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Foreword

The Sydney Basin encloses a significant proportion of the Australian population, and the 1989 M5.6
Newcastle earthquake demonstrated that the basin is not immune from the impact of even relatively
modest earthquakes. In spite of this, few investigations have been conducted to identify and
characterise potential geologic sources of strong ground shaking. A recent major study of the
southern part of the basin commented that “The available data are less complete than ideal for the
purposes of probabilistic seismic hazard analysis”. Essentially, the extreme infrequency of large
earthquake events in intraplate regions, such as Australia, means that the short historic record of
seismicity is poorly suited to the task of assessing seismic hazard. Hence, geologic, geomorphic and
paleoseismic knowledge has a vital role to play in obtaining constraint on the probable location and
recurrence of large and damaging earthquakes near Sydney.

In April 2005 a one—day workshop at the University of Sydney brought together a diverse range of
researchers with experience in the geology and geomorphology of the Sydney Basin, neotectonics
and seismic hazard science. A series of seminars were presented covering geology, geomorphology,
seismicity and seismic hazard. These served as a nucleation point for subsequent discussion, and the
drafting of the papers presented herein. This proceedings volume contains within its covers tools for
understanding large earthquake occurrence within the Sydney Basin. Hence, it represents a
framework upon which future advances in our understanding of the seismic hazard posed to
Australia’s largest population centre may be based.
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Neotectonics and landscape evolution of
southeastern Australia: establishing a geologic

context for contemporary seismicity

MARK C. QUIGLEY?, MIKE SANDIFORD?, DAN CLARK?
1SCHOOL OF EARTH SCIENCES, THE UNIVERSITY OF MELBOURNE
2GEOSPATIAL AND EARTH MONITORING DIVISION, GEOSCIENCE AUSTRALIA

ABSTRACT

Southeastern Australia contains a rich geologic record of Plio-Quaternary reverse faulting and
associated landscape evolution that can be used to provide geologic constraints on historical
seismicity. The Mt Lofty-Flinders Ranges-eastern Gawler Craton region and Eastern Highlands are
characterized by high fault density, “youthful” geomorphology, and high seismic activity relative to
most of Australia, including the intervening Murray Basin. Inferred ~east-west directed maximum
compressive paleostress orientations derived from Plio-Quaternary faults are generally consistent
with ~east-west to ~southeast-northwest maximum compressive stress orientations derived from
historical earthquake focal mechanisms, providing a link between the neotectonic record, seismicity,
and in situ stress. Plio-Quaternary fault slip rates along range-bounding reverse faults range from 20
to 150 m per million years (m Myr™). Coupled with slow bedrock erosion rates at range summits,
this suggests a minimum of 100 m of surface uplift has occurred over considerable areas of
southeastern Australia since the Miocene. Estimates of recurrence interval of large magnitude,
surface rupturing earthquakes along individual faults range from ~ 22 000 to > 83 000 years. Single-
event fault displacements may have reached up to 8 m in total fault offset. The data acquired from
neotectonic investigations bear heavily on the modes, mechanisms, and seismic risk associated with
the active regional deformation of southeastern Australia, including the Sydney Basin.

INTRODUCTION

Although records of historical earthquakes provide cursory information on active crustal
deformation and seismic risk, recurrence intervals of large earthquakes in many intracontinental
regions commonly surpass the life span of these records by orders of magnitude, defining the need
for fault studies over geologic time-scales. The neotectonic record of prehistoric faulting provides an
important source of information on the long-term behaviour of intracontinental faults, especially
where it can be linked to contemporary seismicity. Australia is particularly well-suited to study these
structures as much of the continent is relatively arid and has remained immune from Quaternary
glaciations, resulting in high preservation levels of faults and associated landforms.

In southeastern Australia, distribution patterns of contemporary seismicity closely overlap with
topographically high regions containing increased concentrations of neotectonic faults and rugged
“youthful” geomorphology, implying a casual link between active deformation and landscape
evolution (Fig. 1). Considerable progress has been made towards a better understanding of the
dynamics, rates, and landscape manifestations of this modern tectonic regime through recent
neotectonic, geomorphic, and geodynamic studies. In this paper, we briefly summarize this progress
and provide a regional geologic context for southeastern Australian earthquakes.

ACTIVE DEFORMATION OF SOUTHEASTERN AUSTRALIA

Seismicity and in situ stress

Southeastern Australia is one of the most seismically active parts of the continent, with distributions
of historical (~1850 A.D. to present) earthquakes up to Richter Magnitude ~6.4 extending from the
eastern Gawler Craton to the Eastern Highlands (Fig. 1). Approximately 7000 earthquakes were
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Figure 1: Distribution of seismicity in southeastern Australia. Earthquakes concentrated in the
Mt Lofty-Flinders Ranges-eastern Gawler Craton region and in a belt traversing the west coast
of Tasmania through the Eastern Highlands in southeast Victoria and New South Wales.

recorded in the region from 1958 to 1999 (Spassov and Kennett, 2000). Two distinguishable belts of
enhanced seismicity are visible; the first centred within the Mt Lofty-Flinders Ranges-eastern
Gawler Craton region and the second continuing from the west coast of Tasmania through the
Eastern Highlands in southeast Victoria and New South Wales in the vicinity of the Sydney Basin
(Fig. 1). Seismicity is considerably lower in the intervening Murray Basin and cratons to the west.
Earthquake focal mechanisms in the Flinders Ranges indicate combinations of compressive strike-
slip and reverse faulting along roughly north- to northeast-striking focal planes, from which a
principle horizontal compressive stress orientation (Spmax) 0f ~ 83° was inferred (Greenhalgh et al.,
1994; Hillis and Reynolds, 2000; Clark and Leonard, 2003). Reverse fault mechanisms and borehole
breakouts define a roughly southeast-northwest oriented Spmax azimuth (~130°) throughout the
eastern highlands in Victoria (Gibson et al., 1981; Hillis and Reynolds, 2000). The bulk of focal-
mechanism data from the Sydney Basin seem to indicate a roughly northeast-southwest oriented
Shmax (Clark and Leonard, 2003). In summary, when historical earthquake and in situ stress data is
considered at the scale of southeastern Australia, there seems to be a general pattern of roughly east-
west oriented compression, with superimposed Symax Variability a possible artefact of either seismic
sampling (Clark and Leonard, 2003) and/or local geologic conditions such as topography or basin
structure (Zhang et al., 1996; Hillis and Reynolds, 2000).
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Quaternary faulting

Geologic studies have identified as many as 100 faults with demonstrable Quaternary displacements
across southeastern Australia (Fig. 2). Recent studies have integrated ASTER and SRTM high
resolution satellite imagery (Sandiford, 2003; Quigley et al., 2006), structural geology and
geomorphology (Clark et al. in press), optically stimulated luminescence (OSL) dating (Quigley et
al., 2006; Clark et al. in press), 1°Be cosmogenic nuclide dating (Quigley et al., 2007) and other
techniques to provide quantitative constraints on paleoseismicity, fault slip rates, recurrence
intervals, and related sedimentary and landscape responses to faulting. Several important
conclusions and implications have come from this work: (1) All documented Quaternary faults
involve either purely dip-slip reverse movement or oblique-reverse movement; no Quaternary strike-
slip or normal faults have been found. Fault kinematic data derived from fault plane and slickenline
orientations indicate a roughly east-west oriented palaeo-Symax, consistent with the Symax azimuth
derived from historical seismicity (Sandiford, 2003; Quigley et al., 2006); (2) Quaternary faults
commonly occur along geologic boundaries such as inherited lithotectonic boundaries (e.g.,
Wilkatana and Roopena / Ash Reef Faults within Lake Torrens Rift Zone) and range fronts (Flinders
and Mt. Lofty Ranges) and commonly reactivate ancient fault zones (e.g., Mundi Mundi Fault, Lake
Edgar Fault) (3) Estimates of prehistoric southeastern Australian earthquake magnitudes (M), based
on fault rupture lengths, single-event displacements and inferred ranges of hypocentral rupture
depth, range from M = 5.8 to 7.2 (Clark and McCue, 2003; Quigley et al., 2006). The data is
consistent with M estimates for the largest recorded Australian earthquakes (Meeberiee, WA 1941,
M=7.3; Meckering, WA 1968, M=6.8; Tennant Creek, NT 1988; M=6.7); (4) Plio-Quaternary fault
slip rates derived from cumulative displacements of Pliocene and Quaternary sediments range from
20-150 m Myr? (Sandiford, 2003; Quigley et al., 2006). Fault slip rates determined from individual
fault exposures are difficult to assess because of the tendency of intracontinental faulting to cluster
in time and space (Crone et al., 1997, 2003). For example, faults in the Wilkatana area of the central
Flinders Ranges may have incurred upwards of 15 m of cumulative slip since ~ 67 000 years ago
(Quigley et al., 2006), equating to Quaternary rates of ~225 m Myr™, whereas the Lady Buxton
segment of the Paralana Fault in the northern Flinders Ranges may not have moved since the
Pliocene; (5) Estimates of surface-rupturing earthquake recurrence interval from Quaternary faults
range from 1: 22,000 years to > 1: 83,000 years and are also severely hampered by the sporadic
nature of intracontinental faulting (Quigley et al., 2006); (6) Earthquake activity may have resulted
in upwards of several 100’s of meters of cumulative surface uplift in some parts of southeast
Australia, such as the Flinders, Mt Lofty, and Otway Ranges (Sandiford, 2003; Tokarev et al., 1999;
Bourman and Lindsay, 1989) and Eastern Highlands (e.g. Khancoban-Yellow Bog Fault, Sharp,
2004; Lake George Fault, Abel, 1985). Quaternary faulting also appears to have defeated and
diverted the Murray and Goulburn River systems near Echuca in northern Victoria (Clark, 2007) and
diverted the Murray River again near Morgan in South Australia. This suggests that major landscape
changes have occurred in response to large earthquakes generated within the modern tectonic
regime.

Modes and mechanisms of crustal deformation

Insights into the mode of active crustal deformation in southeastern Australia may be obtained by
combining historical seismicity with neotectonic studies and geological and geophysical datasets.
Celerier et al. (2005) suggest that two modes of active deformation have been in operation in the
Flinders Ranges region over the last several million years: (1) low-amplitude (~200-500 m), long-
wavelength (~200 km) elastic lithospheric flexure, as indicated by long-wavelength correlations
between surface topography and gravity, and (2) active range front reverse faulting. Seismicity has
been focused in the Flinders Ranges because of older (Neoproterozoic and Cambrian) tectonic
structuring and thermal weakening, generated by high concentrations of heat producing elements
within granite bodies that compose the regional basement (Celerier et al., 2005). Older tectonic
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structuring is also likely to have played a part in localizing seismicity in the Eastern Highlands,
where Miocene to Quaternary reverse faulting has in places reactivated normal faults formed during
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Figure 2: Distribution of faults in southeastern Australia suspected of hosting
Quaternary seismogenic displacement (from the Geoscience Australia neotectonics
database®.

Mesozoic rifting. However, thermal weakening appears less relevant to the seismicity of this region,
as basement rocks are characterised by significantly lower heat flows than those composing the
Flinders Ranges (Cull, 1982).

The origin of the east-west compressional in situ stress field in southeastern Australia is
controversial and attributed either to variations in density structure associated with the formation of
the eastern Australian margin (Zhang et al., 1996) or interactions along the Pacific-Australian plate
boundary associated with the generation of the Southern Alps of New Zealand (Coblentz et al.,
1995, 1998; Sandiford, 2003; Sandiford et al., 2004). While crustal density structure must
undoubtedly influence the local stress regime beneath the Eastern Highlands, it is unlikely to
account for Symax trends across Victoria and in the Flinders Ranges, where there is no prominent
coastal escarpment (Sandiford et al., 2004). Alternatively, the shift from a predominately strike-slip
to highly transpressional regime along the Pacific-Australian plate boundary, initiating as early as 12
Ma (Sutherland 1995, 1996) but firmly entrenched by 6.4 Ma (Walcott, 1998) is thought to have
progressively built the Southern Alps and consequently increased plate boundary resisting forces
(Sandiford et al., 2004). Sandiford and co-workers (Sandiford, 2003; Sandiford et al., 2005; Celerier
et al., 2005; Quigley et al., 2006) suggest that a small component of this stress is transferred back
into the Australian plate, where it is manifested as compressional intraplate earthquakes in southeast
Australia.
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The geological record of southeastern Australia tentatively attests to the establishment of the modern
tectonic regime during the terminal Miocene. For instance, a number of basins in southeastern
Australia were inverted and eroded by up to 1 km on structurally controlled highs during the interval
8-6 Ma (Dickinson et al., 2001). Further constraints on the timing at which compressional faulting
began in southeastern Australia are urgently required to better constrain temporal-spatial links
between changing plate-boundary kinematics and intraplate deformation. Continued research into
the evolution of Plio-Quaternary fault systems will contribute to play a vital role in developing a
better understanding of contemporary seismicity in southeastern Australia.
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The Inner Sydney Basin: Geology, Land
Surface and Earthquakes

DAVID BRANAGAN
School of Geosciences, University of Sydney

ABSTRACT

The term Sydney Basin is often misunderstood by the general public, who think it refers to the
region extending to the edge of the Blue Mountains, north to the Hawkesbury River and south to
about Picton. This Inner Sydney Basin is the focus of discussion in this paper. While the Lapstone
Structural Complex is given most attention as a possible site for strong seismicity, numerous smaller
fault zones, such as the Coastal and Berowra Waters lineaments, also need to be studied. Although
some geophysical evidence has been put forward that the Lapstone structures have developed by
thrusting from the west, the general pattern of the complex, its extension north and south and the
related structures at these extremities are more consistent with normal faulting, and down dragging
of the Cumberland Basin.

INTRODUCTION

This paper discusses some aspects of what | call the Inner Sydney Basin, the region extending
approximately north to the Hawkesbury River, south to Stanwell Park and west to the lower Blue
Mountains (Figure 1).

ZHORNSBY PLATEAU

BOTANY BAY

SYDNEY HARBOUR

Figure 1. The “Inner Sydney Basin”, what many lay people regard as the total Sydney Basin
(Branagan, 1985).

This is what the general public think of when the term ‘Sydney Basin” is used, although it is
approximately what geologists define as the Cumberland Basin, with the adjacent plateaux. While
the discussion of this paper focuses on this inner region, it needs to be remembered that earthquakes,
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anywhere in the whole Sydney Basin, as defined by geologists, and even beyond, can affect the
inner region and its man-made structures.

The region consists dominantly of sedimentary rocks deposited in the Permian and Triassic periods
(about 260 — 200 million years before present (B.P.)). In the Sydney region the Triassic rocks are
exposed. The underlying Permian rocks are exposed on the south coast (from Stanwell Park and
south), to the north around Lake Macquarie to Newcastle and in the valleys of the western Blue
Mountains. In the Sydney region the Permian rocks are at about 900m deep. In a few places these
‘solid” Triassic and Permian rocks have a relatively thin cover (say 100m) of mostly unconsolidated
sediments of Pleistocene to Recent age (2 million BP), notably around Botany Bay, the Penrith
Lakes, and Maroota (to the north west).

Igneous activity has occurred, but is not extensive. It consists of both intrusions and extrusions. In
the inner Sydney region these range in age from about 200 Ma to 15Ma. Volcanic necks such as at
Hornsby, Dundas, Nortons and Bents Basins, the distinctive Prospect intrusion, and numerous dykes
have been mapped. The dykes appear to be commoner in the eastern (coastal) area. This might be a
matter of better exposure on the coast than across the Cumberland Plain, although dykes are
certainly rare in the Blue Mountains.

