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ABSTRACT

Geomorphology, regolith geology and apatite fission track thermochronology (AFTT) have been used to constrain
the later tectonic history of the Mundi Mundi range front in western NSW The Mundi Mundi range front
approximates the trend of the Mundi Mundi Fault and divides the Mundi Mundi Plains to the west, from the Barrier
Ranges to the east To the north the range front is crossed by the Kantappa Fault, which appears to have
accommodated most of the more recent tectonic activity. The Mundi Mundi Fault is an ancient structural feature
originating in the Proterozoic, and has continued to be active up to recent times A pilot AFTT study clearly shows
very different temperature-time paths for rocks on either side of the range front Samples from the west record
initial cooling from palaeotemperatures >~100-110°C during the Early Palaeozoic (Cambrian-Ordovician,
sugdesting an association with the Delamarian Orogeny), whereas samples from within the Barrier Ranges
immediately to the east show sigificant Mid-Late Palaeozoic cooling, sugdesting an association with tectonism at
this time (e g Alice Springs Orodeny or Lachlan Orogeny). Further cooling is also recorded during the Tertiary
but the timing is less well constrained because it occurred from relatively shallow crustal levels Continued,
younger tectonism is sudgested by displacement of pediments and associated alluvial fan cover, deep stream
incision, controls on the Cretaceous and Tertiary sedimentation and a series of strath terraces and related stream
knickpoints in stream channels crossing the Mundi Mundi and Kantappa Faults These results are consistent with
interpretations of greater denudation east of the range front, and its long term tectonic activity throughout the
region’s history of landscape evolution
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INTRODUCTION

The Mundi Mundi range front is one of the most
prominent landscape features in the Broken Hill region
This feature has been recognised by both geologists and
geomorphologists, however Its significance to the
regional long-term landscape evolution and younger
tectonic  history Is  poorly  constralined As
morphotectonic evolution is a major control on regolith
and landscape evolution its uderstanding allows physical
and chemical dispersion patterns over time to be better
constrained and applied to regional mineral exploration
models. This study provides an integrated approach to
the study of long-term morphotectonic evolution,
combining approaches such as apatite fission track
thermochronology (AFTT), geomorphology and regolith

319

studies for the area in the vicinity of the Mundi Mundi
range front The AFTT approach is particularly powerful
for reconstructing the thermotectonic history of the
upper ~2-5 km of the continental crust, especially in
crystalline terrains, where traditional stratigraphic and
are not avallable for

structural  parameters

palaeolandscape reconstructions

SETTING

The area considered here is located west of the city of
Broken Hill, where the Mundi Mundi range front divides
the Mundi Mundi Plains to the west, from the Barrier
Ranges to the east (Figure 1)
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Figure 1: Location map of the Mundi Mundi range front area

The range front mostly approximates the trend of the
Mundi Mundi Fault, however to the north it is split along
both the Kantappa Fault and the continuation of the
Mundi Mundi Fault The close association between the
range front and these faults suggest a strong tectonic
influence on its evolution Bedrock In most of the area
contains a series of early Palaeoproterozoic
metasedimentary and metaigneous rocks of the
Willyama Supergroup (Stevens, 1980; Stevens et al,
1983; Stevens & Corbett, 1993), although to the north
Neoproterozoic (Adelaidean) rocks occur across the
range front area The area also includes granitic rocks
(Mundi Mundi type intrusives) emplaced during the
Mesoproterozoic Stevens (1986) and Qibson et al
(1997) suggested that the origins of the Mundi Mundi
Fault extend into the Proterozoic and it was active during
Neoproterozoic continental extension associated with
the break-up of Rodinia (Gibson et al, 1997)
Interpretations from the recent Australian Geological
Survey Organisation (AGS0) seismic line show that the
Mundi Mundi Fault is a reverse fault dipping about 30
degrees to the east and southeast (Gibson, 1997;
Gibson et al, 1998). Less is known about the Kantappa
Fault Hs southeastern section corresponds to the
Rantappa Schist Zone, while further to the northwest
Estill & Burns (1978) suggested that it has displaced
Mesozoic and Cainozoic sedimentary units Hill et al
(1994; 1997) and Gibson (1997) show that it is a
significant morphotectonic structure

