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a b s t r a c t

The brittle structures of the Bowers Mountains (northern Victoria Land, Antarctica) have been studied in
order to fully characterise the poorly described pre-Cenozoic brittle tectonics of this area. Field work
revealed that the dominant structures are steeply-dipping reverse and strike-slip faults, locally associ-
ated with positive flower structures, diffuse veining and hydrothermal alteration. Field observations are
combined with different methods of inversion of faulteslip data and with use of different open-source
computer programs, that calculate resolved stress tensors and PeBeT axes in order to unravel the
complex polyphase brittle architecture.

The resolved regional stress field is characterized by EeW trending, horizontal s1 and local rotations
into NEeSW directions in the Lanterman Range/Sledgers Glacier area, due to subsequent block rotation
or to the interference between the far-field stress with pre-existing ductile discontinuities.

The paleostress regime, unique overall structural framework and association with hydrothermal
veining together with the strong similarities to deformation related to the Benambran Orogeny in the
Lachlan fold belt in SE Australia supports the occurrence of a Late OrdovicianeSilurian deformational
event in northern Victoria Land (Antarctica).

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

Antarctica presents many challenges to structural geologists due
to its remote location and, in many areas, relatively poor exposure.
Rocks now exposed in northern Victoria Land were part of the over
4000 km long paleo-Pacific margin of East Gondwana during the
Paleozoic. This margin was the site of protracted convergence, with
terrane accretion and collision(s) of arc and/or microcontinental
masses (e.g., Veevers, 2000; Cawood, 2005; Vaughan and
Pankhurst, 2008). The RosseDelamerian (hereafter Ross) Orogeny
(CambrianeEarly Ordovician; e.g., Bradshaw, 1987, 1989;
Kleinschmidt and Tessensohn, 1987; Findlay et al., 1991;
Ferraccioli et al., 2002) was the most pervasive tectonic event of
the area, responsible for the regionally dominant deformations.
Following that event, an outboard migration of the subduction
plane possibly occurred inducing less intense deformations typical
of foreland areas during the DevonianeCarboniferous, together
with a magmatic pulse (Kleinschmidt and Tessensohn, 1987;
Fioretti et al., 1997). Finally, the fragmentation of Gondwana and,
in particular, the separation between Australia and Antarctica was
responsible for strike-slip to transtensional deformations during
rico).
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the Cenozoic (e.g., Salvini et al., 1997; Rossetti et al., 2003). The area
was, therefore, the site of multiple tectonic events, with recurrent
reactivation of major faults, in particular the trans-lithospheric
faults that represent terrane-bounding structures (e.g., Lanterman
Fault and Leap Year Fault, Figs. 1, and 2).

The Cenozoic brittle tectonics of the northern Victoria Land has
been widely documented in the published literature (Salvini et al.,
1997; Salvini and Storti, 1999; Rossetti et al., 2000, 2002, 2003;
Storti et al., 2001) whereas older brittle structures related to
post-Ross orogenic phases are less well known (Wodzicki and
Robert, 1986; Jordan et al., 1984; Capponi et al., 1999).

In this study we analyse and interpret the deformation patterns
from outcrops located in an area that straddles the Lanterman and
Leap Year faults focusing on the brittle structures related to pre-
Cenozoic tectonics. A complex fault network is preserved, with
dominant steeply-dipping reverse and obliqueeslip faults, locally
forming positive flower structures. The fault system is associated
with quartzecarbonate veining and cuts and thus postdates the
Ross Orogeny-related ductile deformation structures.

The aimof thiswork is to unravel the Paleozoic post-RossOrogeny
tectonic evolution, by characterising the tectonic event responsible
for the development of the pre-Cenozoic fault system and related
stress state. Regional correlations with the formerly adjoining frag-
ments of Gondwana, namely SE Australia, are also discussed.
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Fig. 1. Schematic geological map of northern Victoria Land with terrane boundaries
and its location in the Antarctic continent. Squared area indicates the study area.
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To achieve this aim, we conducted field work, investigating
cross-cutting relationships, mesoscale fault geometries, and col-
lecting faulteslip data. The inversion of faulteslip data is a well-
established technique that has increasingly been used to unravel
very complex tectonic histories, responsible for the formation of
heterogeneous fault populations (e.g., Wang and Neubauer, 1998;
Lamarche et al., 1999; Matenco and Schmid, 1999; Saintot and
Angelier, 2002; Burg et al., 2005; De Paola et al., 2005; Bergerat
et al., 2007; Laó-Dávila and Anderson, 2009; De Vicente et al.,
2009; Sippel et al., 2009). Faulteslip inversion techniques have
a number of critical assumptions and limitations (as discussed, for
instance, by Pollard et al., 1993; Dupin et al., 1993; Twiss and Unruh,
1998; Marrett and Peacock, 1999), so we applied several different
inversion methods and a variety of open-source computer
programs to calculate resolved stress tensors (F.S.A. v. 28.5 by
Célérier,1999 andMIM 5.31 by Yamaji et al., 2005a) and PeBeTaxes
(Faultkin v. 4.3.5 by Allmendinger et al., 1994).

2. Geological and structural setting

2.1. Northern Victoria Land

The tectonic architecture of northern Victoria Land (Figs. 1 and
2) was predominantly established during the Neoproterozoic to
early Paleozoic Ross Orogeny.

This event led to the accretion of three terranes to the East
Antarctic craton: from west to east these are: the Wilson; Bowers;
and Robertson Bay terranes (e.g., Bradshaw et al., 1985;
Kleinschmidt and Tessensohn, 1987; Ricci et al., 1997; Federico
et al., 2006). The Wilson and Bowers terranes are juxtaposed by
the Lanterman Fault (e.g., Capponi et al., 1999), whereas the
boundary between Bowers and Robertson Bay terranes is marked
by the high-strain belt of the Millen Schist (Jordan et al., 1984;
GANOVEX Team, 1987; Capponi et al., 2005).