While the sedimentary succession is generally flat-lying, there is clear evidence of minor folding
during deposition, and there is also post-depositional folding and faulting. Some of this post-
depositional deformation can be attributed to the last phases of movement of the Hunter-Bowen
Thrust System (Moelle and Branagan, 1987; Mills et al, 1989; Branagan, 2000a and 2000b), but
other later activity occurred, mainly in the period 80 — 20 Ma.

Even within the “inner Sydney Basin” we can recognise smaller basins and domes, which reflect
these deformations. The most obvious is the Botany Basin, which is also, incidentally, the site of the
thickest succession of young sediments (Tertiary — Cainozoic). These sediments will react to seismic
shaking quite differently to the older, consolidated rocks, as happened in the Newcastle region
during the 1989 earthquake.

Evidence indicates that both compression and tension have occurred during and after deposition, and
there appear to have been two long periods of tension — at the end of major deposition (Late
Triassic), and Early Tertiary (sea-floor spreading), as indicated particularly by the dyke intrusions.

POSSIBLE SITES OF SEISMIC ACTIVITY

Emphasis has been given to the Lapstone Structural Complex as a likely site of strong seismic
activity (based on past seismic records. However it is pertinent to point out other structural
weaknesses that have been mapped in the Sydney region in the past thirty years. Although these
mostly show little or no signs of geologically recent activation, they should not be entirely
discounted as sites of seismic activity. At the various sites mapped a variety of fault types can
be recognised. They include normal, steep reverse, overthrust, strike-slip and fault breccia
(crushed rock) varieties. It is not unusual to find several different fault types in close proximity.
This is not to be unexpected, as once a rock mass has been weakened by faulting it is quite
likely to be the locus of further faulting, and although one might expect similar movements as
had taken place previously, the weak material could easily deform in a new way. Although a
little removed from the “inner Sydney Basin”, the fault systems mapped just east of the Mooney
Mooney Creek Bridge on the F 4 Freeway, are a particularly good example of such deformation.
Here reverse folding/faulting, normal and strike-slip faults have been recorded (Mills et al., op.
cit.).
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Figure 2 Coastal, West Head and Berowra Waters Lineaments (after Mauger et al, 1984; and
Norman, 1986).

The strike-slip faults and related structures, (including strongly developed shear zones, and possibly
the breccia features) have attracted some attention in recent years as they have been encountered
during various large engineering projects in the region and have required special treatment.
Slickensides patterning on the Mooney strike slips, and a similar fault at Normanhurst appears
surprisingly fresh (Branagan & Packham 2000), but no evidence is known of any movements on
these features, although such cannot be discounted. Norman (1986) and Whitehouse and Branagan
(1998) discussed aspects of the “Coastal Lineament’ of Mauger et al (1984), the West Head
Lineament and related structures (Figure 2), and more recently Ochs et al (2004) have produced a
coloured map of the Sydney CBD showing mapping by Branagan, 1985; Norman, op. cit., with
additional more recent mapping. For further discussion on Sydney faulting see Branagan, 1977
2000a, and 2000b; Branagan and Norman, 1984; Branagan et al., 1987; Branagan and Mills, 1990).

THE LAPSTONE STRUCTURAL COMPLEX

As mentioned earlier this structure marking the eastern edge of the Blue Mountains has been the
focus of attention by geophysicists as the most likely site for a reasonably large earthquake to
affect the Sydney region. Cotton (1921) presented information on the last reasonably large
earthquake here, in 1919, and there are some additional notes on this earthquake in his personal
papers (University of Sydney Archives).

It is not proposed to discuss the geology of this region here. It has been covered to a
considerable extent in Pedram, 1983; Rawson 1989; Branagan & Pedram, 1990, 2000), which
also list many of the earlier papers.

My only concern is to comment on the suggestion put forward by a number of speakers at the
recent symposium on Sydney Earthquakes, and also in some papers in this volume (e.g.
Fergusson, 2005) that the major movement on the Lapstone structure has been a thrust
(variously suggested as high angle, and low angle) from the west. This has been based to some
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degree on the suggested pattern of reverse faulting in the north-south striking faults in the
Lachlan Foldbelt to the west, and on the not too detailed seismic records obtained during coal
and oil exploration in the region, (Herbert, 1989).

"MOUNTAINS |
\. PLATEAU HORNSBY
S L PLATEAU

WORONORA
ANTICLINE

Figure 3. The Lapstone Structural Complex and its associated faults to the north and South
seem more consistent with normal down warping to the east, rather than thrust deformation
from the west [after Bembrick et al, 1973].

While the classical explanation of the formation of the originally named Lapstone Monocline
required an uplift of the Blue Mountains in the Late Pliocene (The Kosciusko Uplift) (Andrews,
1910), Branagan (1975) suggested an alternative — down dragging of the Cumberland Basin during
the period of sea-floor spreading at the beginning of the Tertiary. Herbert (op. cit.) attributed the
origin of the faulting to a late Triassic movement, during reactivation of underlying Lachlan
Foldbelt deformation, including some wrench faulting (see also Harrington, 1982).

Although the author has recognised overturning of the steep Mt. Riverview Fault (east of the
Hawkesbury Lookout) and also of the Nepean Fault at Bents Basin (Branagan & Pedram, 1990) he
believes these are very localised events. One problem with the west-dipping thrust suggestion is that
it seems only to be looking at the north-south fault forming the main scarp of the edge of the Blue
Mountains. | believe we also have to take into consideration the associated faults and flexures which
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occur to the north and south and which mark the edges of the two plateaux, the Hornsby and
Woronora Plateaux. To my knowledge these structures, which by my suggestion of formation are
mainly contemporaneous with the major formation of the Lapstone structures, show no evidence of
reverse movement on any large scale. The curvature of these structures as they swing easterly seems
to conform with a fairly simple pattern of downdragging of the central basin (Figure 3).

Although it might be simplistic, one would expect a strong thrusting from the west to produce
sympathetic curving of faults westerly at the north and southern extensions of a strong north-south
trending thrust, rather than what we now map.

CONCLUSIONS

There is much still to learn about the structural nature and tectonic history of the inner (and
total) Sydney Basin. It is pleasing that this task is being taken up with vigour by geologists and
geophysicists. It will surely bear fruit and contribute to the raising of safety standards within
and extending beyond the metropolis, particularly with respect to seismicity.
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Review of structure and basement control of the
Lapstone Structural Complex, Sydney Basin,
eastern New South Wales

Christopher L. Fergusson
School of Earth and Environmental Sciences, University of Wollongong, NSW 2522, Australia

ABSTRACT

In the western Sydney Basin, the Lapstone Structural Complex is a major north-trending association
of monoclines and faults that forms the frontal ridge of the Blue Mountains Plateau. Palaecomagnetic
data from the southern part of the Lapstone Structural Complex indicates a Late Cretaceous to
Cenozoic timing of deformation. At Upper Kurrajong, the Lapstone Structural Complex is
dominated by an east-facing monocline with a central limb containing several different homoclinal
segments. At the Hawkesbury Lookout section, strata are steeply dipping to near vertical along the
main east-facing monocline and the subsurface structure is interpreted as a moderately west-dipping
thrust fault. The Lapstone Structural Complex can be regarded as related to either a west-dipping
thrust at depth or formed from steep east-dipping extensional faulting. Seismicity is consistent with
the first alternative. The eastern Lachlan Fold Belt is basement to the Sydney Basin and includes
moderately west-dipping faults that may also have been reactivated as thrust faults in the present-
day stress regime. These structures provide an analogue for a structure in the basement that
controlled development of the Lapstone Structural Complex.

INTRODUCTION

This account presents a brief review of the structure of the Lapstone Structural Complex in the
western Sydney Basin with two cross sections shown across the structure at Upper Kurrajong and
the Hawkesbury Lookout. These cross sections complement the structural outline of the Lapstone
Structural Complex given by Branagan and Pedram (1990, 1997). Additionally, the issue of
basement control of the Lapstone Structural Complex is considered with reference to potentially
active faults in the Lachlan Fold Belt to the west and south of the Sydney Basin.

BACKGROUND

The Lapstone Structural Complex consists of an association of east-facing monoclines, high-angle
faults, and fracture zones that form the frontal ridge of the Blue Mountains Plateau in the Permian to
Triassic Sydney Basin to the west of Sydney (Branagan & Pedram 1990, 1997). Development of the
Lapstone Structural Complex has been related to the Late Permian — Early Triassic Hunter-Bowen
Orogeny (Pickett & Bishop 1992). This argument was based on the inference that the Jurassic
Nortons Basin diatreme postdated local development of the monocline near Wallacia and from
suggestions that stratigraphic units thicken from west to east as they cross the Lapstone Structural
Complex and it is therefore a syndepositional feature. Eastward thickening of units begins well to
the west of the Lapstone Structural Complex and therefore this structure may not have been active
during deposition (Mayne et al. 1974). Palaecomagnetic data indicate that the Lapstone Structural
Complex has affected the widespread mid-Cretaceous overprint magnetisation in the Sydney Basin
and therefore that the structures formed later than mid Cretaceous (Schmidt et al. 1995). This is
consistent with an Early Tertiary age for the Lapstone Structural Complex advocated by Branagan
and Pedram (1990) and also with studies of sub-basalt topography and modelling of uplift in the
Blue Mountains (van der Beek et al. 2001). Numerous earthquakes have occurred in the Blue
Mountains and indicate that the Lapstone Structural Complex may still be active (Brown & Gibson
2004) despite the lack of tilting of Miocene magnetisation along the monocline at Lapstone (Bishop
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et al. 1979). Elsewhere in the Sydney Basin, for example, to the north of Wollongong, the high
modern-day stress regime has reactivated pre-existing fracture systems (Memarian & Fergusson

2003).
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STRUCTURE OF THE LAPSTONE MONOCLINE

The Lapstone Structural Complex varies along its length with monocline(s), high-angle faults and
minor structures such as thrusts, minor folds, tectonic breccias and joints (Branagan & Pedram 1990,
1997). An east-facing monocline is well developed along much of the Complex and this is shown in
a west-east cross section at Upper Kurrajong where the central limb of the monocline consists of
several segments with different dips to the east (Figure 2). Monoclines, such as in the Colorado
Plateau, have been attributed to contractional deformation along thrust faults at depth (Bump &
Davis 2003) but they are also related to deformation in rock strata overlying steeply dipping
extensional faults in underlying basement (Withjack & Callaway 2000).
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Figure 2 West to east cross section through the Lapstone Structural Complex at Kurrajong
Heights. Wg = Wianamatta Group (underlying units not labelled). Vertical scale = horizontal
scale. Cross section is constrained by the contact between the Wianamatta Group and the
underlying Hawkesbury Sandstone as shown on the Penrith 1:100 000 Geological Sheet
(Clarke & Jones 1991). The cross section has been drawn using the kink-band method of
construction (Suppe 1985).

The steepest dips on the monocline associated with the Lapstone Structural Complex occur below
the Hawkesbury Lookout. Here, strata west of the monocline are flat and gradually increase in dip
up to ca 15° to the east before crossing a fault onto the steeply dipping near vertical central limb
(Branagan & Pedram 1990, figure 7). A cross section is shown along a west-east line through the
monocline at Hawkesbury Lookout in Figure 3. The zone of ductile deformation at the surface
associated with the central limb of the monocline is replaced at depth by a moderately west-dipping
thrust fault in the lower part of the Sydney Basin and presumably the underlying basement with
approximately 500 m of net slip.

BASEMENT CONTROL

It has been suggested that the Lapstone Structural Complex was controlled by reactivation of the
western margin of the Budawang Syncline (the Eden-Comerong-Yalwal Rift) in the underlying
Lachlan Fold Belt especially where this was intersected by elements of the east-trending Lachlan
Lineament (Branagan & Pedram 1990). The structure of the Budawang Syncline exposed at the
Shoalhaven River and Ettrema Creek has been described by Cooper (1992); the western margin of
the Syncline is locally faulted and other faults occur within the structure although no evidence has
been found to indicate that any of these faults have been reactivated in the present-day stress field.
South the Sydney Basin, Ordovician turbidites and black shales dominate the Lachlan Fold Belt
either side of the Budawang Syncline. These rocks are complexly deformed with multiple
deformation and are also affected by common late brittle structures (Fergusson 1998; Fergusson &
Frikken 2003). Moderate to intense deformation with widespread folding, cleavage development and
numerous faults occur in the Lachlan Fold Belt to the west of the Sydney Basin (Glen 1992). Faults
in this region are west dipping and include structures such as the Wiagdon Fault Zone, Mulwaree
Fault, Yarralaw Fault and other structures (Fergusson & VandenBerg 1990). The Lake George Fault,
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northeast of Canberra, has spectacular topographic expression and has been related to Tertiary
normal faulting (Abell 1991). Other faults in the region show less evidence for Tertiary reactivation
although some have limited topographic expression with subdued fault scarps consistent with some
local neotectonic activity in addition to topographic variations caused by differential weathering. It
is considered that a pre-existing west-dipping thrust in the basement under the western Sydney
Basin, analogous to structures further west, provided control for development of the Lapstone
Structural Complex. Such a structure may have been reactivated in the east-west Late Neogene
contractional regime that has affected southeastern Australia (Sandiford 2003; Brown & Gibson
2004). The cross section for Hawkesbury Lookout in Figure 3 is consistent with this interpretation.
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Figure 3 West to east cross section through the Lapstone Structural Complex at the
Hawkesbury Lookout (note that stratigraphy is omitted but the surface exposure is in the
Hawkesbury Sandstone). Vertical scale = horizontal scale. Cross section was drawn using the
kink-band method of Suppe (1985).

DISCUSSION AND FUTURE DIRECTIONS

Earthquake activity in southeastern Australia is concentrated in a broad zone between Sydney and
Melbourne in the southeastern highlands as well as in other regions such as the Mt Lofty and
Flinders Ranges and Tasmania (Brown & Gibson 2004). Seismicity has been related to a
contractional regime reflecting east-west convergence across the Australian-Pacific plate boundary
in the South Island of New Zealand that has developed in the Late Neogene (Sandiford 2003). Slip
rates along faults are low (metres per million years, Brown & Gibson 2004) and it is therefore not
surprising that neotectonic faulting remains difficult to establish and many earthquakes cannot be
tied to source faults. Given the clear topographic expression of the Lapstone Structural Complex and
faults such as the Lake George Fault these structures may be at least partly related to the Late
Neogene contractional tectonic setting. Suggestions of an extensional origin for both these structures
need to be critically re-evaluated. A Late Neogene age for the Lapstone Structural Complex is

16



Seismic Hazard in Sydney Proceedings of the one day workshop

apparently contradicted by untilted Miocene magnetisation at Lapstone (Bishop et al. 1979) but it
does provide a plausible explanation for the problematic Rickabys Creek Gravel at Glenbrook (cf.
Pickett & Bishop 1992).

