the more strongly deformed, foliated parts show X/Z = 13:1. 
Quartz-fi ber pressure shadows on pyrite in fault slices of Upper 
Ordovician black slate give XZ strains from 9:1–19:1.

Retrodeformation of the Western Lachlan Orogen

Shortening within western Lachlan Orogen thrusts sheets is 
partitioned between chevron folding and cleavage development 
in both mudstones and sandstones, as well as faulting (Cox et al., 
1991; Gray and Willman, 1991a, 1991b; Gray et al., 2006a). Palin-
spastic restoration (unstraining) of the regional chevron-folded 
and faulted profi le shown in Figure 10 includes a fault restoration 
followed by strain removal and then unfolding of the remaining 
buckle component (see Figure 10 in Gray and Willman, 1991b).

The fault restoration is problematical because of the uni-
formity of sedimentary facies and the lack of biostratigraphic 
markers over segments of the exposed thrust system. Where there 
is stratigraphic control on fault displacements, particularly in pro-
fi les between the intrazone faults, the calculated shortening com-
ponents due to faulting are <5% (see Table 1 in Gray and  Willman, 
1991a). Displacement on the major zone-bounding faults that 
bring the underlying Cambrian metavolcanics to the present level 
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of exposure requires a minimum displacement (throw) of 17 km 
(i.e., the projection of the Cambrian metavolcanics above the 
inferred décollement depth for the Bendigo Zone), which equates 
to a heave of ~10 km for each of the Stawell-Ararat, Avoca, Heath-
cote, and Mount Wellington Fault Zones. This gives a minimum 
fault shortening across the profi le of 11% (or e = −0.11, where e 
is the minimum elongation) by restoration of the Cambrian and 
thereby removing displacement on the major fault zones, given 
L

1
 = 350 km and L

0
 = (350 + 40) km (where L is length).

Additional uncertainties from volume change and out-
of-section motion are minor. Gray (1997b) showed that the 
maximum amount of volume change in the section is <10%. 
Out-of-section, strike-slip movement along the faults is very 
minor in the Lachlan Orogen and particularly in the western 
Lachlan Orogen, as demonstrated by Gray and Foster (1998).

Methods for Removing Strain
In strained rock sections, simple bed-length balancing tech-

niques as part of section balancing (e.g., Dahlstrom, 1969) only 
provide a minimum estimate of the total rock shortening. The 
excess area method (Chamberlain, 1910; Gwinn, 1970) and the 
total area method (Dennison and Woodward, 1963; Hossack, 1979; 
Mitra and Namson, 1989) overcome this inadequacy (see Merle, 
1986), but a more reliable method utilizes the input of strain data 
and involves the unstraining, segment by segment, of the structural 
profi les (e.g., Hossack, 1978; Cobbold, 1979; Woodward et al., 
1986; Mitra and Namson, 1989; Gray and Willman, 1991b).

In this paper, we have applied the strain reversal technique 
to a 350-km-long regional profi le across the western Lachlan 
Orogen (Fig. 11). The profi le was split into four segments, 
A, B, C, and D, for unstraining (see Fig. 11, component line 
lengths), to accommodate regional differences in strain, par-
ticularly the marked gradient in XZ strain across the Melbourne 
Zone (Fig. 10). Segment A, or the western belt consisting of 
the Stawell and Bendigo Zones (see Fig. 10), has an assumed 
regional background X/Z strain of 4:1 and a deformed length 
of 200 km (maximum) or 150 km (minimum) (Table 1). The 
Melbourne Zone (see Fig. 10), or the eastern belt, was split into 
Segments B, C, and D, with the adopted values of zero X/Z 
strain (i.e., no penetrative strain), 1.4:1 strain, and 10:1 strain, 
respectively, over a combined total length of 150 km (Table 1).

Retrodeformation of the individual profi le segments was 
undertaken in two steps (see Fig. 11). These were (1) removal 
of the penetrative strain components by applying the X-Y stretch 
tool (strain transformations) in the vector-based Adobe Illustra-
tor drafting package to the line segments of the profi le; and (2) 
removal of the buckle shortening components to the unstrained 
profi le segment by the bed-length method involving comparison 
between the undeformed (layer arc length measurement deter-
mined by map measurer tool) and the deformed bed lengths.

Calculated Initial Lengths
Based on the above, the predeformation former basin 

width is ~740 km, given e = (L
1
–L

0
)/L

0
, and e = −0.58, and 

L
1
 = 310 km (see Fig. 11). Adding in the major fault displace-

ments would give a former width of at least 780 km, and there-
fore on the order of 800 km.