The Wilson terrane represents the root of a Cambrian conti-
nental magmatic arc, with widespread granitoids of the Granite
Harbour Igneous Complex intruding high- to low-grade meta-
sedimentary country rocks (e.g., Borg and Stump, 1987). The
Bowers terranemainly consists of very low- to low-grade Cambrian
metasedimentary (Molar Formation) and metavolcanic rocks
(Glasgow Volcanics, Weaver et al., 1984; Laird, 1987) of arc/backarc
affinity (Rocchi et al., 2003). The Robertson Bay terrane is formed by
a thick succession of mainly very low-grade Cambro-Ordovician
metaturbidites (Wright et al., 1984).

After docking during the Ross Orogeny, all three terranes were
intruded by Devonian/Carboniferous calcalkaline intrusives
(Admiralty Intrusives; Borg et al., 1984), associated with felsic
volcanics (Gallipoli Volcanics). This magmatic suite is possibly
linked to a poorly known orogenic event known as the Borch-
grevink Orogeny (Grindley andWarren, 1964; Capponi et al., 2002).

The progressive erosion of the Ross Orogen down to its crys-
talline core produced a peneplain, with exhumation of 10e20 km in
many places (Stump, 1995). This surface is overlain by the Beacon
Supergroup, a Devonian to Triassic sedimentary sequence largely of
terrestrial origin (Barrett, 1981; Collinson, 1991), followed by
tholeiitic magmatism of Jurassic age (Ferrar Dolerite and Kirkpa-
trick Basalt). At present this cover sequence is visible only in the
Wilson and Bowers terranes. Lastly, post-Jurassic tectonics, linked
to the fragmentation of Gondwana and to the opening of the
strongly asymmetric West Antarctic Rift System, is responsible for
the present day high-elevation of the Transantarctic Mountains
located on the asymmetric rift shoulder and for the reactivation of
the inherited Paleozoic discontinuities (e.g., Salvini et al., 1997).
Cenozoic transtensional tectonics is thought to have triggered the
emplacement of alkaline volcanics of theMcMurdo Volcanic Group.

2.2. Study area

Our study is located inpart of northernVictoria Landbetween the
Bowers Mountains and the Lanterman Range (Ob Bay and Mt. Soza
quadrangles), inside the Bowers terrane (Fig. 2). Previous work here
hasmainly focussed on the Lanterman Fault zone, a site of recurrent
deformation and complex structural evolution. The following large-
scale deformation events have been described in the literature:

� The main phase of ductile suturing between the Wilson and
Bowers terranes occurred at amphibolite/greenschist facies
conditions (Capponi et al., 1999) during the Ross Orogeny (Di
Vincenzo et al., 1997; Goodge, 2007);

� This early suturing is postdated by a phase of sinistral strike-
slip shearing in the Lanterman Range dated at 480e460 Ma
(Crispini et al., 2007b). It, therefore, represents a late- to post-
Ross Orogeny deformation event.

� Cenozoic tectonics: a NWeSE to NNWeSSE trending dextral
strikeeslip to oblique slip regime is thought by many authors
(e.g., Salvini et al., 1997; Rossetti et al., 2003) to be responsible
for the formation of the Rennick Graben which lies immedi-
ately to the west of the study area. A major bend of the main
fault zone from NNWeSSE to NWeSE/EeW in the Lanterman
Range area was thought to have caused a change from trans-
tension- to transpression-dominated dextral shearing, with
associated positive flower structures. Maximum principal
stresses (s1) are thought to trend NeS to NNWeSSE (Rossetti
et al., 2002).



Fig. 2. (a) Geologic map of the study area and location of the structural stations for faulteslip analysis with stereoplot showing fault data selected by the software as pertaining to
the local dominant fault system; (b) stereoplot showing all collected fault data for the northern and southern studied sector. All stereoplots are equal-area projections, lower
hemisphere.

L. Federico et al. / Journal of Structural Geology 32 (2010) 667e684 669



Fig. 3. Compilation of measured data and results of Faultkin, FSA and MIM, all methods applied to the entire fault population of a single location. All stereoplots are equal-area
projections, lower hemisphere.
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Fig. 3. (continued).
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Fig. 4. Tectonic sketch showing density plots for Sx (regional fabric) and A1 (axis of F1)
in the study area (from original and literature data).
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Lessdetailedworkexists for theLeapYear Fault. Salvini et al. (1997)
and subsequent work by the same research group interpret it as
another right-lateral strikeeslip fault linked to Cenozoic tectonics. By
contrast, Crispini et al. (2007a) suggest a left-lateral obliqueeslip
motion of post-Ross orogenic age;multiple reactivations are possible.

Importantly, there is also evidence of tectonic activity between
the end of the Ross Orogeny and intrusion of the Devon-
ianeCarboniferous Admiralty plutons: this includes post-Ross (less
than 375 Ma) KeAr whole-rock ages from slates and schists close to
the two main faults reported by Adams (2006), greenschistefacies
deformation at about 360 Ma close to the Bowers/Robertson Bay
terrane boundary (Capponi et al., 2002) and shear zone deforma-
tion in the inboard Wilson Terrane at about 440 Ma (Di Vincenzo
et al., 2007). In spite of such evidence, the overall tectonic
scenario for the time period between the Ross Orogeny and the
Admiralty pluton emplacement remains unclear.