Given the great antiquity of much of the landscape in eastern Australia, the lack of evidence for
notable tectonic events in the latest Cretaceous to latest Palaeogene and recent evidence of Late
Neogene deformation and uplift in southeastern Australia (Sandiford 2003), it is important to re-
evaluate the role of reactivation and neotectonic activity on structures such as the Lake George
Fault, Mulwaree Fault and Lapstone Structural Complex. The present-day seismicity of southeastern
Australia indicates that thrust faulting is active and therefore west-dipping structures with potential
evidence for neotectonic activity should be carefully examined. More cross sections drawn to depth
incorporating seismic and borehole data are needed to determine if these structural geometries are
viable.
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Geomorphological evidence for neotectonic
activity on the northern Lapstone Structural
Complex.
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ABSTRACT

The results of morphometric analysis of drainage lines crossing the northern Lapstone Structural
Complex west of Sydney show that there are indicators of recent and possibly ongoing tectonic
deformation. Stream long-profiles oversteepen as they cross major faults, valley cross sections
narrow to ‘V-notches’ where streams enter the upthrown side of fault blocks, and several streams
have been partially dammed, forming swamps and lakes. These indicators are consistent with a
model of periodic deformation of the Kurrajong Fault System, near to the threshold conditions of
uplift/incision. The most pronounced example of tectonic modification of stream morphology is
Burralow Creek, which has been partially dammed to form Burralow Swamp. Sandy sediments
underlying an extensive lacustrine clay deposit, potentially relating to the last fault movement,
obtained Late Pleistocene ages.

INTRODUCTION

The Lapstone Structural Complex (LSC) consists of a series of related faults and folds bounding the
western edge of the Cumberland Basin approximately 50 kilometres west of the Sydney CBD (Fig.
1). It is one of the most prominent tectonic and topographic features of the Sydney Basin. The
eastern margin of the complex is an escarpment, rising some 200-400 metres above the surrounding
plain, known as the Lapstone Monocline. The western edge consists of a series of overlapping en-
echelon faults known as the Kurrajong Fault System (KFS, Pedram 1983, Branagan and Pedram,
1990). The maximum vertical displacement of the Kurrajong Fault System is approximately 130
metres at Cut Rock (near Kurrajong Heights), with progressively smaller displacements to the south.

The LSC has undoubtedly had a long and complex history, and there seems little doubt that it is
related in part to basement structures that were active during deposition of the Sydney Basin
sediments (Qureshi, 1984, Harrington and Korsch, 1985, Branagan and Pedram, 1990; Pickett &
Bishop, 1992). Several lines of evidence suggest a Cenozoic age for a significant portion of the
relief generation across the LSC, including: a) Miocene basalts west of the LSC appear to have
erupted onto a low-relief pre-incision land-surface (Van Der Beek, 2001), and b) deeply weathered
and sometimes lateritised Tertiary Rickaby's Creek Gravels, which show an internal structure
consistent with deposition in a braided stream environment (Bishop & Hunter, 1990), occur on both
uplifted and downthrown sides of the LSC (Bishop, 1986; Branagan & Pedram, 1990). Opinions are
divided regarding whether this relief generation is temporally related to the deformation which
crafted the LSC in its present form (e.g. Branagan & Pedram, 1990; Van Der Beek et al., 2001;
Schmidt et al., 1995), or relates to passive erosive exhumation of a structure which formed largely
during Mesozoic syn-depositional deformation (Pickett & Bishop, 1992). Apparent truncation of the
18.8 Ma Green Scrub Basalt by the Kurrajong Fault (Crook, 1956, Wellman and McDougall, 1974;
Pedram, 1983; Branagan & Pedram, 1990) has been taken as evidence for the former, while the fact
that Rickabys Creek gravels unconformably overlie Hawkesbury Sandstone on the face and
upthrown side of the Lapstone Monocline, and Wianamatta Shale on the downthrown side, has been
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Figure 1: The northern Lapstone Structural Complex showing the east facing Lapstone
Monocline and west-facing scarps relating to the en echelon faults of the Kurrajong Fault
System (modified after Branagan & Pedram, 1990).

used to argue for the latter (Pickett & Bishop, 1992). Paleomagnetic data showing that rotation of
strata on the limb of the Lapstone Monocline occurred after the mid-Cretaceous (~90 Ma, Schmidt
et al., 1995) and prior to 8 £ 5 Ma (Bishop et.al., 1982 with ages recalculated by Pillans, 2003)
suggests that the Lapstone Monocline might have formed during rifting of the Tasman Sea (e.g.
Schmidt et al., 1995), and was fully formed by the Pliocene. However, a spatial association between
the LSC and the historic catalogue of earthquake epicentres (Gibson, this volume), and the
neotectonic indicators discussed herein, suggest the potential for ongoing deformation.
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Tectonic activity can significantly control stream patterns and behaviour (e.g. Schumm et al., 2000).
One of the most sensitive indicators of change is the longitudinal profile and valley floor profile of a
stream (e.g. Bendefy et al., 1967; Zuchiewicz, 1979). In alluvial environments, changes in valley
slopes may be accommodated by changes in stream sinuosity. However, in areas of resistant
alluvium or bedrock, which tend to confine the channel and retard meander shift and bank erosion,
deposition in areas of reduced gradient and incision in areas of increased gradient may dominate
stream response. Streams crossing the LSC pass over the Hawkesbury Sandstone and sandstone
rocks of the Narrabeen Group, upon which only skeletal soils are typically developed (Jones &
Clark, 1991; Bannerman, 1990). Hence, the latter condition might be expected to pertain.

The degree to which disequilibrium is preserved consequent of uplift, and its longevity, depends
upon the relative rates of uplift and erosion (including knickpoint retreat, valley incision and plateau
lowering rates). A reconstruction of the ca. 20 Ma palaeo-topography west of the Kurrajong Fault
based upon the elevation of the bases of a number of basalt flows suggests that the landscape had a
low relief (predominantly <100 m) and dipped ~1° towards the northeast (van der Beek et al., 2001).
This is in stark contrast to the current relief of over 700 m, and was used to infer plateau lowering
and river incision rates of <14 and <40 m/Ma respectively. The former results are consistent with
surface lowering rates calculated from in situ cosmogenic isotope abundances elsewhere in the Blue
Mountains (13.2 m Myr? in heath and 11.4 m Myr? in forest, Wilkinson et al. 2003). These rates of
denudation are of the same order as the rate of relief generation that might be expected from the
limited data on eastern Australian fault slip rates (e.g. Clark & McCue, 2003; Sandiford, 2003) with
the consequence that evidence for recent faulting might be difficult to recognise. Evidence for
faulting might be even more difficult to recognise if activity is temporally clustered, as has been
suggested for intraplate faults elsewhere (Crone et al., 1997, 2003; Clark et al., in press).

This paper presents an analysis of the morphology of streams crossing the northern LSC, focussing
on Burralow Creek as the most pronounced example of a stream in disequilibrium. The study aims
to provide insight on the fundamental question of whether recent or ongoing uplift must be invoked
to explain the current relief of the LSC.

NEOTECTONIC INDICATORS

Longitudinal profiles of 16 streams (ranging in catchment area from 0.51 sg. km to 569 sg. km)
crossing the six primary faults of the Kurrajong Fault System were digitised and plotted from
1:25,000 topographic sheets. Geological boundaries were transferred from the Penrith 1:100,000
Geological sheet (Jones & Clark, 1991) and the Sydney 1:250,000 sheet (ie. Rh:- Hawkesbury
Sandstone, Rwa:- Ashfield Shales, Rno:- Burralow Formation, Rnw:- Banks Wall Formation, Bryan,
1966). Each long profile has also been plotted on semi-logarithmic axes to control for exponential
decay of elevation from source to base level. Hack (1973), in developing the ideas of Mackin
(1948), showed that any stream which is in dynamic equilibrium (ie. having sufficient slope to
adequately transport supplied sediments) exhibited this concave upward profile form, thus plotting
as a straight line on semi-log axes. Streams which flowed over differing lithologies plotted as a
series of straight line segments on semi-log axes, with steeper segments corresponding to more
resistant rocks. Profiles disturbed by tectonic activity could become markedly convex upward. A
further morphometric test for tectonic activity is the examination of valley cross-sectional
profiles on either side of the fault zones, following the procedure of Bull and McFadden (1977).
The index of valley floor width : valley wall height (Vf) is an indication that in actively
uplifting regions stream base levels are continually changing, hence vertical incision of valleys
could outpace lateral erosion, as evidenced by a V-shaped cross-section with a minimal valley
floor width.
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Stream Profiles

The most obvious result upon examination of the longitudinal profiles (Fig. 2) is the remarkable
similarity between them. Almost all streams exhibit a reach of low gradient immediately upstream
of the Kurrajong Fault System, and a corresponding over-steepened reach downstream. The
exception to this rule is the Grose River, and to a lesser extent Wheeny and Glenbrook creeks, which
appear to be largely unaffected by the fault. In most cases this disruption is entirely independent of
lithology, and largely independent of catchment size. Creeks to the north of the Grose River exhibit
similar drainage disruption. However, the picture here is complicated by lithological variation.
Most importantly, the steeper reaches downstream of the fault correspond with the supposedly less
resistant rocks of the Narrabeen Group, in direct conflict with expectations (cf. Hack, 1960; 1973a).
It could be argued therefore, that these anomalous over-steepened reaches indicate tectonic, and not
lithological, control of the profiles in this area.

A B
) (a) BURRALOW CREEK [14] ) (a) BLUE GUM SWAMP CREEK [10]
LONGITUINAL PROFILE | LONGITUDBAL PROFLE
€00 - 0 _ - -
220
w00
0 280
260
240
400 220 -
2 ) 200 <
. Rh H - o - Rh |
200 - — == ) 2o - 3
Burralow Fault —— 100 ! Grose Fault ::.-.__
- 'ﬁnw'_---,_. 8 4
0o — —l 60 - |
E— a0 Rh
- n I
0 - 2 04— - -
o 4 [ @ [ 1 " ! 1 ° 2 N 8 8 w0 2
DISTANCE KM DHSTANCE KM
(b)  BURRALOW CREEK [14] (b)  BLUE GUM SWAMP CREEK (10}
SEMILOGARITHMIC: PROFILE SEMILOGARITHMIC PROFILE
600 - 220 S I iesisi Sp—
| 200
280
00 280 -
240
400 b 220 i
200 :i‘_-

180 | ?

ELEVATION M
o
B

o888 8E88

T —— ey
21 23 25 27 28 n aa as a7 38 41 43 19 % 29 a8 a7 20 a1 43 e AT 15
LOGIDISTANCE

Figure 2: Long profiles for selected easterly flowing streams passing through the northern
Lapstone Structural Complex. a) Burralow Creek, b) Blue Gum Swamp Creek.

The Stream Gradient (SL) Index is defined as the change in elevation of a stream reach normalised
for the exponential decay of elevation along a typical stream length (Fig. 3). It is particularly
sensitive to anomalous changes in slope, and can therefore be used to determine whether long profile
shape is controlled by lithology or by tectonic deformation. For all streams crossing the Lapstone
Structural Complex, SL values were found to be at least an order of magnitude greater between the
KFS and Lapstone Monocline than in upstream reaches. This cannot be sufficiently explained by
lithological variation across the fault zone, and is indicative of recent or ongoing deformation.
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Figure 3: Stream Gradient Index (SL) for selected easterly flowing streams passing through
the northern Lapstone Structural Complex. a) Burralow Creek, b) Blue Gum Swamp Creek

Valley Cross Sections

The valley cross-sections of 13 of the streams crossing the KFS show a marked difference as the
streams pass into the deformed area (Fig. 4). The three largest streams (i.e. Wheeny Creek, Grose
River and Glenbrook Creek) appear to be largely unaffected. Two representative examples are
given to illustrate changes in valley shape. Those of Burralow Creek are shown in Fig. 4a, while
nearby Morgan Creek cross sections appear in Fig. 4b.

The cross-sections of both Burralow Creek and Morgan Creek exhibit a wide valley floor on the
upstream (downthrown) side of the fault, and V-shaped profiles immediately downstream of the
fault. This is consistent with uplift between the KFS and the Lapstone Monocline (cf. Bull and
McFadden, 1977). Downstream of the Kurrajong fault-line vertical incision appears to be outpacing
lateral erosion, whereas the upstream side is controlled by the local base-level produced by the fault,
therefore lateral erosion is dominant.

FAULT ANGLE DEPRESSIONS

An overwhelming result of the long profile analysis is the fact that drainage modification is evident
for all streams with catchment sizes up to and including that of Glenbrook Creek. This modification
is usually in the form of a marked reduction in stream gradient upstream of fault zones. Field
evidence shows that this reduction in gradient is coincident with many swamps and lakes (eg.
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Mountain Lagoon, Burralow Swamp, Blue Gum Swamp, Shaws Creek Swamp and Warrimoo
Swamp). Other smaller unnamed swamps are also juxtaposed with the Kurrajong Fault System.
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Figure 4: Valley cross sections across selected easterly flowing streams passing through the
northern Lapstone Structural Complex. a) Burralow Creek, b) Morgans Creek.

Smaller Basins

Most of the smaller basins investigated were found to have a marked paucity of sediment
accumulation at the fault, the exceptions being Burralow Swamp, Blue Gum Swamp, and possibly
Shaw's Creek Swamp. Morgan Creek Swamp was found to contain no more than 3 metres of
sediment at the fault, Winmalee Creek only 5 metres, and Warrimoo Creek only about 3.5 metres.
Sediments are generally organic fine to medium sands, with minimal clay or silt fraction. In each
case the maximum sediment depths were found in localised regions adjacent to a very narrow
swamp. Away from the swamp axes, bedrock depth decreases sharply and sandy surface sediments
are considered to be primarily slope wash deposits. Wide, flat floored basins first identified from air
photos as large accumulations of sediment are in fact largely bedrock controlled.

These reaches of low gradient are considered to be caused by the imposition of a local base level at
the fault, and it seems that the only effect of fault displacement is to maintain this perched base level
and thus hinder incision upstream. Sedimentation could only have taken place immediately
following major uplift events, whereas incision into the uplifted zone would act against the
accumulation of sediments. The lack of sediments in the fault angle depressions, combined with the
"neotectonic” features of the basin morphology suggests a long term average condition where
incision largely matches uplift. This is an indication of slow and persistent uplift along the
Kurrajong Fault System.
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Burralow Swamp

Burralow Swamp (Figs. 1, 5) is an exceptional fault angle depression of the Kurrajong Fault System
because it contains a considerable sediment accumulation which has both lateral and stratigraphic
complexity. Seismic tests on the cleared ground bordering the Burralow Fault (the “Paddock
Sands™) show up to 20 metres of consolidated sediment with seismic velocities less than those
expected for sandstone bedrock (Rawson, 1990). The swamp surface itself is far larger in extent
than any other basin of the Lapstone Structural Complex, with valley wide swamp sedimentation in
the upstream half of the basin. The downstream half of the swamp is inset into and onlaps the
Paddock Sands unit, which appears to be a deep and coherent deposit most likely related to
colluviation at the toe of the Burralow Fault scarp, which forms its eastern margin.

€3 B-C1 Core hole
e BS7 Auger hole
XS 2 Cross section

g BURRALOW SWAMP o
SAMPLE HOLE LOCATIONS

Figure 5: Plan of Burralow Swamp showing the distribution of sedimentary units at the
surface, and the locations of boreholes and coreholes from Rawson (1990).
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Drilling carried out on the downstream end of the valley floor has shown that although the present
surficial sediments are dominated by sands, there is evidence of a persistent large swamp or lake in
the past. This is indicated by an extensive deposit of organic clay/silt sediment (denoted the
Tabaraga Unit, Rawson 1990) which locally reaches up to 6-7 metres thick and extends down to
depths in excess of 10 metres (Fig. 6). The unit rapidly thins in a downstream direction and pinches
out against a steeply rising bedrock bar relating to the Burralow Fault. We contend that this deposit
is the result of tectonic rejuvenation whereby movement of the Burralow Fault has imposed a
new, relatively higher, perched base-level leading to disruption of drainage. Sandy strata
extending from the top of the fines to the surface are interpreted to have been deposited during
the progressive restoration of the creek to pre-faulting conditions.
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Figure 6: Longitudinal section through Burralow swamp showing the distribution of the clay-
rich Tabaraga Unit, inferred to be related to uplift of 6-7 m on the Burralow Fault.