PREVIOUS MORPHOTECTONIC ACCOUNTS

Although tectonism is well established as a major control
on both regolith and landscape evolution, the recognition
of its significance in Australia has featured major conflicts
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and changes of opinion Initially there was a strong
consensus amongst landscape researchers that large
parts of Australia experienced a major episode of
tectonism and landscape rejuvenation during the Plio-
Pleistocene, known as the “Kosciusko Uplift’ (e g
Andrews, 1911; Browne, 1969) With the development
of better chronological controls an alternative paradigm
of long-term tectonic and landscape stability achieved
widespread support (e.g Young, 1970; Ollier, 1978;
Bishop, 1985; Gale, 1992) This paradigm largely found
support in: (i) Australia’s intra-plate setting; (i) the
established antiquity of many landscape facets and
materials; (iii) the relatively low relief of much of the
continent, paticularly relative to well known active
orogenic zones, such as the Himalayas; and, (iv) its
appeal as a response to the failings of the earlier
paradigm of young tectonism Despite continued reports
of neotectonism, the model of long-term tectonic stability
dominates recent studies of Australian regolith and long
term landscape evolution It is now appropriate to begin
to re-evaluate this paradigm, incorporating observations
of recent tectonic activity within models for the long term
evolution of Australia’s regolith and landscapes. This
study attempts to intedrate and constrain tectonic activity
throughout the history of landscape development along
the Mundi Mundi range front

The Mundi Mundi range front is a prominent landscape
feature recognised in many of the previous geological
studies in the Broken Hill region Landscape features
along the range front were originally interpreted in the
context of recent tectonic activity along the Mundi Mundi
Fault. The prominent range front is widely recognised as
a fault-line escarpment, which has eroded back to its
present location slightly east of the Mundi Mundi Fault
(Mawson, 1912, Andrews, 1922; Stevens, 1986; Hill et
al, 1994; 1997) "“Valley in valley” features, or strath
terraces, have been recognised along streams crossing
the range front, particularly in the Campbells Creek area
to the north, and are thought to represent recent
episodes of tectonically driven incision (Mawson, 1912;
Andrews, 1922) Mawson (1912) and Stevens (1986)
also sudggested that concordant summits in the uplands
of the Barrier Ranges represent remnants of an ancient
palaeosurface that has been disrupted and incised due
to recent tectonic activity along the Mundi Mundi Fault

Geomorphological studies of alluvial fans along the
Mundi Mundi range front by Wasson (1978), sudgested
that other than an ancient contribution to range front
development, there was no evidence of tectonic controls
and modifications to the youndest units of these fans
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Figure 8: Plots of apatite fission track age (Ma)
versus weight%Cl for individual grains (8a) and
central apatite age (Ma) versus mean weight%Cl for
each sample (8b). For reference Durango apatite
mean chlorine composition is also shown as a
vertical dashed line.

DISCUSSION

SYNTHESIS OF MORPHOTECTONIC EVOLUTION

AFTT Interpretations

interpretation of the fission track results indicates that
the areas sampled experienced cooling episodes during
the Palaeozoic and the Tertiary. On the Mundi Mundi Plain
onset of a discrete phase of cooling is recorded from the
Early Palaeozoic (Cambrian-Ordovician). It is suggested
that this cooling was a probable response to kilometre-
scale denudation associated with the Delamarian
Orogeny. This timing contrasts with that seen in rocks in
the Barrier Ranges and west of the Mundi Mundi Fault
within the Kantappa Fault block which record a phase of
rapid cooling in the Mid-Late Palaeozoic. This cooling
episode is possibly related to denudation associated with
the tectonism at this time, such as the Alice Springs
Orogeny which has also been recognised in central
Australia (e.g. Tingate, 1990; Shaw et al., 1991; Dunlap
& Teyssier, 1995; Spikings et al.,, 1997) and areas to the
north and west of the study area in South Australia (e.g.
Mitchell et al., 1997) or the Lachlan Orogeny recognised
in southeastern Australia (e.qg. Gray & Foster, 1997).
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The disparate temperature-time histories recorded
between rocks from the Mundi Mundi Plain and the
Barrier Ranges and Rantappa Fauit block to the east
points to the importance of the Mundi Mundi Fault and
western section of the Kantappa Fault as a major
geological boundary. To the east a dreater amount of
denudation has occurred than to the west, such that at the
time of onset of Mid-Late Palaeozoic tectonic related
cooling, rocks presently exposed to the west were
~40-50°C cooler than those to the east. In terms of the
present day geothermal gradient known from the Broken
Hill region (~20°C/km) this represents removal of at least
2-2.5 km of section. It is emphasised that because the
chiorine content of apatite in samples to the west of the
Mundi Mundi Fault Is relatively high the samples could
have been at an even deeper crustal level at this time, so
the calculated amount of denudation should be regarded
as a minimum. The present data set does not allow a
specific timing to be placed on movement along this fault,
however it must have occurred post Late Palaeozoic.