3. Field data

We investigated the mesoscale fault pattern in the area of the
Bowers Mountains between the Lanterman Fault and Leap Year
Fault (Figs. 1 and 2). We collected faulteslip data from 153 striated
fault planes at 10 localities (Fig. 3), scattered between
70�450e71�450 Lat. S and 162�000e163�450 Long. E (Fig. 2).

In the study area the sparse number of outcrops of Devon-
ianeTriassic sediments (Beacon Supergroup) and/or Jurassic rocks
(Ferrar Dolerite and Kirkpatrick Basalt) make finding age constrains
for the brittle structures difficult. In order to constrain the possible
age interval of fault activity to Early Paleozoic, we selected fault sets
that are postdated by intrusion of the Admiralty plutons or Gallipoli
volcanics located close to the study area and excluded all the
younger fault sets that affect them. We observed that some of the
faults sutured by the Admiralty intrusives develop diagnostic
damage zones and associated mineralization suites, i.e., diffuse
quartzecarbonate veining (locally epidote-rich) and hydrothermal
alteration. We then used this criterion to date other structures on
the assumption that all faults exhibiting such mineralization
features belong to the same pre-Admiralty set. In addition, the
overprinting relationships indicate that these faults systematically
belong to the oldest set where different fault systems are present in
specific outcrops. The characteristics of such faults do not match
those of the much later Cenozoic structures described by several
authors (e.g., Salvini et al., 1997; Rossetti et al., 2003).

All faults clearly postdate the ductile structures (foliation and
folds) linked to the Cambro-Ordovician deformation during the Ross
Orogeny (Wodzicki andRobert,1986; Jordanet al.,1984). The foliation
is a pervasive composite fabric parallel to the axial planes of regional
F1 folds (Wodzicki and Robert, 1986) with curved hinge lines,
plunging both to the NW and to the SE, controlling the location and
geometry of the mapped lithological contacts. The regional foliation
strikes NeS in the northern part of the study area and NWeSE in the
southern part (Sledgers Glacier area) (Fig. 4). This change is linked to
a superposed deformation characterized by open fan-shaped F2 folds
and sinistral shear accommodated by the development of NNWeSSE
regional shear zones. (Capponi et al., 1999).

The studied brittle structures form a complex pattern of shal-
lowly-dipping reverse faults with different orientations (Figs. 2 and
3), that are closely associated with NNWeSSE striking, steeply-
dipping strike-slip faults, that are dominantly sinistral. Frequent
obliqueeslip faults with a reverse component have been docu-
mented, together with subvertical reverse faults and locally
developed positive flower structures (Fig. 5aec).

The main fault system changes strike and tectonic transport
direction moving from the northern to the southern sector of the
studyarea. In thenorth, strike-slip faults haveNeS trends and thrust
faults show top-to-E and top-to-W shear senses. To the south,
steeply-dipping sinistral strike-slip faults tend to strike NWeSE and
conjugate low-angle reverse faults have top-to-NE and top-to-SW
sense of shear. This fault system is locally overprinted (especially in
the Lanterman Fault area, Capponi et al.,1999) by subvertical NeS to
NNWeSSE strike-slip faults with right-lateral senses of shear.

One of the characteristic features of the investigated fault system
is the development of damage zones containing mineral vein
networks, hydrothermally altered epidoteechlorite rocks and
wallrockalterationzones (Figs. 5dand6). Inplaces, theoccurrenceof
hydraulic breccia and jigsawpuzzle texturedveins orbrecciaveins in
the fault zones testifies to tectonic events accompanied by hydro-
fracturing (e.g.,Woodcock andMort, 2008). Repeatedfluctuations in
fluid pressure are inferred from the widespread occurrence of
laminated crackeseal veins (Ramsay, 1980; Sibson et al., 1988).

Two main vein compositions occur: (i) epidote-rich, quartz-
ecarbonate veins, with minor prehnite and/or pumpellyite; and (ii)
quartzecarbonate veins with sulphides, accompanied by diffuse



Fig. 5. Field examples of studied brittle structures: (a) outcrop scale positive flower structure in Glasgow metavolcanics (view towards the north; Bowers Mountains north of Mt.
Overlook); (b) thrust fault zone with minor imbricate structures (Glasgow metavolcanics, south of the Sledger Glacier); (c) slickenfibres composed of quartz, chlorite and epidote
(Glasgow metavolcanics, North of the Sledger Glacier); and (d) damage zone in partially recrystallized metabasalt with intense quartz veining (Glasgow metavolcanics, North of the
Sledger Glacier).
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wallrock alteration. In one location gold mineralization occurs
(Crispini et al., 2007c; Crispini et al., in press).

Overall, the development of mineral vein networks andwallrock
alteration zones is consistent with substantial amounts of syn- to
post-tectonic fluid circulation and rockefluid interaction, with
temperature estimates from chlorite thermometry suggesting
ranges from 270 to 320 �C (Crispini et al., 2007c).
4. Methods

4.1. Inversion of faulteslip data

Most faulteslip inversion techniques use one or two funda-
mental assumptions:

� They impose a geometrical constraint requiring that slip on the
fault plane takes place parallel to the direction of maximum
resolved shear stress (Wallace, 1951; Bott, 1959, so-called
"WallaceeBott hypothesis"),

� Alternatively or additionally, they include a frictional
constraint that the fault plane must form with an orientation
that fulfils the MohreCoulomb yield criterion, e.g., the shear-
to-normal stress ratio equals tan 4 where phi is the angle of
internal friction (Coulomb, 1776).