Timing of Sedimentation in Burralow Swamp

Having established that sedimentation within Burralow Swamp has been markedly affected by
displacement on the Burralow Fault, the age of sediments within it should reflect the onset of at
least the most recent phase of activity. Two radiocarbon ages were obtained from small
charcoal samples from borehole B-C4 (Fig. 5; Rawson, 1990). The first, at a depth of 12.90
metres, came from coarse sandy sediments beneath the organic clays/silts of the Tabaraga Unit.
This should indicate the age of pre-deformation fluvial sedimentation. The age obtained was
28200 (+900/-800) BP (SUA-2873). The second sample, from within the clayey unit at 8.80
metres, was dated at 35400 (+2400 -1990) BP (SUA-2874). The inversion of the dates is
problematic, and might relate either to contamination of one or both of the samples, or
redeposition of the top sample. The fact that both dates lie close to the limit of the dating
technique also reduces the confidence that can be placed in them.

Sedimentological evidence does, however, mitigate in favour of accepting the dates, or at least a

late Pleistocene age for the sediments. Both dates came from samples of clean, unindurated
charcoal, which had no obvious contamination (eg. coatings, recrystallisation, or evidence of
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humic acids) (Colin Murray-Wallace, verbal communication). The rest of the sediments within
B-C4 also exhibited no iron induration, regardless of sediment type. This is unusual, considering
that deep weathering profiles of only late Pleistocene age have been identified in alluvium on
the nearby Nepean floodplain (Young et.al., 1987). Furthermore, the sediments were not
cemented in any way, were not compacted, and there was no evidence of secondary
crystallisation (diagenesis). In short, no indicator could be found to suggest that these sediments
were Tertiary in age.

Eight samples were selected for pollen analysis from the Tabaraga Unit in boreholes B-C3 and
B-C4 (Rawson, 1990). All of the samples indicate a Eucalyptus and Casuarina dominated
sclerophyllous forest with a heath understorey. Significantly, this forest is seen to be dry,
having few ferns and virtually no rainforest component. Nothofagus pollen is also noticeably
absent. This pattern is essentially modern in character i.e. definitely Late Pleistocene -
Holocene, with no Tertiary or early Pleistocene evident (J. Dodson, personal communication).
The presence of some “small spined' Asteraceae grains perhaps indicates a pre-Holocene age for
the sediments, as this particular taxon became extinct during the latest Pleistocene (cf. D'Costa
et.al., 1989).

The sediments within the basin show gross characteristics consistent with a rapid change in flow
regime caused by a rise in local base level at the fault, followed by a gradual re-establishment of
equilibrium conditions. The dating results and sedimentology indicate that this change in flow
regime occurred during the late Pleistocene.

DISCUSSION

Both the morphometric analysis of regional drainage and sedimentological evidence from fault angle
depressions imply a significant influence of the Lapstone Structural Complex on landscape
evolution in the Lower Blue Mountains. The majority of stream reaches downstream of the KFS
exhibit marked oversteepening which, for the most part, cannot be explained by lithological control.
It is postulated therefore that the majority of streams have not had sufficient stream power to keep
pace with uplift focused on the KFS and Lapstone Monocline. The incision rate estimated for the
Grose River (<40 m/Ma, Van Der Beek, 2001), which demonstrates an equilibrated long profile
(Rawson, 1990), provides an upper limit on this time averaged rate of uplift.

Aspects of the character of activity of the Kurrajong Fault System can be inferred from these results.
The Kurrajong fault system is approximately 40 km long (Bryan, 1966). The maximum magnitude
earthquake that might be hosted on a fault system of this length is in the order of moment magnitude
7.0, which would involve 2.5 m to 3 m of uplift (Wells & Coppersmith, 1994). If it is assumed that
the 6-7 m thickness of the Tabaraga Unit reflects an equivalent uplift across the KFS, two or three
maximum magnitude earthquake events, or a greater number of smaller events, are required. The
age and apparently homogeneous nature of the Tabaraga Unit suggests that these events were
closely spaced in time in the Late Pleistocene.

The paucity of sedimentary fill in most of the fault angle basins associated with the Kurrajong Fault
System suggests that this episode of activity was preceded by a long period of seismic quiescence.
This pattern is consistent intraplate fault behaviour deduced from other sites within Australia, where
active periods of earthquake activity comprising a finite number of large events are separated by
much longer periods of seismic quiescence (Crone et al., 1997, 2003; Clark, 2007; Clark et al., in
press). It is plausible in the case of the LSC that large earthquake frequency may have been in the
order of several thousand to a few tens of thousand years in the late Pleistocene, but that this active
period was not preceded by a rupture for a million years or more. Thus, the long-term rates of relief
generation are likely to be of the same order or less than the rates of plateau lowering (cf. Wilkinson
et al., 2003), and be much less than the rates of incision of the major streams (cf. Van Der Beek et
al., 2001), with the result that neotectonic indicators are typically subtle (especially in stream
profiles), and largely related to the most recent active period.
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There is an apparent conflict between this evidence for recent activity and the palaecomagnetic data
indicating that folding related to the Lapstone Monocline occurred prior to 8 £ 5 Ma (Bishop et.al.,
1982 with ages recalculated by Pillans, 2003). Given that the Kurrajong Fault System and the
Lapstone Monocline form part of the same structure (Herbert, 1989; Fergusson, this volume),
deformation on the one might be expected to be accompanied by deformation on the other. One
possibility, which is testable by careful field observation, is that the blind fault underlying the
Lapstone Monocline (see Gibson, this volume) reached the surface in the Pliocene and deformation
since then has been accrued by sliding along the fault rather than by folding. Alternatively, the
recent active period may have been the first since the late Tertiary (cf. Branagan & Pedram, 1990) or
Mesozoic (cf. Pickett & Bishop, 1992; Schmidt et al., 1992).

Given the very low uplift rates postulated for the LSC, passive exhumation (cf. Pickett and Bishop
1992) is likely to have played a significant role in the development of the contemporary landscape.
In particular, the fact that the Tertiary Rickabys Creek Gravels overly Wianamatta Group shales on
the Cumberland Plain, and Hawkesbury Sandstone on the face and top of the Lapstone Monocline,
implies that erosional lowering of the landsurface had stripped shale from many areas west of the
syn-depositional warp (proto-Lapstone Monocline) by the time of gravel deposition, but not to the
extent that significant relief was generated [as indicated by structure within the gravels suggesting a
braided stream depositional environment, Bishop & Hunter (1990)]. However, we demonstrate a
significant tectonic imprint in the geomorphology of streams crossing the LSC, as distinct from the
lithologic control that would be expected to dominate in a scenario only involving passive
exhumation. Additional research, guided by new erosion rate data obtained on streams with
catchment areas significantly smaller than the Grose River, is required to determine definitively
whether this tectonic imprint relates only to the last active period identified in the sediments of
Burralow Swamp, or to periodic activity throughout the late Tertiary.

Intuitively, the prominent ‘V-notch’ valley profiles of streams between the Kurrajong Fault System
and the Lapstone Monocline suggest a recent tectonic history extending beyond the last active
period. Furthermore, it is tempting to speculate that the apparent associations between the LSC and
Miocene volcanics (Pedram, 1983; Branagan and Pedram, 1990; Van Der Beek et al., 2001) relate to
late Tertiary development of the complex, synchronous with the establishment of the current crustal
stress field, and a pulse of tectonic activity recorded in all southeast Australian basins (Dickinson et
al., 2002; Sandiford et al., 2004). A terrestrial analogue to this pulse of deformation is seen in the
Lake George Fault, which has accumulated up to 200 m of throw since the late Miocene (Abel,
1985).

CONCLUSIONS

The results of morphometric analysis of drainage lines crossing the northern Lapstone Structural
Complex show indicators of geologically recent, and potentially ongoing tectonic deformation.
Stream long-profiles oversteepen as they cross major faults, valley cross sections narrow to “V-
notches” where streams enter the upthrown side of fault blocks, and several streams have been
partially dammed, forming swamps and lakes. While these indicators are consistent with a model of
periodic (perhaps temporally clustered) deformation of the Kurrajong Fault System, near to the
threshold conditions of uplift/incision, additional erosion rate data is required to determine the
relative contribution of passive exhumation of syn-depositional basin structure in forming the
present landscape.

The important question to ask relating to seismic hazard is whether faults of the LSC are still within
an active period, or whether we are now in a quiescent period that might last many hundreds of
thousands to a million years or more (cf. Crone et al., 2003). Earthquake epicenters located at depth
to the west of the LSC (Gibson, this volume) potentially indicate that the most recent active period
has not yet finished.
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ABSTRACT

A structural transect along a ridge entering Wheeny Gap from the west provides important insight
into the nature of faults comprising the northern Lapstone Structural Complex (LSC). Sheared
sandstone outcropping along the ridge east of the Kurrajong fault scarp suggests that the Kurrajong
Fault is a steeply east-dipping reverse fault, in accordance with the interpretation of seismic profiles
further to the south. A previously unrecognised west-dipping reverse fault (Wheeny Gap Fault) with
at least several tens of metres of displacement was observed in a cliff face on the northern side of
Wheeny Gap, several hundred metres east of the Kurrajong Fault. Relatively recent activity is
suggested on the Wheeny Gap Fault as it laterally displaces the cliff face formed during the passage
of a knickpoint up Wheeny Creek relating to initial relief generation across the Lapstone Monocline.
Earthquake hypocentres recorded over the last few decades occur predominantly at depth to the
west, and have been used to suggest the presence of a blind west-dipping reverse fault, into which
the Kurrajong and Wheeny Gap faults link at depth. We present an evolutionary model for the LSC
based upon this architecture which reconciles evidence for late Cenozoic uplift across the LSC and
the observation that the Rickaby’s Creek Gravels overlie shale on the Cumberland Plain and
sandstone on the Lapstone Monocline. This model suggests that the findings of a major seismic
hazard assessment of the Sydney Basin, which concludes that magnitude My7.0 and greater
earthquake events might be expected on the LSC on average every 15-30 ka, should be treated with
caution. This expectation of regular recurrence must be tempered by the possibility that a large part
of the relief relating to the LSC may have formed in the late Miocene or earlier, and evidence from
other Australian intraplate faults suggesting that large earthquake occurrence is markedly temporally
clustered.

Keywords: Lapstone Structural Complex, reverse fault, seismic hazard, seismicity

INTRODUCTION

Faults of the Lapstone Structural Complex (LSC - Mauger et al. 1984) underlie the eastern range
front of the Blue Mountains west of Sydney over a distance of at least 100 km, and perhaps as much
as 160 km (e.g. Branagan 1969; Branagan and Pedram 1990). More than a dozen major faults and
monoclinal flexures have been mapped in the region where relief relating to the complex is most
prominent, between Bargo and the Colo River north of Mountain Lagoon (Fig. 1). While these
structures have been known for more than 100 years (Branagan, this volume and references therein)
very little is known about their subsurface geometry and faulting history, particularly in the
Cenozoic. The latter uncertainty stems in a large part from a paucity of readily dateable Cenozoic
units associated with faulting (e.g. Wellman and McDougall 1974; Bishop et al. 1982; Rawson
1990; Pickett and Bishop 1992).
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Figure 1: Colour-draped and hill-shaded SRTM DEM (90m) image of the Lapstone Structural
Complex west of Sydney. The region covered by this article is indicated with a box, as is the
area of Fig. 3. lllumination is from the west. Red arrows highlight scarp segments. Black
arrows indicate the extents of the profiles in Fig. 2.

Over the last few decades the most significant concentration of earthquake hypocentres in the
Sydney Basin has occurred at depth west of the LSC (Gibson, this volume). This relationship has
been used to suggest that the surface expression of the LSC reflects displacement across a low angle
reverse fault, emergent at the surface south of Penrith, and underlying the Lapstone monocline to the
north. Based upon this model, a recent study of seismic hazard in the Sydney Basin identified the
LSC as a potential source for large and damaging earthquakes, and estimated a recurrence of 15-30
ka for events exceeding My, 7.0 (Berryman et al. 1999). As this analysis was necessarily based
upon limited geochronological and structural data the results must be treated as highly uncertain. In
particular, the authors contend that deformation resulting in the development of the Lapstone
Monocline postdates the 18.8 Ma (Wellman and McDougall 1974) extrusion of the Green Scrub
Basalt, which appears to have been truncated by the Kurrajong Fault (Branagan and Pedram 1990)
but might just as plausibly have been emplaced against an extant fault scarp. Alternative views
contend that fold development was largely complete by the Early Jurassic (Pickett and Bishop
1992), the Late Jurassic (Herbert 1989), post-mid Cretaceous (Schmidt et al. 1995), the Early
Tertiary (Branagan and Pedram 1990; van der Beek et al. 2001), and the Late Tertiary (Bishop et al.
1982 with age recalculated by Pillans 2003). Furthermore, seismic reflection data acquired along
several lines across the Nepean Fault (the southern range bounding fault) have been interpreted to
suggest steep westerly dips, in the range of 50-70°, to at least 2.5 km depth (Herbert 1989).
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This contribution briefly reviews existing geologic information for the northern LSC and presents
new structural data from a preliminary traverse through Wheeny Gap. The implications of the new
data for landscape evolution and seismic hazard assessment are discussed.

GEOMORPHIC CHARACTER AND STRUCTURE OF THE LAPSTONE STRUCTURAL COMPLEX
The range front scarp relating to the LSC rises monotonically from zero near Bargo to a relief of
approximately 400 m immediately south of the Colo River (Fig. 2). The expression of the range
front south of the confluence of the Nepean and Warragamba rivers is sharp and linear, and is
defined over much of its length by a line of cliffs developed in Hawkesbury Sandstone. This
expression reflects the emergence at the surface of the range front fault, the Nepean Fault, as
evidenced by exposures in major cross-cutting drainage lines (Branagan and Pedram 1990). Further
north the east-facing scarp is broader (up to 2 km) and is underlain by a flexure called the Lapstone
Monocline (e.g. Bryan 1966; Branagan and Pedram 1990). West-facing scarps are prominently
developed a couple of kilometres to the west of the monocline (e.g. David 1896, 1902).
Interpretation of seismic reflection profiles acquired south of the Grose River suggest that high angle
reverse faults with a geometry suggestive of a significant wrench component underlie these west
facing scarps in the north, and the east facing scarps in the south (Herbert 1989). Herbert (1989)
further contends that in contrast to the continuous and sinuous nature of the faults as mapped (c.f.
Bryan 1966), they are in fact composed of much shorter, discontinuous, straighter en echelon
segments; namely the Kurrajong, Burralow, Grose, Frasers, Yellow Rock and Glenbrook faults
(Branagan and Pedram 1990).
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Figure 2: Scarp-parallel topographic profiles along the LSC. “Residual’ represents values
from the scarp front minus those 5 km east. The residuals are depressed south of the Nepean
River as some deformation is accommodated on the Oakdale Fault, west of the range front
Nepean Fault. Location of profiles is shown on Fig. 1.

The nature of the faulting which gave rise to the Lapstone Monocline is the subject of debate.

Sedimentary units thin to the west across the Lapstone Monocline, indicating that the structure was
active during Permian and Mesozoic sedimentation and rifting, and hence may be underlain by an
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east-dipping normal fault (e.g. Bryan 1966; Branagan and Pedram 1990; Pickett and Bishop 1992;
Australian Qil and Gas Corporation Ltd 1966). Pickett and Bishop (1992) argue that monocline
development was complete by the time of the Early Jurassic intrusion of the Norton’s Basin
Diatreme, and that the high angle reverse faulting, at least in part, postdates this. While more recent
palaecomagnetic evidence requires that the majority of flexure post-dates the mid-Cretaceous
(Schmidt et al. 1995), the hypothesis that monocline development and high angle reverse faulting
are temporally separate remains plausible.