Crustal scale area balancing of the western Lachlan Orogen, 
assuming strain compatibility between the upper and lower crust, 
however, requires a two-times fault duplication of the former tur-
bidite fan thickness in the Western Belt (Stawell and Bendigo 
zones), which is ~6 km (see Gray et al., 2006a). This means that 
the Western Belt width should be doubled by fault restoration, 
and therefore the combined original width of the Stawell and 
Bendigo zones could approximate ~900–950 km.

Treating the western and eastern belts separately (Fig. 11) 
gives the following:

1. Western Belt (66% shortening) Present profi le width is 
~160 km and with e = −0.66 gives a ~470 km width of the former 
Stawell and Bendigo zones depositional region. This represents 
a minimum basin width, as fan thickness and area balance con-
siderations suggest that the width may be as much as ~950 km 
(Gray et al., 2006a).

2. Eastern Belt (38% shortening) Present profi le width is 
~150 km and with e = −0.38 gives a ~242 km width of the former 
Melbourne zone depositional region.

Deformation Rate for the Western Lachlan Orogen

By utilizing the retrodeformation and geochronological 
data from the western Lachlan Orogen, we are able to quantify 
the timing and rate of deformation across the orogenic belt. 
Retrodeformation for the western part, the Stawell and Bendigo 
zones, gave a minimum shortening of 310 km and a maximum 
of 790 km (see above). Deformation of this zone took an aver-
age of 16 m.y. (455–439 Ma). This gives an average displace-
ment rate for the basal décollement of ~19 mm yr−1 (minimum) 
and ~50 mm yr−1 (maximum). We have not assigned errors to 
these values due to the uncertainty in internal thrust shortening 
(see discussion in Gray et al., 2006a). The error in the duration 
of deformation amounts to ±1 mm yr−1. The Melbourne zone 
shortened ~92 km over ~10 m.y., giving a displacement rate 
of ~9 mm yr−1. The error in the duration of shortening is up to 
±5 m.y., which corresponds with displacement rates ranging 
from 7 to 23 mm yr−1.

The geochronology and strain data can also be used to 
calculate internal strain rates for the western Lachlan thrust 
wedges. With strain rate calculations, it is possible to calculate 
a conventional strain rate or a natural strain rate (Pfi ffner and 
Ramsay, 1982). A conventional strain rate is elongation/time 
(e/t) where e is the elongation (e = (L

1
–L

0
)/L

0
) and t is time (in 

seconds). Using this approach, strain estimates for the western 
belt (Stawell and Bendigo zones) and eastern belt (Melbourne 
zone) are as follows:

1. Western belt, where shortening of 66% occurred over 
16 m.y. (0.51 × 1015 s), gives a strain rate equal to 
1.3 × 10−15 s−1.
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2. Eastern belt, where shortening of 43% occurred over 
10 m.y. (0.32 × 10−15 s), gives a strain rate equal to 
1.3 × 10−15 s−1.

Another approach to derive strain rate involves displacement 
rate/distance (Twiss and Moores, 1992). Using this approach, 
the western belt, where the minimum displacement rate is 
19 km m.y.−1/310 km gives a minimum strain rate of 
2.0 × 10−15 s−1, and the maximum displacement rate is consid-
ered to be 50 km m.y.−1/310 km gives a maximum strain rate of 
5.0 × 10−15 s−1. The eastern belt, where the average displacement 
rate is 9 km m.y.−1/92 km, gives a strain rate of 3.1 × 10−15 s−1.

With either calculation method, the data indicate that fold-
ing and thrusting of turbidite in this oceanic backarc basin set-
ting occurred at average strain rates between 1 × 10−15 s−1 and 
5 × 10−15 s−1. The concentrations of 40Ar/39Ar vein and cleavage 
mica ages ca. 445–439 Ma in the Bendigo zone may indicate 
that most deformation in the thrust sheets occurred over a shorter 
interval of more rapid deformation. In fact, most of the intense 
cleavage development occurred ca. 441–440 Ma, and the limb 
thrust veins, which give ages of ca. 440–439 Ma, suggest that 
most deformation ended by 439 Ma. Given the errors in the analy-
ses and ranges of ages, a pulse of deformation ~2 m.y. may have 
resulted in much of the 66% shortening. If this were the case, the 
strain rate would have been on the order of 1 × 10−14 s−1.

DISCUSSION AND CONCLUSIONS

Modern deformation rates within orogenic belts range from 
~5–15 mm yr−1 (Hyndman et al., 2005) based on GPS measure-
ments and longer term geological studies (e.g., Hindle et al., 2002; 
McQuarrie and Wernicke, 2005). These rates are a fraction of plate 
tectonic rates, which typically range from 10 to 200 mm yr−1, 
although individual faults and shear zones may take on a larger 
fraction of plate tectonic rates for short intervals of time (e.g., Carter 
et al., 2004). Corresponding strain rates for tectonic and orogenic 
processes, therefore, typically range from 10−12 to 10−15 s−1 (Pfi ffner 
and Ramsay, 1982; van der Pluijm and Marshak, 2004).