Using these constraints, different methods have been proposed
to solve the inversion problem, that is, to derive the reduced stress

tensor from measured faulteslip data. Some techniques use the
geometrical criterion whilst others rely on the frictional criterion;
some combine both approaches (Célérier, 1988; Angelier, 1990;
Zalohar and Vrabec, 2007). The latter group of methods are
particularly valuable since those based solely on the geometrical
constraint allowmechanically unacceptable solutions, such as fault
plane orientations with a very small shear stress combined with
a very large normal stress (Célérier, 1988). Comprehensive reviews
of the different techniques are given in Angelier (1994), Ramsay and
Lisle (2000) and Liesa and Lisle (2004).

To obtain solutions that are as realistic as possible, we combined
different approaches using different software packages.

4.1.1. Faultkin
The software Faultkin 4.3.5 (Allmendinger et al., 1994) uses the

‘P and/or T Dihedra Grid’ graphical/analytical method proposed by
Angelier and Mechler (1977) and Angelier (1979, 1984). This
method is founded on the WallaceeBott hypothesis and calculates
P, B and T axes as defined in seismology (Scheidegger, 1964). The P
and T axes are constructed by bisecting the orthogonal nodal planes
of a fault plane solution, and thus lie at 45� to those planes (Marrett
and Allmendinger, 1990). They are kinematic axes and correspond
to the principal directions of incremental strain (see Marrett and
Allmendinger, 1990). We refer to them below simply as the
maximum shortening axis (P), themaximum stretching axis (T) and
the intermediate axis (B). In many cases, they represent reasonable
approximations of the principal stress axes; for a detailed discus-
sion of this topic see Célérier (1988).



Fig. 6. Sketch map of the study area with the location of the damage zones where the
observed hydrothermal alteration and veining is more intense.
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4.1.2. MIM (Multiple Inverse Method)
MIM is amodification of the classic inverse technique of Angelier

(1984), and thus is basedon thegeometrical criterion (Yamaji, 2000).
This method has been created specifically to derive stresses from
heterogeneous faulteslip data, and, therefore, follows a step-by-
step procedure: first, it creates groups of k elements from thewhole
data set (Yamaji et al., 2005a). If k¼ 4, it generates each possible set
of 4 faults so that each fault is related to any possible combination of
three other faults. Then it applies Angelier’s (1984) inverse tech-
nique to all of these artificial k-fault subsets. Finally, all calculated
reduced stress tensors, i.e., one for each 4-fault-subset in our
example, are plotted in lower-hemisphere plots, one for s1 axes and
the other for s3 axes (Yamaji and Sato, 2005). Symbols of different
colours refer to different values of the ratio F¼ (s2� s3)/(s1� s3).

With this procedure, we are theoretically able to appreciate all
significant stress states inherent in a heterogeneous data set, as
they are indicated by clusters of symbols that agree in terms of s1-
and s3-directions as well as colours (see, for instance, Fig. 3).

To filter the solutions, the enhance factor e (with 0� e� 99)
defines a threshold value which is required for a particular stress
state to appear in the MIM stereograms (Yamaji et al., 2005b).

If you select e¼ 0, all solutions for a data set are plotted. Larger
values of e, on the other hand, correspond to a reduced number of
plotted solutions and are chosen to enhance the most relevant
clusters.

4.1.3. FSA
The FSA software (Célérier, 1999 and subsequent modifications)

is based on a combination of both the geometrical and frictional
constraints.
It first calculates a large number of reduced stress tensors by
means of a random grid search. The reduced stress tensor is used to
predict the slip for each fault, which is then compared to the real
slip on each fault plane. The difference between these two values,
indicated as the ‘misfit angle’, represents ameasure of quality of the
tensor solution with respect to how well it fits the actual faulteslip
data. The best tensors are, therefore, those that minimize the
deviation between the shear stress and the measured slip on fault
surfaces.

Secondly, it investigates which of these tensors also satisfy the
frictional constraint. FSA permits a direct inspection of the reduced
Mohr circle resulting from the different calculated stress tensors,
allowing the user to choose the one with the largest number of
faults showing high shear stress to normal stress ratio. These faults
tend to be tangent to the external (s1es3) circle and are probably
neoformed in the investigated stress field.

4.2. Procedure of analysis

We carried out a preliminary inspection of the faulteslip data by
applying Faultkin, FSA and MIM routines to the whole data set of
single outcrops. Results show a moderate degree of heterogeneity
of the database (Fig. 3) as indicated by dispersion of both calculated
s1 and s3 axes (for FSA and MIM) and kinematic axes (for Faultkin).

To unravel these data sets, we adopted a stepwise procedure, as
suggested by Sippel et al. (2009); in particular:

(1) We first applied the ‘P and/or T Dihedra Grid’ method to the
whole data set for a single outcrop using Faultkin and then
performed a visual inspection to eliminate fault data that don’t
fit;

(2) We then apply the FSA routine to the same data set and select
the stress tensor that satisfies the largest number of faults
using a threshold value of the misfit angle of 40� as a first
approximation (we refer to this restricted database as the "first
subset db");

(3) We then sequentially apply Faultkin and FSA to the first subset
db; in this second run, misfit angles are usually less than 20�,
with few fault data between 20� and 30�. A good quality result
is also indicated by the shape of the angular deviation histo-
gram: the best solutions usually show the maximum of the
histogram corresponding to the smallest differences in angle.
Moreover, the calculated stress tensor is also evaluated through
the inspection of the Mohr circle: stress tensors that are char-
acterized by higher shear stress/normal stress ratio (and,
therefore, with faults plotting near to the outer circle) are
preferred; these stress tensors are reported in Table 1.

(5) We apply MIM to the whole data set for a single outcrop, using
e¼ 5, to compare results of the different routines;

(6) We then perform a second run of MIM on the first subset db
using e¼ 50 using the stress tensor identified by Faultkin, and

(7) we finally apply MIM to the first subset db using e¼ 50 using
the stress tensor identified by FSA.