Herbert (1989) implies that monocline development is related to displacement on the high angle
west-dipping reverse faults imaged in seismic reflection profiles. This structural relationship is
supported by Fergusson (this volume) who relates the structures exposed in the central section of the
Lapstone Monocline, at the Hawkesbury Lookout, to a 50° west-dipping reverse fault at depth. An
alternative interpretation of the main physiographic features is presented by Berryman et al. (1999),
who envisage the high angle reverse faults of Herbert (1989) linking into a low angle master reverse
fault at depth. The existence of this master fault is inferred from a spatial clustering of earthquake
hypocentres at depth to the west of the LSC (cf. Gibson, this volume). Berryman et al. (1999)
postulate that a shallowing of the underlying master fault dip relative to the Nepean Fault accounts
for the monoclinal shape of the range front north of Penrith, and that both monocline and west-
facing scarps are a consequence of post mid-Miocene movement on this blind thrust system.

AGE OF MAJOR DISPLACEMENT ACROSS THE LAPSTONE STRUCTURAL COMPLEX

Blue Mountains basalts cap relatively flat hilltops, suggesting that they may be remnants of an
initially continuous subhorizontal sheet and predate river incision (Carne 1908; Wellman 1979). A
reconstruction of the ca. 20 Ma palaeotopography west of the Kurrajong Fault based upon the sub-
surface elevation of a number of basalt flows suggests that the landscape had a low relief
(predominantly <100 m) and dipped ~1° towards the northeast (van der Beek et al. 2001). This is in
stark contrast to the current relief of over 700 m. These authors attribute the difference to the
passage of major knickpoints up river valleys due to base level lowering, either initiated during
rifting of the Tasman Sea (ca. 100 Ma), or by rejuvenation of structures of the LSC (ca. 40-50 Ma).
Detailed numerical modelling of landscape evolution conducted as part of the same study
reproduced the main physiographic features of the Blue Mountains only when post-rifting passive
erosional exhumation of the Sydney Basin was influenced by tectonic uplift of the LSC. While
these model results provide evidence to support a Cenozoic age for the uplift across the Lapstone
Structural Complex (including development of the Lapstone Monocline), the geologic evidence is
equivocal.

The base of the 18.8 Ma (Wellman and McDougall 1974) Green Scrub basalt flow unconformably
overlies Wianamatta Group shale at an elevation of 560-580 m. The outcrop occurs 12 km to the
east of Mt Tootie, which has a sub-basalt elevation of 750 m (van der Beek et al. 2001). It is
therefore plausible that the Green Scrub flow erupted onto the same pre-dissection, low relief
Miocene surface as other Blue Mountains Plateau basalts (cf. Pulford 1997; van der Beek et al.
2001). As the eastern margin of the Green Scrub outcrop defines the trace of the Kurrajong fault
(Bryan 1966; Branagan and Pedram 1990) it is likely that dissection of the Blue Mountains Plateau
via knickpoint retreat up the major drainage lines had not progressed west of the LSC at ca. 20 Ma.
The implications, supported by the apparent truncation of the Green Scrub flow by the Kurrajong
Fault, are that knickpoint initiation is predominantly related to uplift across the LSC, and that uplift
largely post-dates ca. 20 Ma (see also Berryman et al. 1999). However, stratigraphic relationships
between the Tertiary Rickaby’s Creek Gravel and the Triassic rocks forming the Lapstone
Monocline appear to contradict this thesis.

34



Seismic Hazard in Sydney Proceedings of the one day workshop

The Rickaby’s Creek Gravel is a fluvial unit disconformably overlying the Triassic rocks of the
Sydney Basin (e.g. David 1897; Branagan and Pedram 1990). Clast lithology, size and sedimentary
structures within the gravel point to a provenance identical to the present Warragamba-Nepean
River system (Bishop 1986; Pickett and Bishop 1992). Near Penrith the gravels occur on the
Cumberland Plain, as well as on the face of the Lapstone Monocline and to its west as far as
Glenbrook (e.g. Branagan and Pedram 1990). On the plain the gravels overlie Wianamatta Group
shales whereas they overlie Hawkesbury Sandstone in elevated regions (Chesnut 1982; Pickett and
Bishop 1992). This evidence casts doubt on the widely accepted view that the gravel originally
formed a continuous sheet that predates the monocline (e.g. David 1897), as shale has apparently
been stripped from elevated regions prior to deposition of the gravel (Pickett and Bishop 1992).
Pickett and Bishop (1992) contend that this relationship is best explained if the monocline is an “old’
structure (early Jurassic) that has been progressively exhumed during deposition of the Rickaby’s
Creek Gravel, which is postulated to be a composite diachronous unit.

STRUCTURAL RELATIONSHIPS EXPOSED IN WHEENY GAP

A reconnaissance structural traverse was conducted down an easterly-trending ridge that approaches
Wheeny Gap from the west and crosses the trace of the Kurrajong Fault (Fig. 3). This unnamed
ridge is hereafter referred to as Wheeny Gap Ridge for ease of reference. The initial 300 m of the
traverse descends steeply through several cliff-lines formed in undeformed and horizontally-bedded
blocky Hawkesbury Sandstone (Rh, Fig. 3). Thereafter the ridge flattens and is developed in poorly
exposed Narrabeen Group sandstone and shaley fine sandstone (Rn). At grid location
279623mE/6292172mN (GDA94/MGA56) shaley fine sandstone was observed to dip 45-50°
towards the west (Fig. 4a). Bedding at this location strikes roughly parallel to the Kurrajong Fault
escarpment (~10° strike). A potential down-dip slickenside (~110° rake) was observed on one
dipping bedding plane and is interpreted to reflect flexural slip (Fig. 4a). Within ~100 m to the east
the sandstone is again sub-horizontally bedded. At grid reference 279691mE/6292198mN the ridge
descends into a 20 m wide saddle ~5 m below the ridge level. The sandstone within the saddle
contains sub-vertical (to steeply east-dipping) fractures and is sheared in several zones up to a metre
wide (Fig. 4b). Fractures are open and are typically associated with pale clayey sand. We consider
it probable that this saddle represents an eroded fracture zone, potentially relating to a steeply
dipping fault inferred on the basis of a conspicuous ridge and associated drainage line on the
southern side of the gap (Figs. 3b, 5).

Beyond the saddle blocky cliff-forming sandstone is again encountered. The change in lithology is
associated with a rise in topography of ~10-15 m. Shaley fine sandstone intercalations suggest that
these rocks belong to the Narrabeen Group. Fifty metres east of the saddle a relatively elevated
subsidiary saddle occurs. The sandstone in this saddle is sub-vertically sheared with a 5 cm fracture
spacing aligned with the Kurrajong Fault escarpment (~10° strike). Fractures are typically open and
are variably filled with white clayey sand similar to that found further west (e.g. Fig. 4a).

A reverse fault is visible on the northern cliff face of Wheeny Gap from the eastern end of the ridge,
immediately before it drops steeply into Wheeny Gap (Fig. 4c). The fault, herein referred to as the
Wheeny Gap Fault, dips at between 45° and 50° to the west and appears from its intersection with
the topography to be north striking (Figs. 5a, b). The sandstone bedding in the hanging wall has
been dragged into the fault plane forming a monoclinal fold (Fig. 4c). Bedding dips approximately
30° towards the east immediately above the fault plane, and is shallowly dipping to flat-lying on the
eastern side (footwall) of the fault. The amplitude of the roll suggests a minimum of several tens of
metres of displacement. A band of foliage several metres wide occupying the fault plane on the cliff
face suggests a well-developed gouge or crush/fracture zone. The vertical displacement estimate
from the monoclinal roll alone might therefore be a significant underestimate. This supposition is
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supported by the observation that the cliff face is laterally displaced by ~20-30 m across the fault
(Fig. 5a — circled area).

South of Wheeny Creek, the Wheeny Gap Fault is inferred to follow a gully-line to the top of the
escarpment. The intersection of the fault with Wheeny Creek could not be easily accessed from the
ridge to check for displacement in the creek bed relating to recent displacement. However, a
sandstone bench developed at the top of the cliff face in which the fault is exposed appears, albeit
from a significant viewing distance, to be displaced by a few metres (Fig. 4c).
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Figure 3: Topography and structure of Wheeny Gap. (a) location of the structural traverse
(marked by asterisks) transposed onto the Mountain Lagoon 1:25,000 topographic map. Fault
traces are inferred - ticks are on the hanging wall. Rh=Hawkesbury Sandstone,
Rn=Narrabeen group sandstone. (b) hillshaded and colour draped DEM (LPI 25 m) with fault
traces inferred. (c) topographic profiles along the ridge top at Mountain Lagoon and Wheeny
Creek (location as for Fig. 6), and the Wheeny Gap Ridge along the line X-Y indicated in part
(b). The faulting observed in Wheeny Gap is superposed. Throw of the Kurrajong Fault and
dip of strata on the face of the monocline from Branagan and Pedram (1990).
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Figure 4: Field photographs from Wheeny
Gap Ridge. (a) potential slickenside on 45°
west dipping sandstone bedding plane in the
hanging wall fold of the Kurrajong Fault. (b)
vertically sheared and fractured sandstone
on Wheeny Gap Ridge at the location where
a sub-vertical fault is inferred to cross the
ridge (see Fig. 3a for location). (c) the
Wheeny Gap Fault exposed in a cliff on the
northern side of Wheeny Gap. Viewing
position and direction is indicated by
southern red arrow in Fig. 5a.

Figure 5: SPOT 5 images of Wheeny Gap. (a) northern extension of Wheeny Gap Fault is
indicated by arrows. Displaced cliff face is circled. (b) same as a, but with fault traces inferred

as per Fig. 3.
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We consider the west-dipping sandstone bedding seen on Wheeny Gap Ridge to be analogous to that
found in the hanging wall of the Wheeny Gap Fault and associate this zone with a steeply east-
dipping Kurrajong Fault (Figs. 3a, b). This is consistent with the 80° east dip measured on a 3-4 m
wide fault zone interpreted to relate to the Kurrajong Fault at Cut Rock on the Bells Line of Road
3.7 km to the south (Branagan and Pedram 1990). The spatial relationships between the Kurrajong
and Wheeny Gap faults suggest that they merge less than 300 m below the level of Wheeny Creek.

The structural relationships exposed in Wheeny Gap are consistent with the interpretation of seismic
profiles further south (Herbert 1989); the faults underlying the west facing scarps (e.g. Glenbrook,
Kurrajong, Burralow) are steeply east-dipping reverse faults, which in places, such as Wheeny Gap,
link into moderately steep west-dipping reverse faults with clear evidence for wrench displacement.

WHEENY CREEK STREAM MORPHOLOGY

Hack (1973) showed that any stream which is in dynamic equilibrium (i.e. having sufficient slope to
adequately transport supplied sediments) exhibits a concave upward long(itudinal) stream profile
that plots as a straight line on semi-logarithmic axes. Streams which flow over differing lithologies
plot as a series of straight line segments, with steeper segments corresponding to more resistant
rocks. Disequilibrium may be demonstrated by a change in slope unrelated to lithology.

The Wheeny Creek long profile demonstrates a grossly convex-upward form (Fig. 6). In detail, this
form apparently comprises two concave upward sections which join near to the mapped boundary
between the Hawkesbury Sandstone and Narrabeen Group sandstone (Fig. 6b). The gross profile
form might therefore be explained in terms of this lithological change. This interpretation is
supported when the profile is plotted on semi-log axes (Fig. 6¢), with straight line segments of
differing slope coinciding closely with the lithological boundaries. However, the slope relating to
the Narrabeen Group sandstone is steeper than that of the Hawkesbury Sandstone, which is counter
intuitive given the finer bedding and abundance of shale in the Narrabeen Group.

The digital elevation data contains insufficient detail to resolve with certainty any perturbation of
the channel slope across the Kurrajong and Wheeny Gap faults. However, there is an indication of a
jump in the profile in this area (Fig. 6b). Also, a small perturbation of the profile is associated with
the passage of the stream through eastern margin of the Lapstone Monocline (Fig. 6c).

AN EVOLUTIONARY MODEL FOR THE LAPSTONE STRUCTURAL COMPLEX

We have constructed an evolutionary model for the Lapstone Structural Complex that attempts to
reconcile the apparently contradictory evidence for the age of major deformation (Fig 7). The
computer program Trishear 4.5 (Allmendinger 1998; Zehnder and Allmendinger 2000;
http://www.geo.cornell.edu/geology/faculty/RWA/FF_DL.html) was used to forward model a
simple basin geometry subjected to faulting. Fault-related folds are modelled by the program using
trishear kinematics for deformation at the tipline and fault-bend folding over trailing ramps. Growth
strata are entered manually into the developing model. The effects of erosion have been
schematically added to the finished model using Adobe Illustrator 11.

The observed thickening of strata across the LSC (Bryan 1966; Branagan and Pedram 1990; Pickett
and Bishop 1992; Australian Qil and Gas Corporation Ltd. 1966) is reproduced by introducing an
east-dipping syn-depositional normal fault into the model (Fig. 7a). Steep dips are developed in
strata proximal to the fault tip but the near surface strata are only gently warped, consistent with the
palaeomagnetic results of Schmidt et al. (1995) who contend that significant rotation of strata post-
dates the mid Cretaceous. The large offset produced in the basement relating to the fault coincides
with a marked deepening of the basin east of the LSC (SRK, 2006).
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Figure 6: (a) Hillshaded and colour draped DEM (LPI 25 m) of the northern LSC showing
Wheeny Gap, the Lapstone Monocline, the prominent west facing scarp relating to the
Kurrajong Fault, and Burralow Swamp. (b) topographic profiles constructed along the lines
marked in part (a) with faulting and stratigraphy superposed as per Fig 3c. (b) topographic
profiles in part (b) marked on semi-log axis to highlight streambed disequilibrium. Stream
longitudinal profiles are shown in pink.

The landscape is then subject to erosion, and develops a slight easterly slope as beds of Wianamatta
Group shales with progressively greater dips are exhumed (Fig. 7b). We speculate that the scarp
parallel (longitudinal) course of the Nepean River may have developed when a proto-river, flowing
in an easterly direction down this developing slope, was captured by the developing rift shoulder
relating to the opening of the Tasman Sea (ca. 95-100 Ma, Colwell et al. 1993).
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Between 15 Ma and 20 Ma (e.g. Pulford 1997; Pickett 1984; van der Beek et al. 2001) extensive
sub-horizontal sheets of basalt were extruded onto this gently dipping, low relief surface (Fig. 7b).
The observation that these basalts overly both Wianamatta Group shales and Hawkesbury/Narrabeen
sandstones (Bryan 1966) suggests that erosional lowering of the landsurface had stripped shale from
many areas west of the syn-depositional warp by the time of basaltic volcanism, but not to the extent
that significant relief was generated (cf Pickett and Bishop 1992). Subsequent erosion strips shale
from the face and most of the crest of the syn-depositional warp (Fig. 7¢). Rickaby’s Creek Gravels
are deposited on a sandstone substrate on the crest and face. The Nepean River is entrenched where
it flows across exhumed sandstone (e.g. Nepean Gorge and Bents Basin).