Regolith-Landform Interpretations

The Mundi Mundi range front is located close to the margins
of several sedimentary basins that have been evolving
throughout the Mesozoic and Cainozoic. The tectonic
evolution of these basins has largely been facilitated by
reactivation of ancient structures. The tectonic evolution of
these basins appear to have had an influence on the
morphotectonic evolution of this range front.

Sediments of the Eromanga Basin extend into the Frome
Embayment, which underlies much of the Mundi Mundi
Plains to the west of the range front.
sediments extend to the south into the Berri Basin which
underlies parts of the Murray Basin (Rogers, 1995),
however the extent of these sediments over the Barrier
Ranges is not known. The apparent absence of these

Equivalent

Figure 9: Cartoon of the morphotectonic setting of regolith types
across the Mundi Mundi range front.
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Instead, Wasson (1978) preferred to interpret features
of the fan morphology and sedimentation within the
context of Quaternary climate fluctuations. Radiocarbon
dating of fan sequences and palaeosols sudggested that
fan sedimenation is associated with wetter periods of the
Quaternary, and fan incision a feature of drier periods
(Wasson, 1978). Tectonic quiesence during the recent
evolution of these fans has been recently supported by
Hill et al. (1994) and Gibson (1997) However, field
evidence and interpretations outlined in this study
suggest that tectonism continues to contribute some
control on the fans and other regolith and landform
features in the vicinity of this range front

METHODS

REGOLITH AND LANDSCAPE STUDIES
In this study a range of regolith and landscape features
have been used to account for morphotectonism

Range Front Morphology

The morphologies of range fronts, In particular the
pattern of dedradation, have been widely used as an
indicator of relative tectonic activity Mountain or range
front sinuosity (Bull & McFadden, 1977) is defined as:

Smr = Lwe/Ls

where Sy IS the mountain or rande front sinuosity; Lmf is the
length of the range front along the foot of the range at the
pronounced break in slope; and Ls is the straight-line length of
the range front (Figure 2a) This index is used to reflect the
balance between erosional forces that tend to cut
embayments into a range front and tectonic forces that tend
to produce a straight range front more coincident with an
active randge-bounding fault. The potential value of this index
assumes that rande fronts associated with active tectonics and
uplift are relatively straight, with low values of Sy , whereas if
the rate of uplift is reduced then erosional processes will carve
a more irregular range front, and Sy will increase. Comparison
of range front sinuosity when assessing relative tectonic
activity between different range fronts is susceptible to
complications due to variations in lithology, structure,
drainage-basin spading and potential changes in dimate and
uplift with time  The geoloay of the Mundi Mundi range front
has been mapped at a scale of 1:25,000 and therefore reveals
lithological variations along it in detall Also by comparing
sections just along the Mundi Mundi range, variations in many
of these other variables besides tectonism are reduced
Determination of the sinuosity index is also dependent upon
the scale of the Imade or map from which intial measurements
were derived. In this study these calculations were made using
RC9 air photographs at a scale of approximately 1:80,000
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Drainage System Modifications