We group the faults excluded from the first subset db in
a “second subset db” and we repeat the procedure from 1 to 7.
There are usually faults that cannot be assigned to any tensor; they
may represent stress states related to few measured faults; if less
than 4 faulteslip data are present, the procedure of inversion
cannot theoretically constrain any stress tensor (e.g., Célérier, 1988
and cited references), and, as a consequence, we evaluate them at
the end of the routine.

At the end of the analysis, we compare results of the different
software packages against each other and with the field observa-
tions. In particular, we try to establish the relative chronology of the



Table 1
Results of separation and inversion of faulteslip data for each location. All stereoplots are equal-area projections, lower hemisphere. (r0¼ (s1� s2)/(s1� s3); F¼ (s2� s3)/
(s1� s3)).

(continued on next page)
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calculated stress tensors using locations where overprinting rela-
tionships have been observed in the field.

By way of an example, consider structural station 6, which
comprises 21 faulteslip data. When Faultkin is applied to the whole
data set, it reveals quite a big scatter (Fig. 7a). Visual inspection
suggests that we could exclude 8 data, but this procedure is highly
subjective and involves a high degree of error. Therefore, we per-
formed the first run with FSA software and exclude 14 faults that
have a misfit angle higher than 40� (Fig. 7b). The seven remaining
data represent the “first subset db” for structural station 6. On this
reduced data set we perform a second runwith FSA: now the misfit
angles do not exceed 20� and the calculated stress tensor is



Table 1 (continued)
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compressive/transcurrent with an EeW trending s1 (Fig. 7c). For
this stress tensor, FSA calculates an aspect ratio r0¼ 0.48166, with
r0¼ (s1� s2)/(s1� s3). The Faultkin result agrees with FSA and
shows an EeW trending P axis and an aspect ratio of the strain
ellipsoid R of 0.38778, where R¼ (E2� E3)/(E1� E3).
When MIM software is used to analyse the whole data set, it
once again produces a high degree of scatter (see Fig. 3), and the
result does not enable the identification of a stress tensor with
reasonable confidence. However, when applied to the first subset
db, we obtain results whose orientations are consistent with those



Table 1 (continued)
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obtained using the other software packages (Fig. 7d). The different
colours of the tadpoles in Fig. 6d refer to different values of F, so we
still have to choose theF factor (F¼ (s2� s3)/(s1� s3)) for theMIM
stress tensor. To do this we superimpose the PeTaxes and the stress
axes derived from the Faultkin and FSA calculations, respectively,
on the tensors calculated by MIM (Fig. 7d), as suggested by Sippel
et al. (2009). In this case F¼ 0.5 (light green) for the FSA tensor
and 0.6 if we use the PeTaxes calculated by Faultkin.We then check
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the chosen tensors with the database of faulteslip data. The misfit
angles calculated by MIM using the stress axes calculated with FSA
are low (lower than 20�, apart from one value of 24.9�), as shown in
Fig. 7e. In this structural station, and in general, better agreement
exists betweenMIM and FSA results than between MIM results and
PeT axes calculated by Faultkin.

Following the same procedure with the remaining faults, we
identifieda secondsubset db comprising4data. This subsetfits a stress
tensor that is almost purely compressive, againwith EeWtrending s1.
Therearenow10faults thatdon’tfit anyof thecalculatedstress tensors.

The shear-to-normal-stress ratios used to draw the reduced
Mohr diagram for the best-fitting stress tensor are directly calcu-
lated by FSA, whereas for MIM tensors, we used the software
FLUMO (Sperner et al., 1993).

5. Results

Most of the fault populations are heterogeneous, as illustrated
by the different orientations of strain axes calculated by Faultkin
and of stress axes calculated from FSA and MIM (Fig. 3). Where
possible, we have separated different subsets (whose significance
is discussed below), whilst in other cases, if the data set was too
small, just one stress tensor was calculated, or the faults don’t fit,
they have been grouped in the “Rest” column of Table 1. For each
stress tensor we show the misfit angles (fluctuation histograms)
of both FSA and MIM solutions and the corresponding reduced
Mohr diagrams. Since the procedure of inversion of faulteslip
data only allows us to calculate the directions of the principal
stress axes and the ratios of the principal stress differences
(r0¼ (s1� s2)/(s1� s3) or F¼ (s2� s3)/(s1� s3)), the shape of the
Mohr diagram is known, but the absolute size and position
remain unknown.

5.1. Results of faulteslip analysis for each structural station

Results of fault-slip analysis are shown in Table 1.

1) Structural station 1
Nine faults define a compressive stress tensor with an EeW
trending s1. The FSA and MIM results show a good agreement,
both in terms of the orientation of the principal stress axes and
the stress tensor aspect ratio. However, the reduced Mohr
diagram for the FSA tensor is better defined.

2) Structural station 2
Two different tensors are calculated, each based on a few data.
Both show an EeW trending s1. In detail, one tensor is char-
acterized by inverted positions between s2 and s3 in Faultkin
and FSA results. Both tensors show a certain degree of obliq-
uity. One in particular has s2 plunging between 56 and 58
degrees. The stress tensor orientation remains essentially
constant, but the principal stress magnitudes vary due to the
maximum and intermediate stresses swapping positions.
These two tensors could represent different superposed
events, but the persistency of similar s1 orientation may be
better explained with a stress field with compressive and
strikeeslip components.