A change in the crustal stress regime, perhaps between 10 and 5 Ma (e.g. Sandiford et al. 2004),
initiates reactivation of a low-angle west-dipping basement fault causing uplift across the LSC and
the propagation of faults into Sydney Basin strata. Refraction of one of these faults as it propagates
into the basin results in the formation of a prominent east facing monocline (the Lapstone
Monocline) and west facing scarps (the Kurrajong/Glenbrook fault system) (Fig. 7d). Benches of
Rickaby’s Creek Gravel are progressively stranded on the crest and face of the monocline as it
grows. The entrenched meanders of the Nepean River deeply incise as the uplift proceeds. Major
knickpoints retreat westward across the LSC forming deep gorges (e.g. the Grose River, Wheeny
Creek). Almost all the shale is stripped from west of the LSC as these knickpoints migrate to the
west. Relicts of shale are preserved beneath basalt caps.

A) o)
>20 Ma <15Ma

Kurrajong/
B) D) G}enbrgmngIt. Lapstone Mono.

Present

Rickabys Creek Gravel [ wianamatta Group shale I Permian sedimentary rock
[ Miocene basalt [ ] Hawkesbury/Narrabeensst. .~~~ active fault/dormant fault

Figure 7: Cartoons depicting our proposed model for the evolution of the Lapstone Structural
Complex looking north at an E-W section through Penrith (see text for explanation). The
thickness of lithological units is schematic. Axes units approximate kilometres. Note that by
refracting a low-angle (30°) basement fault to 50° as it propagates into the basin the geometric
features seen in Fig. 3c and 6b can be accurately reproduced (ie. sharp west-facing scarp 2
km west of the east facing monocline). The structural geometry in frame A may have formed as
early as the Jurassic (Pickett and Bishop, 1992).
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DISCUSSION

Age of uplift across the LSC

In order to reconcile the stratigraphic position of the Rickaby’s Creek Gravels and the apparent lack
of incision of the landscape west of the LSC at ca. 15-20 Ma the above model proposes that
significant uplift across the LSC postdates ca. 15 Ma. This is consistent with the ages of
palaecomagnetic samples collected from the flexure of the Lapstone Monocline suggesting that
rotation relating to flexure post-dates the mid Cretaceous (ca. 90 Ma, Schmidt et al. 1995) and pre-
dates 8+5 Ma (Bishop et al. 1982 with age recalculated by Pillans 2003). Our model stands in
contrast to the contemporary interpretation that monocline development and faulting is Mesozoic to
mid Cenozoic in age (Pickett and Bishop 1992; Herbert 1989; Branagan and Pedram 1990), and
downplays the role that opening of the Tasman Sea has had on landscape evolution in the Sydney
Basin (cf. van der Beek et al. 2001).

The new model is attractive in that it places the main phase of deformation across the LSC at a time
of significant re-organisation of the crustal stress field in southeast Australia. A major unconformity
related to uplift, gentle folding and reverse faulting of Late Miocene strata in all southeastern
Australian basins formed during the period 10-5 Ma (Dickinson et al. 2002; Sandiford 2003;
Sandiford et al. 2004). Pliocene and Quaternary strata overlying this unconformity contain
deformational structures (i.e. faults and folds) consistent with the current stress field. This time
interval also corresponds to the initiation of the current phase of uplift in the Southern Alps of New
Zealand (e.g. Sutherland 1996) and in Papua New Guinea (e.g. Hill and Raza 1999). The Lake
George Fault in southern NSW might be considered as analogous in that almost 200 m of sediment
has been deposited in the related fault angle basin, underlying an up to 200 m high scarp, in the last
ca. 10 Ma (e.g. Singh et al. 1981; Abel 1985).

Evidence for recent and ongoing fault movement

The evidence suggesting that the Wheeny Gap Fault laterally displaces the northern cliff wall of
Wheeny Gap indicates deformation postdating the passage of the initial uplift-induced knickpoint
through Wheeny Gap (see van der Beek et al. 2001), which we would place at < ca. 15-20 Ma.
Recent movement on these structures is further supported by the ca. 30 - 40 ka impedance of
Burralow Creek, to form Burralow Swamp (Fig. 6a), and by the oversteepening of most easterly
flowing stream profiles as they cross the LSC (Rawson 1990; Rawson and Clark, this volume).
Ongoing movement is circumstantially supported by concentrations of earthquake epicentres, which
cluster at depth to the west of the LSC (Gibson, this volume). In addition to this instrumental
evidence, isoseismal maps constructed for the 1919 ML4.6 Kurrajong and the 1986 ML4.0 Upper
Colo earthquakes (Collins and Dhu 2003) are consistent with significant rupture having occurred on
structures of the LSC in recent times.

This hypothesis of a youthful Lapstone Structural Complex may be quantitatively verified with a
program of targeted cosmogenic exposure dating along one (or several) of the streams demonstrating
a disequilibrium longitudinal profile, such as Wheeny Creek. The age of sedimentary fill within
fault angle basins such as Mountain Lagoon, Burralow Swamp, Glenbrook Lake and Blue Gum
Swamp might also provide insight into the recent faulting history, with preliminary dating in
Burralow Swamp indicating at least one significant phase of displacement in the late Pleistocene
(Rawson 1990; Rawson and Clark, this volume).
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Implications for seismic hazard

From a seismic hazard perspective, the main question is whether activity on the LSC has been
regular and continuous over the last ca. 15-20 Ma, as assumed by Berryman et al. (1999) in their
assessment, or episodic. The main evidence against a continuous evolution hypothesis are the ages
of palaecomagnetic samples collected from the flexure of the Lapstone Monocline (northern LSC),
which suggest that rotation relating to flexure occurred prior to 85 Ma (Bishop et al. 1982 with age
recalculated by Pillans, 2003). Rapid relief-building in the late Miocene followed by little
deformation from Pliocene to present is consistent with evidence of a pulse of deformation in
southeast Australian offshore basins (cf. Dickinson et al. 2002; Sandiford 2003; Sandiford et al.
2004). However, the significant offset of the cliff wall in Wheeny Gap across the Wheeny Gap
Fault (presumably relating to a significant number of individual earthquake events and several tens
of metres displacement) and the abundant disequilibrium stream long profiles suggest continuing
deformation.

The palaeomagnetic data of Bishop et al. (1982) is not necessarily inconsistent with significant
continuing deformation on the LSC. Assuming the structural architecture proposed above,
displacement might continue to accumulate without significant rotation once the fault controlling the
flexure becomes emergent, or nearly so. At present there is no robust field evidence to support an
emergent master fault at the foot of the Lapstone Monocline. However, the emergence of the Mount
Riverview Fault over almost 10 km of strike length in the central part of the monocline (e.g.
Branagan and Pedram 1990) suggests that the faulting beneath the monocline, if not emergent, is not
deeply buried.

A second possible scenario relates to the folding mechanism extant during formation of the Lapstone
Monocline. In the case that the monocline is amplifying largely as a result of eastward migration of
the fold hinge (cf. Dahlstrom 1990; Saint-Bezar et al. 1999; Ahmadi et al. 2006), rather than by limb
rotation around a fixed hinge axis, significant rotation of strata will be temporally restricted to the
time when the hinge line migrated through the area of interest. Easterly fold hinge migration, and
consequent easterly rotation, might plausibly be invoked to explain the formation of the anomalous
Mellong Plateau immediately north of the study area (cf. Henry 1987).

Irrespective of whether or not a large portion of the relief relating to the Lapstone Monocline formed
in the late Miocene, there is an emerging body of evidence to suggest that large earthquake
occurrence on intraplate faults is highly temporally clustered (e.g. Crone et al. 1997, 2003; Clark
2007; Clark et al. in press). Consequently, dividing a total displacement by the total time over
which that displacement accrued (cf. Berryman et al. 1999) is likely to provide a misleading
estimate of the recurrence for large earthquakes on the LSC. Evidence of very shallow sedimentary
fills (relative to the relief of the damming fault scarp) in fault angle basins juxtaposed against the
Kurrajong Fault System (Rawson 1990; Rawson and Clark, this volume) is consistent with a model
of temporally clustered rupture. Brief active periods of earthquake activity comprising a finite
number of large events, such as those which formed Burralow Swamp in the Late Pleistocene
(Rawson and Clark, this volume) are separated by much longer periods of seismic quiescence (cf.
Clark 2007), such that fault dams are significantly eroded or completely removed between active
periods.

CONCLUSIONS

A structural traverse conducted in the northern Lapstone Structural Complex through Wheeny Gap
identified a previously undocumented west-dipping reverse fault exposed in the northern cliff face.
The cliff face, related to retreat of a knickpoint up Wheeny Creek consequent of initial relief
generation across the LSC, is displaced laterally by the fault, suggesting relatively youthful activity.
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Evidence for recent and continuing activity on faults of the northern LSC is also provided by the
impedance of Burralow Creek by the Burralow Fault, and by disequilibrium stream profiles where
easterly flowing drainage crosses the LSC (Rawson 1990; Rawson and Clark, this volume). An
evolutionary model for the LSC is proposed which reconciles this evidence for late Cenozoic uplift
across the LSC and the observation that the Rickaby’s Creek Gravels overlie shale on the
Cumberland Plain and sandstone on the Lapstone Monocline. This model, while preliminary,
suggests that the findings of a major seismic hazard assessment of the Sydney Basin which suggests
magnitude My7.0 and greater earthquake events might be expected on the LSC on average every
15-30 ka should be treated with caution. This expectation of regular recurrence must be tempered
by the possibility that a large part of the relief relating to the complex may have formed in the late
Miocene (e.g. Sandiford et al. 2004), and evidence from other Australian intraplate faults suggesting
that large earthquake occurrence is markedly temporally clustered (e.g. Crone et al. 1997, 2003;
Clark 2007; Clark et al., in press).
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Seismicity of the Sydney Basin Region

Gary Gibson, Seismology Research Centre, ES&S.
SEISMIC MONITORING IN THE SYDNEY REGION

Introduction

Our knowledge of past earthquakes in any region depends on the recorded history of the inhabitants,
and on the recordings made by seismic monitoring instruments, especially those installed within the
region. We have no information of any of the earthquakes that occurred in the Sydney region during
the period of aboriginal habitation prior to European colonisation. The earliest known Australian
earthquake was felt in Sydney on 22 June 1788, a few months after the colony was established. Until
seismograph coverage was established, the location of larger earthquakes could be approximated by
determining the location of maximum ground motion intensity, the earthquake depth estimated by
the relative area that experienced high intensity relative to low intensity, and the magnitude
estimated from the area or radius of perceptibility (McCue, 1980).

Purposes of Seismic Monitoring

Most seismic monitoring is done in order to investigate earthquake hazard. The dominant earthquake
hazard is ground vibration, and it is this motion that is usually monitored. Other hazards include
surface rupture, liquefaction, landslides and tsunami. Earthquake ground motion monitoring is used
to determine information about the earthquake source (location, magnitude, mechanism, etc),
seismic wave travel path (reflections, refractions, attenuation with distance), and the effects of the
surface geology and topography at the recording site (amplification by resonance, attenuation of
high frequency motion).

1. The Earthquake Source

The seismicity of an area includes the location of earthquakes within the area, their magnitude, and
their recurrence rates. This includes delineation of active faults, if possible. Earthquake locations
and origin times can be determined from measurements of the precise times that seismic waves from
the earthquakes arrive at seismographs. A network of at least three seismographs, but preferably five
or more, is required to locate the earthquakes that occur within the network. Earthquakes outside the
network cannot be located as accurately.

Earthquake depths can only be determined accurately if there is a seismograph near to the epicentre,
within a horizontal distance not exceeding about twice the earthquake depth. In the Sydney area
earthquakes occur at depths from about 2 to 20 km.

2. The Seismic Wave Travel Path

The attenuation of seismic wave amplitudes with distance from an earthquake depends on the
properties of the rocks within the earth’s crust in the area, particularly by its temperature.
Attenuation in cold, hard, old rock depends primarily on geometric spreading, while the reduction of
amplitude with distance is higher in hot, soft, young rock. Absorption of energy within rocks is
frequency dependent, and attenuation of high frequency motion is much more rapid than for low
frequency motion.

3. The Site Effects

The effects of surface sediments and topography can significantly modify ground motion. Soft
surface sediments give amplification of ground motion at their natural frequency by resonance,
while reducing amplitudes at high frequencies by absorption. Site effects depend on near-surface
unconsolidated sediments and on topography, and they can vary rapidly from place to place at scales
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of tens to hundreds of metres. Areas with soft surface sediments and steep topography have a much
higher earthquake hazard than experienced on a horizontal surface with hard rock outcropping.

Attenuation for earthquake waves travelling in the Palaeozoic bedrock beneath the Mesozoic
sediments of the Sydney Basin is typical of attenuation in eastern Australia. However, the Sydney
Basin sediments show higher than average attenuation, and this makes determination of local
attenuation functions quite difficult, especially with limited data.

Seismographs in the Sydney Region

The first seismograph to be installed in New South Wales was a Milne instrument installed at the
Sydney Observatory from 1906 to 1948. The Riverview Observatory installed its first seismograph
in 1909, and seismic monitoring instruments are still being operated at this site. Most of the early
seismographs were long-period instruments designed to record distant earthquakes, but with limited
capacity for recording high frequency motion from local earthquakes.

One of the first seismograph networks in the world designed specifically to record local earthquakes
was installed at five sites for the Metropolitan Water, Sewerage and Drainage Board of Sydney from
1958. The network was operated by the Australian National University in Canberra. In 1970 the
network was reduced to four sites, and in 1983 radio telemetry was added to give central recording,
although with limited dynamic range through use of a pen recorder, and very limited seismic
frequency bandwidth.

Following the Newcastle earthquake in December 1989, Sydney Water upgraded the network. It
adopted an integrated monitoring network design, incorporating both sensitive seismometers and
strong motion accelerometers, fully based on digital data acquisition, with advantages as follows:

. common instrumentation, reducing operation and maintenance costs.

. strong motion reference sites, and even sites on structures, could act as normal seismograph
sites that would not exceed full scale for large nearby events.

. combining strong motion bedrock sites with seismographs will eventually allow

determination of a single consistent attenuation function for all levels of motion, and will
significantly expedite collection of data for spectral attenuation functions. Attenuation functions
inherently must use measurements from a wide range of earthquake magnitudes and distances.

. strong motion sites will be maintained regularly with seismograph maintenance, so
instruments are much more likely to be working correctly for a large nearby earthquake.

In addition, high dynamic range instruments were used so that seismographs could measure larger
earthquakes without going full scale, and strong motion accelerographs could trigger on smaller
events. Six-channel instruments would give an overlap in the levels of motion recorded, increasing
reliability and allowing system calibration checks.

The expanded network originally had instruments at 25 sites when fully installed by late 1993,
operated by the Seismology Research Centre in Melbourne, and later reduced to 23 sites during
1998. About half of these are six-channel instruments with a triaxial seismometer and a triaxial
accelerometer. There have been no moderate or large earthquakes in the Sydney area since the
network was installed. Since 1992, one moderate magnitude distant earthquake has been recorded
(at Ellalong).

Accelerographs in the Sydney Region

An SMAL accelerograph was mounted in the nuclear reactor basement at Lucas Heights in about
1984. This was replaced by two digital accelerographs during 1989, one on the reactor structure and
the other on bedrock nearby. They are intended to study the dynamic properties of the reactor
structure and are in a noisy environment, so rarely trigger on small local earthquakes.

The combined seismograph and accelerograph network installed by Sydney Water in 1992,
described above, has significantly improved strong motion monitoring in the Sydney area. In
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addition, two strong motion accelerographs were installed in each of Sydney, Newcastle and
Wollongong, as part of the Joint Urban Monitoring Project (JUMP), these instruments being
operated by Geoscience Australia.