Longitudinal stream profiles have the potential to be
powerful tools for detecting subtle perturbations from a
dgraded profile along a river's course. These perturbations
may be expressed as “flattening” and “steepening” of
stream longitudinal profiles, often caused by changes in
stream baselevel or lithological resistance Perturbations
expressed as pronounced channel steepening are
referred to as knickpoints (Figure 2b) Knickpoints
associated with regional baselevel change due to
processes such as tectonic uplift are usually
distinguished from litholegical controls by anomalous
profite steepening for particular lithologies, and also the
expression of a particular knickpoint along adjacent
stream ftributaries with underlying lithologies of different
erosive resistance Stream knickpoints were identified
from field study, often after initial discovery from air
photo interpretation

Fluvial Terraces

Stream terraces represent time lines along valleys

because they are formed during periods of equilibrium or

threshold conditions in the fluvial system Strath

terraces consisting of a thin layer of river sediment

overlying a bedrock-cut platform are the terrace type

most widely associated with long-term baselevel

lowering, such as due to tectonic uplift. In this case

stream downcutting may be characterised by brief

periods of equilibrium and floodplain construction

separated by periods of incision Four main types of

tectonic deformation of fluvial terraces include (Figure

20):

i uplift and incision without differential deformation
(often described as “valley in valley” incision);

ii. surface faulting;

i terrace warping; and,

iv tilting

In this study, uplift and incision without differential
deformation have been identified from within the range
front area

Alluvial Fans and Pediments

Although influenced by a range of factors such as
climate, alluvial fans have been recognised as sensitive
indicators of morphotectonic activity (e d. Bull, 1964;
Hooke, 1967). Alluvial fan morphology reflecting a
strong tectonic control on sedimentation typicaily
feature extensive fanhead deposition of fan segments
indicating high rates of range front uplift relative to both
the rate of stream-channel downcutting in the range, and
to fan deposition If the rate of uplift of the range front is
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less than or equal to the rate of downcutting of the stream
in the range, then fanhead trenching may occur and
deposition is shifted downfan The relationship between
fan size and catchment area also has the potential to
characterise tectonic setting, with a larger fan size to
catchment area ratio expected In areas with a major
contribution from active tectonism controlling fan
development. This may become complicated because
other variables besides tectonism may also Influence fan
size and catchment area relationships, such as differences
in bedrock lithology (and hence erodibility) of stream
catchments, climate and catchment topography. The
highly heterogeneous rande of bedrock lithologies across
the Broken Hill region limits the ability of alluvial fan size to
catchment area ratios to exclusively recognise tectonic
controls  Some dgeneral observations of apparently
anomalous relationships however are made here, usually
in assodiation with other indicators of active tectonism

The relationships between alluvial fans and pediments
along range fronts have been considered in many
studies (e g Bull, 1984; Dohrenwend, 1994; Bourne &
Twidale, 1998) Pediment development is often
associated with long-term tectonic stability, whereas
extensive alluvial fan development is usually a feature of

tectonically active range fronts (Figure 2d) A pediment
is a gently sloping erosion surface developed across
bedrock that may be thinly veneered with regolith As
faultline escarpments retreat with time, a pediment will
develop, extending downslope from the base of the
range front (Bull, 1984; Dohrenwend, 1994) Although
the surface of pediments may include irregularities, their
dgeneral slope usually decreases away from the range
front approaching a concave upward profile decreasing in
slope towards the local baselevel (usually within the
adjacent sediment covered plains). Tectonic activity
along the range front will displace earlier formed
pediment slope profiles so that they are no longer in
their original landscape setting Regolith on the
pediment (such as alluvial fan units) will be similarly
displaced The identification of such features may give
some indication of tectonic activity, particularly where
several “stacked” pediment profiles can be Identified
along a single faultline escarpment profile and
sedimentary units may be correlated across tectonic
dislocations. These features may then be used in a
similar way to strath terraces as indicators of tectonism,
however the significance of thelr genesis and slope
morphologies are less well understood
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Figure 2: Regolith-landform evidence for morphotectonic activity used in this
study a) range front sinuosity, b) stream knickpoints; ¢) tectonic deformation of
[fluvial terraces (after Keller & Pinter, 1996); d) alluvial fan and pediment
development of typical of different uplift rates and rates of local base-level
processes for formation of (i) thick alluvial fans next to the rangefront; (ii)
entrenched alluvial fans; and (iii) undissected pediments (after Bull, 1984)
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APATITE FIsSION TRACK THERMOCHRONOLOGY
(AFTT)