3) Structural station 3
An EeW trending, dominantly compressive tensor is calculated.
A second, more oblique tensor, with similar s1 is defined by 4
faults. One of these faults may be the reactivation (double
slickenline) of an older fault, thereby giving a sequence to the
tensors. The second tensor is characterized by higher F (and
consistently lower r0) values. The persistency of similar s1
orientations points to local reactivation in the framework of the
same stress field.

4) Structural station 4
A compressive stress field with a NEeSW trending maximum
compressive stress is calculated on the basis of either 8 (FSA) or
7 (MIM) faults. Unlike station 3, the purely compressive tensor
here shows a very high F (and low r0) value. The other 5 data
define a second oblique stress tensor: in this case PeBeT axes
and FSA-calculated s1 and s2 are 53� apart.

5) Structural station 5
All data in this station fit a compressive tensor with an EeW
trending s1.

6) Structural station 6
An oblique/compressive stress tensor with an EeW trending s1
is calculated by all software methods; four other data fit
a second genuinely compressive stress tensor with an EeW
trending, subhorizontal s1. Like structural station 4, the genu-
inely compressive tensor shows a very high F (and low r0) value.
Again the similarity of s1 orientation points to local rotations of
the stress tensor in the framework of the same stress field.

Normal sense reactivations of older reverse/obliqueeslip
faults is observed in the field: these normal faults don’t fit any of
the calculated tensors.

7) Structural station 7
A compressive stress tensor with a NEeSW trending s1 is
calculated.

8) Structural station 8
A compressive stress tensor with a NEeSW trending s1 is calcu-
lated. A second stress tensor is recognized, that is dominantly
strikeeslip according to FSA and dominantly normal according to
PeBeT axes. The two results have s1/P axis and s2/B axis recipro-
cally inverted and are based on few data. However, a fault
belonging to this system cross-cuts one of the reverse faults of the
first tensorand, therefore, a local timesequence canbeestablished.

9) Structural station 9
A dominantly compressive, slightly oblique stress tensor is
calculated, with a NEeSW trending s1.

10) Structural station 10
A compressive stress tensor with a NNEeSSW trending s1 is
calculated.
5.2. Shapes of the strain ellipsoids

Since P, T and B axes calculated by Faultkin are related to the
principal incremental strain axes, we can measure the shape of the
strain ellipsoid using the ratio:

R ¼ ðE2 � E3Þ=ðE1 � E3Þ
where E1, E2 and E3 are the eigenvalues of the Bingham moment
tensor (Table 2).

Values of 1.00, 0.50 and 0.00 for R indicate ideal flattening, pla-
neestrainandconstrictional ellipsoids, respectively. In amoregeneral
way,we can suggest (see for instanceDiraison et al., 2000) that values
between 0.35 and 0.65 indicate a planeestrain type (stations 1, 2 T2,
4 T2, 5, 6 T1, 8 T1, 9,10), whilst values between 1.00 and 0.65 indicate
a strain ellipsoid of flattening type (stations 2 T1, 3 T1, 7) and values
between0.00 and0.35, a constrictional type (stations3 T2, 4 T1, 6 T2).



Fig. 7. Example of the stepwise procedure of faulteslip analysis for structural station 6 (see text for explanation).
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6. Discussion

6.1. Paleostress inversion method

A good agreement exists between stress calculations and field
data. All the reactivated faults identified in the field were either
assigned to two different stress tensors or were assigned to one
stress tensor and to the “rest” group by the software. In contrast,
when single fault planes with a curved geometry have been iden-
tified (4 cases), the software was able to fit them into the same
stress tensor in just one case. As a consequence, caution needs to be
taken performing analysis of faulteslip data in areas of trans-
pressive or transtensive tectonics, where faults commonly
changing dips from deeper to shallower levels.
Table 2
Eigenvalues for P, T and B axes (E3, E1 and E2, respectively) and calculated ratio
R¼ (E2� E3)/(E1� E3).

E1 E2 E3 R Type

Stop1 1T 0.35 �0.01054 �0.341 0.47823444 Plane strain
Stop2 1T 0.15 0.06376 �0.214 0.76307692 Flattening
Stop2 2T 0.31 �0.04102 �0.269 0.39374784 Plane strain
Stop3 1T 0.32 0.07228 �0.4 0.65594444 Flattening
Stop3 2T 0.38 �0.11 �0.269 0.2449923 Constrictional
Stop4 1T 0.35 �0.107 �0.25 0.23833333 Constrictional
Stop4 2T 0.43 0.03532 �0.436 0.54424942 Plane strain
Stop5 1T 0.35 �0.04936 �0.309 0.3939909 Plane strain
Stop6 1T 0.3 �0.04162 �0.258 0.38777778 Plane strain
Stop6 2T 0.44 �0.139 �0.309 0.22696929 Constrictional
Stop7 1T 0.2 0.05357 �0.254 0.67746696 Flattening
Stop8 1T 0.34 �0.01961 �0.327 0.46085457 Plane strain
Stop9 1T 0.33 0.04875 �0.38 0.60387324 Plane strain
Stop10 1T 0.42 �0.06163 �0.364 0.38567602 Plane strain
By comparing theMohr diagrams produced through the FSA and
MIM software packages (Table 1) we notice that stress fields
calculated by FSA usually give rise to a higher shear/normal stress
ratio, that is a higher slip tendency, for a larger number of faults
compared to the MIM results. This probably means that the routine
followed by the MIM software does not always yield the most
realistic stress states for a given fault population.

A good agreement between FSA and MIM results exists for the
great majority of F/r0 ratios of the different stress tensors.

Faultkin is not able to separate different strain tensors in
a heterogeneous data set, but a first-order similarity exists between
kinematic axes calculated by Faultkin and FSA stress axes. This
seems to confirm its validity for a rapid inspection of faulteslip
data.