EARTHQUAKES IN THE SYDNEY REGION

Several catalogues of earthquakes in the Sydney area have been produced. The Australian National
University produced printed monthly Bulletins from before 1967 to mid1993. The Bureau of
Mineral Resources located and published locations on microfiche for many years, and after being
renamed as the Australian Geological Survey Organisation published printed monthly bulletins from
1995 to mid-2000. This was replaced by an online access system for recent earthquakes.

After AGSO was renamed Geoscience Australia, the preferred solutions of the entire earthquake
catalogue was placed online. This includes earthquake locations from other authorities when the
Geoscience Australia seismologists consider those to be the preferred location.

The Seismology Research Centre in Melbourne has been operating seismographs for Sydney Water
and other authorities in New South Wales since 1988, and produces three-monthly earthquake lists
that include events in the Sydney region.

Local observatories often update their analyses for periods of months to a year after any event, as
more data is gathered from remote instruments, and data are shared between observatories.

Internationally, preliminary epicentre determinations (PED) are published by the National
Earthquake Information Centre (NEIC) of the US Geological Survey (USGS) with a delay of a few
weeks after each event. The International Seismological Centre (ISC) then computes revised
locations of all known events, using all available data, with a delay of about two years, publishing
results on CD and online.

Since 2000, the author has been maintaining a consolidated earthquake catalogue of all Australian
earthquake locations, including intermediate locations as data are accumulated, and locations from
all authorities, both local and international. The preferred solution for each event is re-considered
whenever new locations are added. Figures 1-5 have been produced using this catalogue.

The most significant known events in the Sydney area were:

1788 June 22, Sydney: The first recorded earthquake in Australia occurred on a Sunday afternoon,
1788 June 22, five months after the First Fleet landed. It was felt and heard by most people,
apparently from the southwest, with a sound like a distant cannon, and visibly shaking trees. Hunter
(1991) gives a number of references.

1872 October 18, Jenolan Caves, ML 5.5: An earthquake on Friday, 1872 October 18 at 0650 pm
was felt from Jervis Bay in the south to Stroud in the north, and to Orange in the west. At Bathurst
chairs were knocked over, candles shaken from tables and dishes smashed. The widespread
distribution of low and moderate intensities suggests that the epicentre must have been in an
unpopulated area, perhaps about the Jenolan Caves or north of Lithgow, or was deep beneath the
surface.

1919 August 15, Kurrajong, ML 4.6: An earthquake occurred near Kurrajong on Friday 1919

August 15 at 0821 pm Sydney Standard Time. It was distinctly felt throughout Sydney and suburbs,
though not noticed by all persons. It was described in detail by Cotton, 1921, and Drake, 1973, gave
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a magnitude estimate of about ML 4.6. It was felt with Modified Mercalli intensity 5 at Kurrajong,
on the Nepean River about 50 km north-west of Sydney. Highest intensities were reported from
north and west of Kurrajong. The intensity in Sydney was about MM 3. It was felt by a few people
at rest indoors in Newcastle. It was crudely located using intensity data near the north end of the
Lapstone Fault, and may have been on either that fault or a related fault.

1961 May 21, Robertson, ML 5.5: An earthquake of magnitude ML 5.5 occurred near Robertson on
1961 May 22 at 0740 am AEST. This is about 60 kilometres south-west of Sydney. It has also been
called the Bowral earthquake. The maximum intensities in the Robertson-Bowral area were about
MM 7. The earthquake caused significant damage to buildings in the Moss Vale, Robertson and
Bowral area, blocked the Macquarie Pass road with rockfalls, and caused some power failures. The
intensity in Sydney was about MM 3. The epicentre was within a few kilometres of the present
location of Wingecarribee Dam which was completed in 1974.

1973 March 9, Burragorang, ML 5.5: An earthquake of magnitude ML 5.5 occurred near the
southern end of Lake Burragorang, about 30 km west of Picton on 1973 March 10 at 0509 am,
AEST. This is about 70 kilometres WSW of Sydney. It has also been called the Picton earthquake. It
caused about $A500,000 (1973 values) damage. It has been suggested that the earthquake could
have been reservoir induced, but it is difficult to prove this (Drake, 1974). If this was the case, it is
an example of delayed reservoir induced seismicity. The earthquake was probably at a depth
exceeding 12 km, and occurred about 12 years after reservoir filling commenced.

1981 November 15, Appin, ML 4.6: An earthquake of magnitude ML 4.6 occurred near Appin on
1981 November 16 at 0358 am, AEST. This is about 50 kilometres south-west of Sydney. Intensities
of MM 4 were felt over a broad area south-west of Sydney, but with only isolated values of MM 5 in
the epicentral area. No damage was reported.

1985 February 13, Lithgow, ML 4.3: An earthquake of magnitude ML 4.3 occurred near Lithgow on
1985 February 13 at 0701 pm AEDT (daylight saving time). This is about 100 kilometres west of
Sydney. Intensities of up to MM 7 were reported in the epicentral area, with minor damage to
plaster, brickwork, tiles and chimneys, including several partly demolished chimneys. Objects fell
off shelves in many parts of Lithgow. Total damage was estimated at A$65,000 (1985). The
intensity in Sydney was very low, with only a few people reporting MM 2 to 3. The earthquake was
felt much further to the west than to the east, suggesting that it may have been on a west-dipping
fault.

1989 December 28, Newcastle, ML 5.6: The earthquake on Thursday 1989 December 28 at 1027 am
AEDT was the first Australian earthquake confirmed to have caused fatalities. Thirteen people were
killed by the earthquake, and there were hundreds of injuries. Extensive minor and moderate damage
gave a total cost that exceeded A$1,500 million. This earthquake was centred off the north-east of
the map in figure 1, and was felt over a radius of about 300 kilometres.

1999 March 17, Appin, ML 4.4: An earthquake of magnitude 4.4 occurred near Appin on
Wednesday 1999 March 17 at 12:58 pm AEDT. The maximum reported intensity was of MM 5,
although there were some reports of minor damage in the epicentral area. It caused some power
failures, and was felt throughout the Sydney area.
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Pre- and Post-1992 Seismicity

The quality of seismograph coverage of any area changes with time, and the general trend is for
improvement with time. In the Sydney area, all events before 1960 were very poorly located using
intensity data alone.

Figure 1: Sydney region earthquakes to 1992.

From 1960 to 1991, there were only three to five seismographs in the area. Only smaller earthquakes
within about 10 to 20 kilometres of these could be located with a well-defined depth estimate. The
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instrumentation used had limited dynamic range so would go full-scale for even moderate magnitude
earthquakes, so shear wave arrivals could not be read, and these events could not be located
precisely. The instrumentation had very limited seismic wave frequency bandwidth, limiting timing
precision and making earthquake magnitude estimates very difficult.

Magnitude

. ML 5.0

§ mMLan

e ML1.0

Figure 2: Sydney region earthquakes, 1993 to 2005.
Since 1992, most events larger than magnitude ML 1.5 can be located to a precision of a few

kilometres or better, including depth. The distinctive seismic character of shallow events
(earthquakes, blasts and coal mine collapses) within the Mesozoic sediments of the Sydney Basin
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are very characteristic, making discrimination of earthquakes and blasts much easier. It is still
possible that some shallow earthquakes have been mis-identified as a blast or coal mining collapse.
Sydney Region Earthquake Depths

Before 1992, earthquake depths were very difficult to determine with accuracy. For example, the
Burragorang earthquakes of 1971 were located at all depths from near-surface to over 30 km, and
appear in the cross-section as a vertical band. In reality the depths were probably only spread over a
range of a few kilometres, probably at a depth of about 12 to 15 km. Some poorly constrained
earthquakes before 1992 were assigned depths at the surface, while others were located at depths of
30 km or more. Earthquakes outside a network often locate too deep.

Figure 3: Sydney region earthquakes with study area for sections delineated.

Since 1992, there has been a significant improvement in earthquake location accuracy, especially for
depths. Almost all of the events that were positively identified as earthquakes are near or west of the
surface outcrop of the Lapstone Fault indicating that this fault system is active. The Lapstone Fault
is the largest identified contributor to seismic hazard in the Sydney Region. Most of the earthquakes
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in the Sydney area since 1992 were under the Blue Mountains. Most events have been located to a
precision of a few kilometres or better, including depth. Although many near surface blasts and mine
collapses have been recorded in coal mining areas, very few earthquakes appear in the top few
kilometres. It is possibly that the Mesozoic sediments of the Sydney Basin are too weak to sustain
very high stress. The deepest earthquakes that have been precisely determined are about 17 km deep.

Accuracy
@ Instrumental

© Manual
O Manual poor
@ Intensity

West to East Cross Section, with earthquakes to December 1991

West to East Cross Section, with earthquakes from January 1992
Figure 4: Vertical sections with earthquakes before 1992 (top) and 1992 to 1998 (bottom)

Although the overall rate of earthquake activity for the region is not altered significantly by the new
data, a possible re-distribution is both reasonable in terms of geology and topography, and indicates
that the Blue Mountains region has a higher level of earthquake hazard than the Sydney region.
Although the level of activity under the Blue Mountains is above average by Australian standards, it
is still far less than in the active earthquake areas of the world. The recording period is very short
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when compared to the return period of large earthquakes, and earthquakes always cluster in space
and time. There are still uncertainties regarding the activity to the south of the area, including the
source of the Appin and Robertson earthquakes.

EARTHQUAKE HAZARD IN THE SYDNEY AREA

The most common measure of earthquake hazard at a location is a ground motion recurrence plot,
either giving motion as a function of return period, or giving response spectra for one or more return
periods. This is done using the Cornell method, where earthquake sources are defined and
quantified, then attenuation functions are used to integrate probabilities of ground motion for all
possible earthquakes in longitude, latitude, depth and magnitude.

The earthquake catalogue of known events is a key input, but when the duration of the catalogue is
very much shorter than the average return period for medium to large earthquakes this gives a very
limited sample of possible earthquakes. In stable continental regions like Australia the catalogue
may have good coverage for 50 years and limited coverage for 100 or 200 years, while the average
return periods for particular moderate to large earthquakes may be from thousands up to hundreds of
thousands of years.

A seismotectonic model is used to include all possible earthquake sources. This usually consists of
area or volume source zones within which it is assumed that earthquakes can occur at any point with
the same probability. It is possible to include variations in probability within the source, and
variation of the earthquake magnitude recurrence with depth can be included. As well as seismicity
input, the seismotectonic model normally incorporates geological and geophysical data in the
definition of the zones. Seismotectonic models with only area or volume source zones give a low-
resolution average ground motion that only varies on a scale comparable to the size of the zones.

Since all shallow moderate to large magnitude earthquakes occur on pre-existing faults with rupture
dimensions of kilometres or larger, it is possible to include active faults in the seismotectonic model,
each with a specified location and earthquake magnitude recurrence rate. When an active fault is
incorporated in the model, it is normal to reduce the earthquake activity rate in the local area or
volume source zone by a compensating amount. As more and more active faults are delineated and
quantified, the seismotectonic model gains in resolution, giving variations in estimated hazard
depending on the proximity of faults.

Brown and Gibson (2000, 2004) have developed a series of seismotectonic models, designated
AUSL1 to AUS6, to compute ground motion recurrence as a measure of earthquake hazard. These are
subject to continuous updating as more data comes available. Because earthquakes in Australia
occur at a relatively limited rate, most of the model developments are currently the result of
geological and geophysical inputs.

Figure 5 shows the earthquakes in the Sydney area to the end of 2001 and the source zones for
model AUSS. In defining the source zones, the Sydney Basin was taken as a geological entity that is
a significant feature on the scale of the upper crust, where earthquakes occur in this region.

The earthquake catalogue shows considerable variation in activity over the Sydney Basin, so it was
divided into three zones. The high level of activity under the Blue Mountains in the south-west
formed the West Sydney Basin zone. The Lapstone Fault, assumed to be a west dipping reverse
fault, is along the eastern edge of the West Sydney Basin zone, and a high proportion of the West
Sydney Basin activity may be on the Lapstone Fault.
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Figure 5: Earthquakes in the Sydney area to 2001.
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The South Sydney Basin was defined by the moderate level of activity within the Sydney Basin
south of Botany Bay in the Illawarra region. Although the Illawarra Scarp along the coast is largely
an erosional feature, the earthquake activity in the Appin, Bowral and Robinson regions could easily
be associated with a west dipping reverse fault that could be designated the lllawarra Fault, if it

exists.
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The North Sydney Basin was defined as the remainder of the Sydney Basin zone, characterised by a
very low level of earthquake activity. Compared with other Australian cities, Sydney experiences
very few local earthquakes that are less than magnitude 3 but which are felt over a limited area. The
North Sydney zone might be considered as a downthrown region between reverse faults that are
dipping away from the zone — the Lapstone to the west and the Hunter-Mooki Fault system to the
northeast.

Note that the activity on a reverse fault is under the upthrown block, offset at distances up to 25
kilometres from the surface outcrop.

CONCLUSIONS

The higher density seismograph network operating over the past decade has significantly improved
the resolution of earthquake locations in the Sydney region. The majority of earthquakes in the
Sydney area are to the west, under the Blue Mountains, and probably on the active Lapstone Fault or
related faults. The depth range of earthquakes under the Sydney Basin is limited, with few very
shallow events in the Mesozoic sediments near the surface, and a maximum depth of about 20 km in
basement rock.

It seems that attenuation for earthquake waves in the Sydney area is complicated by higher
attenuation in the Mesozoic sediments of the Sydney Basin than in basement rocks. Earthquakes or
blasts near the surface, including the only moderate magnitude earthquake in the area since the new
network was installed (Ellalong near Cessnock, in 1994, magnitude ML 5.1), have near surface
attenuation effects at both source and seismograph, so are difficult to analyse with present data.
Some additional well-located events larger than about magnitude 3.0, particularly deeper events,
will be required before local attenuation can be determined.
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Notes on the Tectonic setting of, and
Attenuation in, the Sydney Basin

KEVIN MCCUE!
AUSTRALIAN SEISMOLOGICAL CENTRE, PO BOX 324, JAMISON CENTRE ACT 2614,
AUSTRALIA

TECTONIC SETTING OF THE SYDNEY BASIN

The Australian continent is an island of continental crust with a surrounding halo of oceanic crust
within the Australian Plate everywhere except through the island of New Guinea (Doutch, 1982)
where continental Australia collides with the Pacific Plate. The Sydney Basin is a Mesozoic Basin
on the southeastern edge of the Australian continent about 2000 km from the nearest recognised
plate boundary to the east stretching from northern New Zealand to Fiji (see Plate tectonic map in
Figure 1 from Wikipedia).
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Figure 1 Tectonic plates showing the Australian continent’s setting

The term intraplate is used here to identify areas not affected by interplate activity. The city of
Auckland on the North Island of New Zealand is near the edge of the Australian/Pacific Plate
boundary. It may not strictly be classified as interplate or intraplate because the plate boundary is
wide and dips under the city, giving rise to the Recent volcanoes there. Across the Tasman Sea, the
seismicity and earthquake hazard in the Sydney Basin are typical of eastern Australia as a whole.
Earthquake epicentres do not correlate clearly with mapped faults or broad geological features and
tend to be broadly diffused with embedded clusters through a 300 km wide area paralleling the
southeast coast of Australia. Discrete areal zones have been defined by some authors (Brown and
Gibson, 2000) for convenient hazard assessment but the history is very short, the first useful
seismographs not installed until 1909 at Riverview Observatory so the zone boundaries will change
as the seismicity patterns become better defined. There are many areas of continental Australia,
particularly the western cratonic areas, that are more seismically active than the Sydney Basin.