Background

The spontaeous nuclear fission of 238U over geological
time in uranium-bearing minerals such as apatite causes
the formation of linear zones of radiation damade known
as fission tracks When formed in apatite, the tracks
have a fairly constant mean length of 16+1 (m (Gleadow
et al, 1986). The tracks can be made visible by a
chemical etching procedure on a polished surface of the
mineral so that they can be observed and measured by
optical microscopy The number of tracks that have
accumulated in a mineral can be related to the uranium
content and time over which they have been
quantitatively retained (le a measure of geological age).
Fission tracks possess a fundamental property which
forms the basis of their use in thermochronology. When
exposed to elevated temperatures the radiation damage
formed by the tracks is progressively repaired or
annealed, over interval which is
characteristic for each particular mineral In the case of
apatite, this temperature interval typically occurs above
~100°-120°C for geological heating times of the order of
106 years or more Some annealing in apatite occurs
even down to ambient surface temperatures, but below
~60°C this is relatively insignificant Hence, the
temperature interval between ~60°C and ~100°-120°C
Is often referred to as the apatite fission track partial
annealing zone In this zone, increasing temperatures
cause prodgressive annealing resulting in track
shortening, reduced track density, and a reduction in the
fission track age (Gleadow et al, 1986; Green et al,
1989) It follows that at temperatures >~100°-120°C
total annealing results in the reduction of the fission
track age to zero For apatite, this general picture is
complicated by the fact that chemical composition is weli
known to be an important factor in determining the
annealing behaviour of fission tracks in apatite and the
temperature at which tracks will be totally annealed In
chlorine-rich  apatites, tracks have been
completely annealed at temperatures 300-400C higher
than in fluorine-rich apatites (eg Green et al, 1986;
O’Sullivan & Parrish, 1995; Kohn & Foster, 1996)

a temperature

fission

New tracks continuously form throughout geologic time,
so the apparent fission track age and the distribution of
track lengths in an apatite sample reflects the integrated
thermal history of the rock (Gleadow et al, 1986, Green
et al, 1989) In this study, data have been interpreted
using the principles of apatite fission track response
described by Green et al (1989) These are based on an
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empirical kinetic description of laboratory annealing data
in Durango apatite [~0 43 wt% CI] (Green et al, 1986;
Laslett et al., 1987) Thermal-history interpretations are
based on a quantitative treatment of annealing achieved
by forward computer modelling (Green et al, 1989) of
track shortening and age evolution The model by Laslett
et al (1987) for annealing of fission tracks in apatite
gives predictions that are consistent with geological
constraints on annealing behaviour, as explained by
Green et al. (1989) More recently, Gallagher (1995) has
automated this procedure to give a forward modelling
approach which combines a Monte-Carlo simulation of
numerous possible thermal histories, with statistical
testing of the cutcome adainst the observed fission track
measurements A genetic algorithm that is “self learning”
is also used to provide rapid convergence to an
acceptable fit

Methods

Nine samples from locations shown in Figure 1 from the
Mundi Mundi range front area were processed and analysed
as a part of a AFTT pilot study for the region. Samples were
collected from areas where bedrock crops out along both
sides of the Mundi Mundi range front This included
samples from the southern end of the range front, and also
from the north particularly across the area where the
Kantappa Fault crosses the Mundi Mundi Fault to assess
differences in tectonic histories across these structures
Samples were crushed and dground, and apatite
concentrated by conventional heavy liquid and magnetic
techniques. Grain mounts were prepared following the
procedures outlined in Moore et al (1986) and Kohn et
al. (1995) Irradiations were carried out in a well
thermalised neutron flux in the X-7 position of the HIFAR
reactor at Lucas Heights, N5W Fission tracks in each
mount were counted under transmitted light using a
Zeiss Axiotron microscope with a dry objective at a
magnification of 1250x Where possible, 20 dgrains were
counted on each mount For a further description of
fission track counting methods see Green (1986)