MIM often generates large and diffuse clusters for the different
subsets and, therefore, the identification of the relevant stress
states is not always straightforward.
6.2. Stress regimes

In many of the investigated locations, different methods of
faulteslip analysis identify just one stress tensor. When the
paleostress calculations resulted into two stress tensors, the
orientation of s1 usually remains stable (structural stations 2, 3, 4,
6), whereas s2 and s3 may vary in the plane perpendicular to s1,
ranging from almost pure compressive stress regimes to variable
degrees of wrench component. In these cases we attributed both
the stress tensors to the same stress regime.

The dominant stress regime of the studied area is characterized
by an EeW to NEeSW trending subhorizontal s1. A progressive
rotation from EeW to NEeSW directions occurs from north to
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south (Fig. 8), in accordance with the changing orientation of the
pre-existing ductile regional fabric. The presence of an inherited
structural anisotropy in the study area implies that the lithosphere
likely behaved anisotropically to subsequent brittle deformations; i.
e., planes of weakness were not randomly distributed. This poten-
tially disturbs paleostress determinations. However, calculated
stress tensors (especially those from FSA, see Table 1) appear to
induce relatively high shear-to-normal-stress ratios on the
respective faults (these plot near the outer envelope of the asso-
ciated Mohr circles). This indicates that many faults contain the s2-
axis in their plane, something that may imply a neoformed char-
acter. This is also favoured by the fact that we have not analyzed the
main bounding faults (Lanterman and Leap Year faults), but minor
structures in between.

Only in the Sledgers Glacier area (structural station 8) does
a likely younger tensor occurs, that can be linked either to a strike-
slip or to a normal regime, with a NEeSW trending s1. In the
framework of a sinistral EeW trending strikeeslip system normal
faults can develop as an en echelon array of T-fractures (Tchalenko
and Ambraseys, 1970). We, therefore, favour the strikeeslip tensor
over the normal tensor. Since the s1 direction remains constant
with the compressive tensor, and the tensor is calculated from only
four data, its geological significance remains unclear. However, field
evidence of cross-cutting relationships between the two fault sets
belonging to the different tensors may indicate a local rotation of
the stress field in the area north of the Lanterman Range.

6.3. Significance of compressive oblique stress field

The remarkable consistency in the orientations of the calculated
stress tensors in different locations points to the development of
a regionally significant obliquely compressive deformation regime,
i.e., transpression.

The main fault zones are NNWeSSE to NWeSE striking and the
relationships between the attitude of s1 and the main fault zones
(Fig. 8) define a transpression zone with sinistral kinematics.
Transpression is also suggested by frequent presence in the field of
curved fault surfaces with positive flower geometries (Fig. 4a). The
swapping of stress (or strain) tensor orientations as seen for instance
in structural station 2, is again a feature commonly observed in
transpressional geometries (e.g., Audemard et al., 2005).

Transpression (Harland, 1971; Sanderson and Marchini, 1984;
Fossen and Tikoff, 1993; Robin and Cruden, 1994; Dewey et al.,
1998; Holdsworth and Pinheiro, 2000; Holdsworth et al., 2002;
Tavarnelli et al., 2004) often develops in response to oblique
convergence across pre-existing regional-scale discontinuities. A
partitioning between dipeslip reverse and strikeeslip faulting is
common (e.g., Fossen and Tikoff, 1993) and allows the accommo-
dation of both the lateral displacement due to the convergence
obliquity and the shortening relative to the perpendicular plate
convergence. This would also explain the compatibility that exists
in our case study between reverse and strikeeslip faults. A
combination of distributed thrusting and wrenching is also
confirmed by the shapes of the strain ellipsoids (dominantly flat-
tening to plane strain types; Merle and Gapais, 1997).

Stress inversion techniques in transpressional deformation zones
need to be applied with a high degree of caution, because of high
frequency of “non-Andersonian” faults. However, many examples
exist where the inversion of faulteslip data has been applied
successfully to areas dominated by transpression (e.g., Burg et al.,
2005; Laó-Dávila and Anderson, 2009; De Vicente et al., 2009).

There are some differences between single stress states recor-
ded at individual localities compared to the overall regional stress
field. In particular, the s1 trend rotates from EeW to NEeSW in the
Lanterman Range/Sledgers Glacier area (Fig. 8) where the main
faults change strike from NNWeSSE to NWeSE. This could result
from a rotation of the sector south of the Sledgers Glacier linked to
displacements along younger EeW striking strikeeslip systems
active in this area post-dating the dominant NNWeSSE left-lateral
faults (structural station 8). Alternatively, since the attitude of the
main faults follows the orientation of the Ross-related ductile fabric
(Fig. 6), the apparent rotation of paleostress field could be
explained by the interaction between the regional pre-existing
fabric with the far-field stress field. However, were this the case,
there should be an increase in the strikeeslip component in this
southern sector of the study area. Since this is not observed, the
second hypothesis appears less feasible.

6.4. Age constrains and regional implications

In northern Victoria Land, the Cenozoic brittle tectonics has
been thoroughly investigated by many authors (Salvini et al., 1997;
Salvini and Storti, 1999; Rossetti et al., 2000, 2002, 2003; Storti
et al., 2001) whereas older brittle structures related to post-Ross
Orogeny phases are less well known (Wodzicki and Robert, 1986;
Jordan et al., 1984; Capponi et al., 1999). During the present
study, we have selected only those faults characterized by a specific
type of damage zones and mineralization. Some of these faults are
truncated by the Admiralty Intrusives and are hence most likely to
be of Paleozoic age. The diffuse veining and hydrothermal alter-
ation associated with these faults is consistent with temperatures
in the range 270e320 �C (Crispini et al., 2007c). This suggests that
the studied faults were likely active at depths close to the brit-
tleeductile transition (at least 10 km, Sibson et al., 1988).