Internal rates of deformation in the ductile middle and 
lower crust of orogens are more diffi cult to evaluate (Ramsay, 
2000). Strain rate calculations for deformation within ancient 
orogenic belts are limited by the existing geochronology of the 
fabric-forming events, as well as knowledge of the incremental 
strains (Pfi ffner and Ramsay, 1982; Ramsay, 2000; Müller et al., 
2000). These diffi culties have been addressed by a small num-
ber of studies that succeeded in combining structural and micro-
structural analysis with radioisotopic analyses on mineral phases 
grown during deformation. The challenge is fi nding areas where 
deformation and metamorphism occurred at temperatures below 
the closure temperature for the isotopic system in the phases of 
interest. This is a rapidly growing fi eld of research with signifi -
cant potential (Müller, 2003).

Our results from the western Lachlan Orogen give minimum 
average strain rates of 1 to 5 ×10−15 s−1, which are at the low end 

of the range of deformation rates estimated for orogenic belts. 
The concentrations of 40Ar/39Ar vein and cleavage mica ages 
ca. 457–455 and 440–439 Ma in both the Stawell and Bendigo 
zones suggest that deformation occurred dominantly in two more 
rapid pulses of shortening. Most of the intense cleavage develop-
ment occurred ca. 441–440 Ma, and the limb thrust veins, which 
give ages of ca. 440–439 Ma, suggest that deformation ended by 
439 Ma. A pulse of deformation of ~2 m.y. duration may have 
resulted in a considerable fraction of the 66% shortening. If this 
were the case, the strain rate would have been ~1 × 10−14 s−1.

The 40Ar/39Ar data from the thrust sheets in the Bendigo zone 
suggest that thrust sheet deformation occurred over a total of 
~16 m.y. and progressed from early buckle folding at 457–
455 Ma through to chevron fold lock-up and thrusting at 
440–439 Ma. Deformation and fabric development in the thrust 
sheets were progressive during this time interval, and folding and 
ductile strain probably developed diachronously (cf. Pinan et al., 
2004). It is also possible that the thrust sheet strain accumulated 
in a pulse-like manner due to a caterpillar-style movement on the 
basal décollement, linked to stop-start movements as the deform-
ing sedimentary wedge achieved the necessary wedge taper 
requirements for slippage on the basal fault, but this requires fur-
ther research.

Comparing the deformation rates with other estimates from 
Phanerozoic convergent orogens shows distinct similarities. 
For example, Kligfi eld et al. (1981, 1986) integrated measured 
fi nite strain and the total time of deformation, based on K/Ar and 
40Ar/39Ar geochronology, to calculate average strain rates of 10−14 
to 10−15 s−1 for the Northern Apennines. In the Apennine case, 
simple shear components are a major part of the incremental 
strain accumulation, whereas in the western Lachlan Orogen, the 
largest volume of the thrust sheets (up to 94% per volume) has 
undergone pure shear accumulation of incremental strains (see 
Figure 12 in Gray and Willman, 1991b).

Müller et al. (2000) used microscale Rb-Sr dating of fi brous 
strain fringes on pyrites in the Pyrenees, which gave strain rates 
up to 1.1 × 10−15 to 7.7 × 10−15 s−1. Three separate studies of Rb-Sr 
and Nd-Sm dating of large metamorphic garnets have suggested 
shear strain rates ~2–3 × 10−14 s−1. van der Pluijm et al. (2006) used 
40Ar/39Ar dating of clay in fault gouge from the Canadian Rockies 
to suggest pulses of deformation with rates of ~10−14 s−1.

The western Lachlan shortening rate estimates are similar 
to rates estimated for the Robertson Bay terrane of North Vic-
toria Land, where 40Ar/39Ar ages of cleavage mica give conver-
gence rates of ~4–10 mm yr−1 when fold shortening is considered 
(Dallmeyer and Wright, 1992). It is also similar to fold propa-
gation and cleavage formation in fl ysch across the Rheinesche  
Schiefergebirge, where K-Ar ages of sericite indicate a rate 
~5 mm yr−1 (Ahrendt et al., 1983). Moreover, the calculated dis-
placement rates are within the range of modern plate tectonic 
velocities in similar backarc settings, like the western Pacifi c 
backarc basins and accretionary prisms (e.g., McCaffrey, 1996), 
as well as the rates of shortening in the turbidite-dominated thrust 
belt of Taiwan (Yu et al., 1997).
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