Fission track ades were calculated using the zeta
calibration method and standard fission track age
equation (Hurford & Green, 1982) Errors were
calculated using the techniques of Green (1981) For all
samples the “central age” (Galbraith & Laslett, 1993),
which is essentially a weighted-mean ade, is reported
The observed age spread is determined statistically
using the Chi-square test (Galbraith, 1981) which
indicates the probability that all grains counted belong to
a single population of ages A probability of <5% is
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evidence of an asymmetric spread of single grain ages.
Such a spread in individual grain ages can result either
from inheritance of detrital grains from mixed detrital
source areas, or from differential annealing in apatite
grains of different compositions (Green et al, 1989)

Lengths of confined tracks were measured using the
procedure outlined by Green (1986) Only fully-etched
and horizontal “confined tracks” were measured (Laslett
et al, 1982) in grains with polished surfaces parallel to
prismatic crystal faces. Measurements were made under
similar conditions to those employed for age
determinations Suitable track lengths were measured
using a projection tube and a digitising tablet calibrated
using a stage micrometer As many tracks as possible
were measured from each sample

Chlorine values of 92 apatite grains for which fission
track ages had been previously determined were
determined from seven samples were determined on a
JEOL JXA-5A electron microprobe analyser at Geotrack
International Pty Ltd The microprobe was run at an
accelerating voltage of 15KV, defocussed beam size of
15-20 (m and beam current of 29nA, and samples
calibrated using the Durango apatite standard. For values
<0 02% Cl errors are about x100%, for values of
~0.10%Cl errors are about +£25% and for values ~1% U
errors are about £15%

RESULTS

REGOLITH AND LANDFORM FEATURES

The regolith and landform features along the Mundi
Mundi range front can be sub-divided into two main
sections: i) along the Mundi Mundi Fault trend; and, ii)
along the Kantappa Fault trend in the north

Features Along the Mundi Mundi Fault Trend

The Mundi Mundi Fault extends for over 150 km, along
most of the western edge of the Barrier Ranges, from
the Thackaringa Hills in the south and west of Corona
homestead in the north (Figure 1) Its orientation varies
along its length from approximately N-S south of
Umberumberka Creek to approximately NE-SW between
Umberumberka Creek and Cartwrights Creek, and north
of Cartwrights Creek its trend is approximately N-5

A regional NW-5SE topographic profile across the Mundi
Mundi range front near Umberumberka Creek reveals a
sharp increase in elevation corresponding to the Mundi
Mundi fault line escarpment with a gradual decrease Iin
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elevation towards the southeast. Elevation of hill crests
and ridge tops dradually decreases from over 400m
immediately to the east of the range front to less than
200 m In the central Barrier Ranges near the city of
Broken Hill. Further to the southeast the topodraphy is
complicated by the influence of other structures and
lithological controls along the Springs, Mulculca and
Redan Faults This topographic profile suggests the
existence of a tilted fault block with relative movements -
of upthrusting along the Mundi Mundi Fault and
downtilting towards the southeast. It is not clear whether
the upland summit surfaces represent a tilted
palaeosurface  Mawson (1912) suggested that
concordant summits and upland surfaces in the Barrier
Ranges may represent remnants of a land surface
originating in the Mesozoic The limited sedimentary and
regolith preservation across the higher landscape
elements of this area however makes regional
correlations purely speculative The apparent upland
surface represented by concordant summits with limited
regolith preservation may have originated in part as an
etch-surface exhumed after regolith stripping across the
region In areas experiencing less relative uplift, stripping
appears to have been less extensive and weathering
profiles are preserved beneath an extensive sedimentary
cover such as beneath the Mundi Mundi Plains and in the
Balaclava region, south of Broken Hill

A detailed section across the Mundi Mundi range front
may be subdivided into two separate escarpments: i) the
main escarpment; and, ii) a minor escarpment, providing
a step In the slope profile of the piedmont zone of the
main escarpment (Figure 3)

7] Atuvial fan
T . ) )
+ Ancient afluvial fan sediment
+ + + o+
o+ [$83] Petily beds and tags
o+ 4+

BB conium

Frash - slightly weathered bedrock

+ + o+ MAJOR
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Figure 3: Section across the Mundi Mundi range front
escarpments
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