The field observations and faulteslip analysis suggests an EeW
to NEeSW trending subhorizontal s1 for the paleostress tensor, and
a sinistrally transpressional tectonic regime. This contrasts mark-
edly with the dextral transtensional NWeSE to NNWeSSE trending
strikeeslip regime in northern Victoria Land during the Cenozoic
(Salvini et al., 1997; Rossetti et al., 2003) with NeS- to NNWeSSE
trending s1 (Rossetti et al., 2002). We observed clear examples of
dextral strikeeslip faults overprinting faults related to the sinistral
transpressional system described here. Indeed, some of the faults
excluded from the stress tensor calculations ("Rest" column of Table
1, especially stops 6, 7 and 10) are consistent with the kinematics of
Cenozoic faults reported by Rossetti et al. (2003). This is in agree-
ment with the known longevity of intraplate strikeeslip deforma-
tion zones, that usually tend to be reactivated many times (Storti
et al., 2003). We, therefore, conclude that the studied faults pre-
date the better known Cenozoic structures in this part of Antarctica
and that a Paleozoic age is more likely.

The climax of Ross orogenic activity in northern Victoria Land is
commonly assigned to the Late CambrianeEarly Ordovician
(500e480 Ma), when high-pressure metamorphism occurred (Di
Vincenzo et al., 1997), together with voluminous calcalkaline
magmatism (Borg et al., 1986 and references therein) and regional
deformation (Wright and Dallmeyer, 1991). Less consensus exists
concerning the presence of other (younger) Paleozoic tectonic
events in the area. Ordovician to Silurian geochronological ages
have occasionally been reported in the past (e.g., Adams and
Kreuzer, 1984; Dallmeyer and Wright, 1992), including local reac-
tivation of the Lanterman Fault Zone (480e460 Ma; Crispini et al.,
2007b) and shear zone development in the inboard Wilson
Terrane (about 440 Ma; Di Vincenzo et al., 2007). Lastly, a Devonian
event ("Borchgrevink Orogeny") has been suggested by Grindley
and Warren (1964) and more recently Capponi et al. (2002) have
supplied some radiometric evidence. In the Devonian/Carbonif-
erous, the significance of the Admiralty/Gallipoli magmatic pulse is
still widely debated. Despite their clear calcalkaline affinities (Borg
et al., 1986), which might suggest a relationship with an accretion/



Fig. 8. Geologic map with the trend of the s1 axes (red arrows) for the dominant stress field of the study area.
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subduction process, no evidence of deformation has so far been
described and the plutons seem to be little deformed, shallow
crustal, discordant features.

We, therefore, tentatively link the sinistral transpressional
deformation either to the waning stages of the Ross Orogeny (Early
Ordovician), or to a Late OrdovicianeSilurian event still poorly
constrained in northern Victoria Land, but more widely recognized
in southeastern Australia. Taking into account the former juxta-
position of northern Victoria Land and SE Australia, a Late Ordo-
vicianeSilurian deformation phasemight be linked to contractional
tectonics associated with the early stages (Benambran Orogeny) of
the development of the Late OrdovicianeLate Devonian Lachlan
Fold Belt (e.g., VandenBerg et al., 2000). Significantly, this defor-
mation phase is associated with NEeSW to EeW convergence
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(present-day coordinates; Squire and Miller, 2003; Glen et al.,
2007). Moreover, structurally controlled mineralizations and
veining that formed in the 455e435 Ma interval in the Stawell and
Bendigo Zones of SE Australia appear to be generally related to
reverse faults (Bierlein et al., 2001, 2004). At Stawell, gold lodes of
this age developed during brittle deformation associated with high
fluid pressures in a NEeSW and then EeW shortening regime
(Miller and Wilson, 2002). The mineralized faults described in
northern Victoria Land may have been generated during the same
tectonic context (Crispini et al., in press.).

7. Conclusions

In the present study, faulteslip data were inverted to calculate
reduced palaeostress tensors through a stepwise procedure that
allowed us to compare results obtained from different methods.We
found good agreement between FSA and MIM results and a first-
order agreement of principal stress axes and PeBeT axes calculated
by Faultkin. Paleostress inversion methods correctly separated
faults of different populations when overprinting relationships had
been observed, and in general agree well with field observations,
except in cases where fault planes exhibited curved geometries.

We identified a transpressional stress field, that sometimes was
represented by two different stress tensors, one purely compressive
and one with a wrench component, with a constantly orientated s1
axis. This stress field gave rise to steeply-dipping reverse and
strikeeslip (predominantly sinistral) faults, locally associated with
the development of positive flower structures and diffuse veining
and hydrothermal alteration in fault zones.

This regional stress field is characterized by an EeW trending,
horizontal s1 and local rotations into NEeSW directions in the
Lanterman Range/Sledgers Glacier area, due either to subsequent
block rotation or to the interference between the far-field stresses
with pre-existing ductile discontinuities.

This paleostress regime could be linked either to the waning
stages of the Ross Orogeny or to a poorly known Ordovi-
cianeSilurian tectonic event, that could represent the northern
Victoria Land counterpart of the Benambran Orogeny in the Lachlan
Fold Belt.

The paleostress regime, overall structural framework and the
association with fault-hosted hydrothermal veins constitutes
strong similarities with the Stawell and Bendigo Zones of SE
Australia, thus suggesting that a OrdovicianeSilurian event is the
best candidate for the development of such a stress field and
related structures. Additional geochronological dating studies are
required in order to further test this hypothesis.
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