The larger well-located Sydney Basin earthquakes actually occur in Lachlan Foldbelt basement
underlying the Basin or near its interface with the Basin, the largest in the last 200 years, a modest
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magnitude 5.6 event near Newcastle on 28 December 1989 (McCue and others, 1990). Parameters
such as ‘a’ and ‘b’ of computed recurrence relations for identified seismic zones in the Sydney
Basin are in the same range as those computed for other source zones throughout Australia (Brown
and Gibson, 2000), they are essentially the same given the uncertainty in calculating them from the
short period of instrumental data compared with the return period of potentially damaging
magnitude 5" earthquakes.

A recognised measure of the hazard is the computed peak ground acceleration in a 475 yr period as
shown on maps adopted by Standards Australia for incorporation into various editions of the
Australian Loading Code (see for example McCue and others, 1993). Earthquake hazard in Australia
is similar to that of other intraplate regions of the World, not negligible, but considerably lower than
the hazard in any of the interplate regions (Giardini and others, 1999). By any recognised standard,
the Sydney Basin setting is classically intraplate.

ATTENUATION IN THE SYDNEY BASIN

Valuable strong motion data have been collected in Australia over the last 15 years since the Joint
Urban Monitoring Program to install accelerographs in urban areas with more than 50 000 people
was initiated after the 1989 earthquake near Newcastle NSW. As yet there is insufficient data to
determine attenuation rates in Western, Central or Eastern Australia, three regions that many expect
should exhibit different rates of attenuation because of their different ages.

There is however a wealth of intensity information summarised in several hundred isoseismal maps
for earthquakes throughout Australia (Everingham and others 1982, Rynn and others 1987 and
McCue 1996) and Geoscience Australia Annual Seismological Reports post 1989). It is instructive
to compare just two of these important earthquakes only weeks apart, one beneath the Sydney Basin
sediments of Mesozoic age, and a similar sized event in southwestern WA in the Archaean craton
(McCue and Gregson, 1993). The mechanisms of the earthquakes were very similar; thrusts with
nodal planes dipping at intermediate angles under horizontal compression. Attenuation of seismic
energy through the basin and craton might be expected to be as different as between any two
geological settings in Australia. One factor which affects intensity estimates is time of day but both
of these earthquakes occurred near midday local time so this factor can be discounted.

Pertinent details of the earthquakes are given in table 1 below along with characteristic
measurements taken from the isoseismal maps, the equivalent circular radii of the areas enclosing
intensities MMS5, 4 and 3 or higher. It might seem surprising that the assigned maximum intensity is
higher in Newcastle at MM8 than in Meckering MM6 at similar epicentral distances, especially
given the shallower focus of the Meckering event. This is probably partly a result of good
engineering practice. Following the magnitude Ms 6.8 earthquake that all but destroyed the
township of Meckering in 1968, the town was relocated and rebuilt, the local council ensuring
builders used earthquake design provisions for all new buildings. By comparison, no buildings in
Newecastle had the benefit of incorporating earthquake design provisions, indeed most of the highly
damaged buildings had severe flaws such as poor fastenings, missing beams, corroded wall
connections and soft lower storeys. In addition the worst damage in Newcastle occurred in an area
underlain by soft sediments, much of it hydraulic fill that no doubt contributed to the seismic load
and assessed intensity.
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Table 1: Parameters of the 1989 Newcastle NSW and 1990 Meckering WA earthquakes

PLACE DATE TIME ML DEPTH ISOSEISMAL RADIUS*
uTC km MM5 MM4 MM3
km km km
Newcastle NSW | 28 December 1989 06:38 5.6 13+2 105 185 300
Meckering WA 17 January 1990 23:26 5.5 6 25 150 260

* note that the scale bar of figure 9 in McCue and Gregson ( 1993) is incorrectly drawn.

The magnitudes measured by GA of the two earthquakes were similar, the Meckering event only 0.1
magnitude units smaller than the earlier earthquake at Newcastle. The table shows a much larger
area of intensity MM5 in the Sydney Basin indicating that the focal depth of the WA earthquake
may have been as shallow as 2 km or less which would support the lower peak intensity in
Meckering but the MMS5 radii also lend no support for an assumption of higher attenuation in the
east relative to the west. The similar radii for the lower intensities clearly contradict the assumption
of a higher attenuation in eastern Australia relative to the west, indeed, an opposite outcome might
be deduced.

There are several isoseismal maps of other well documented pairs of earthquakes in the Sydney
Basin and SW WA which could and should be analysed to check the universality of these
observations.

CONCLUSIONS

Firstly, the Sydney Basin is a classic intraplate setting as measured by both the seismicity and hazard
parameters. Secondly, the evidence from a comparison of the isoseismal maps of two very similar
earthquakes on opposite sides of the continent challenges assumptions that the ground attenuation in
the Sydney Basin is special or different from elsewhere in Australia.
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Observations on faulting in the Sydney area
reconciled with the seismicity rates: probabilistic
fault rupture recurrence models

Kelvin Berryman, Terry Webb, Andrew Nicol, Warwick Smith, Mark Stirling
GNS Science, PO Box 30368, Lower Hutt, New Zealand
K.berryman@gns.cri.nz

ABSTRACT

New data pertaining to fault patterns, densities, and fault reactivation in the Sydney basin region
provide a basis for reconciling fault activity with historic strain release manifest as earthquake
magnitude and frequency. The dimensions of the faults infer associated earthquake magnitude. Site
data on the size of reverse displacement on a reactivated, originally normal fault, combined with the
scaling properties of earthquakes and other geological information, enable calculation of average
subsurface single event displacements (SED’s) for a range of fault sizes. At the same time, the rate
of historical seismicity and expected maximum earthquake magnitude for the region have been used
to estimate the rate at which seismic moment is released in the region. This paper reports on the new
fault data from Sydney and presents a summary of modelled results for the frequency and magnitude
of expected reverse fault earthquake rupture on reactivated normal faults in the 20-30 km wide
coastal strip near Sydney.

Using the seismic moment release rate and the estimated number of faults that exist in the Sydney
area we obtain a mean interval for recurrence of reverse faulting on any single structure as several
million years. The associated earthquake magnitude distribution is in the range M 5.0-6.0 for the
reverse faults in the coastal strip. The very long mean recurrence intervals that we obtain are a
function of the low historical seismicity rate and the high density of fault structures in the Sydney
Basin over which the seismicity could be distributed.

INTRODUCTION

Fault data from the southern coalfield and tunnel log data from the Sydney Basin provide new
insights into fault occurrence in the Sydney basin so that historic seismic moment release can be
assigned to structures with variable orientations and estimates of their rupture magnitude and
frequency can be calculated. The data show that the c¢. 20-30 km wide coastal strip is divided by
northwest-striking strike-slip faults, which are the largest structures. Between these faults there is a
pervasive distribution of north- to northeast-striking dip-slip faults, most of which have net normal
displacements. Distributed among the normal faults are some faults with net reverse displacement.
Seismic moment release among dip-slip structures is assigned by proportion of the faults that have
reactivated to have net reverse displacement.

To determine the fault dimensions and magnitude of an earthquake associated with a particular
Single Event Displacement (SED) we need to use displacement-length and displacement-magnitude
scaling relations. Two self-similar scaling relations have been adopted that embrace the likely range
of earthquake stress drops expected for the Sydney Basin region. These relations are based on
seismological data from low slip rate Eastern North America and low-to-moderate slip rate New
Zealand regions. There are insufficient data to accurately define a relationship for continental
Australia, let alone the coastal margin, for which stress levels are likely to be lower.
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GEOLOGICAL SETTING OF THE SYDNEY REGION

Sydney is located in the Sydney basin (Herbert & Helby, 1980)(Figure 1), which is characterised by
up to 5 km thickness of Permian and Mesozoic, terrestrial and marine sedimentary rocks. These
rocks rest unconformably on Paleozoic rocks that are much more deformed. At the western margin
of the Sydney basin Permian coal measures lap onto the Paleozoic rocks of the Lachlan Fold Belt.
Sydney basin deposits consist of non-marine coal measures grading up into Triassic and possibly
early Jurassic terrestrial and estuarine sandstone and siltstone (Herbert, 1980). The absence of
younger Mesozoic rocks is attributed, by Ollier (1982) to uplift and doming as a precursor to the
opening of the Tasman Sea which occurred from 80-55 Myr ago (Shaw, 1978). Thin Cainozoic-age
rocks occur within the Sydney basin, most notably in the Penrith basin adjacent to the Lapstone
Structural Complex (LSC) (Mauger et al., 1984) where several tens of metres of conglomerate, sand
and clay represent ancient fluvial terrace and overbank flood deposits.

From a global tectonics perspective Australia is regarded as an intraplate setting, thousands of
kilometres from an active plate boundary. However, as other areas on the margins of stable
continental interiors such as eastern USA and India there are thick post-craton basins that are
characterised by greater seismic activity than in the plate interiors. The Sydney area therefore is
intraplate from a global tectonics point-of-view, but seismically more active than the continental
interior, and with rock velocities and seismic attenuation that is more akin to active margin settings.
Most earthquakes that occur within the Sydney Basin are within Paleozoic basement rocks that are
located beneath the Mesozoic sediments, more than 3-4 km below ground surface. However, rare,
shallow events such as the My 4.4 1999 Appin earthquake do occur within the Sydney basin
sediments. Prior to the current study faults within the Sydney basin rocks were considered unusual,
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Figure 1 Mapped structural features of the Sydney region prior to this study. Most

structural data are from Herbert (1980), and Sherwin & Holmes (1986).

62



Seismic Hazard in Sydney Proceedings of the one day workshop

with a compilation by Branagan et al (1988) listing only 16 occurrences of faults with a decimetre or
more of displacement in Sydney basin rocks.

NEW FAULT DATA IN THE SYDNEY BASIN

In this paper we report on newly compiled data from the Southern Coalfield and tunnel log data
from the Sydney Basin that provide new insight into the fault pattern, density and kinematics of the
eastern, coastal, part of the Sydney Basin (Figure 2).
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Southern Coalfield data

The Southern Coalfield encompasses the southern section of the Sydney Basin south of Botany Bay.
Fault data in this region were derived from coalmine plans on the top of the Bulli Seam and are two-
dimensional (e.g. Figure 3). These data are used principally to calculate moment release for the fault
population sampled so that moment rate can be partitioned between strike-slip and dip-slip
structures. The faults in the Southern Coalfield are predominantly normal in their sense of slip and
displace late Permian Illawarra coal measures. Faulting is to a large extent late Cretaceous and early
Tertiary in age, representing the western margin of rifting associated with Tasman Sea opening from
80-55 Myr ago

T i S T

| A TN ==, _
Figure 3 Map of faults on the Bulli Seam in the coastal zone of the Southern Coalfield.
Strike-slip faults are marked in red and dip-slip faults in dark blue. The blue rectangle
outlines the 25 km by 10 km study area.
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The pattern of faulting for a 10 km x 25 km portion of the Southern Coalfield is shown in Figure 3.
This region is part of the coastal zone which is bounded to the west by the South Coast Monocline.
Faults in this region comprise two main sets that strike approximately northwest and north to north-
northeast. The northwest striking faults are regional structures with typical trace lengths of 5 to >10
km, maximum apparent throws of 25 to 90 m (Lohe et al., 1992), and predominantly strike-slip
motion. The spacings of regional faults in this set are often 1-3 km. The more northerly striking
fault set has predominantly dip-slip offsets and is dominated by two clustered fault arrays, which are
spaced at 3—4 km (Figure 3.) and have a maximum length of 10 km. In the Wollongong—Port
Hacking area there is a tendency for faults striking north-northeast to have displacements of less
than 15 m, whereas faults striking west-northwest and northwest can reach 100 m in displacement
(Sherwin & Holmes, 1986). The northwest striking faults appear to have accommodated the highest
displacements and can be regarded as the dominant structures in the Southern Coalfield.

Although net displacements on the north-northeast striking fault sets are normal, small-scale field
data indicates that many of these faults experienced late-stage reverse reactivation (Shepherd, pers.
comm., 2002). A component of reverse displacement on north to north-northeast striking faults and
sinistral strike-slip on northwest striking faults is consistent with contemporary strain data which are
dominated by a northeast to east principal horizontal shortening direction (Hillis et al., 1999). Thus
both fault sets could be active in the contemporary strain field. Therefore, in our calculations of
moment release rate we use both fault sets. Given that the northwest fault set is greater in number, in
maximum apparent throw, and in trace length, we have assigned a greater component of the moment
release to this set than to the more northerly-striking faults.

Northern tunnel log data

Some of the most complete fault data in the Sydney region, with respect to spacing, sense of slip,
and displacement, are from tunnels, which, on the scale of the basin, produce one-dimensional
samples of the fault population. Here we use data from six tunnels located in central and north
Sydney trending in east-west (five tunnels including two from the M5 motorway) and north-south
(one tunnel) directions (Figure 4). For each tunnel, fault locations, orientations, and net
displacements were recorded. The fault data for these tunnels are summarised in Table 1. These
data permit the spacing between adjacent faults to be estimated and these values were used for
partitioning moment release among the dip-slip structures.

In each tunnel, faults were recorded where they offset beds within the Hawkesbury Sandstone
Formation. A total of 133 faults were recorded in all tunnels with the main fault strikes being
approximately north to northeast and northwest (Figure 5a). Approximately 128 faults have net
normal displacement, while the remainder have net reverse displacement. Displacements range up to
9 m with most faults (110) carrying < 1 m (Figure 5b).

Fault spacing was calculated for both reverse and normal faults and for northwest and north-
northeast striking fault sets. We calculate an average normal fault spacing of 140 m. This value
increases to 175 m if we consider only faults with a north to northeast strike. These results appear to
be independent of tunnel trend.

Determining the spacing of faults that have experienced reverse reactivation is more difficult. This is
because net displacements provide no indication of reverse movement on a reactivated fault if the
magnitude of the reverse movement was less than earlier normal slip on the fault. Therefore, the
maximum spacing for reverse faults is approximately 3.5 km, while the minimum could be as little
as 180 m, the spacing of faults with net normal displacement. This lack of knowledge is handled as
alternative branches with assigned weights in the probabilistic analysis.
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SEA

Figure 4 Locations of tunnels from which faults were recorded.

Table 1 North Sydney Basin tunnel fault data

FAULT DATA TUNNEL SUMMARY

MALABAR NORTH BONDI NEW M5 M5 TOTAL MEAN
HEAD OUTFALL S.RLY E-BOUND W-BOUND

Logged distance (m) 4746 4120 1920 2230 2895 2973 18884

Total offset (m) 25.4 29.6 12.0 18.3 11.4 6.1 103

Mean fault spacing (m) 115.0 1295 159.25 96.2 166.2 177.4 140.6

Throw (m/km) 5.4 7.2 6.3 8.2 3.9 2.0 5.5

N&NE fault spacing (m) 173.3 166.9 159.3 101.0 230.0 221.7 175.4

# of reverse faults 2 1 0? 1 1? 1 5-6
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Figure 5 Fault data from tunnels logs. a) Frequency histogram of fault strikes and b)

Plot of fault displacement versus distance to closest adjacent fault.

DERIVATION OF FAULT SCALING RELATIONS FOR THE SYDNEY REGION

In general, the parameters of earthquake rupture length, width, displacement, and seismic moment
scale in quite predictable ways. These parameters can be related by scaling relations. Scaling
relations enable the prediction of, for example, the length and magnitude of an earthquake rupture
given its displacement. The observed field data in Sydney is fault offset and we have interpreted this
in terms of a number of distinct earthquakes by using a displacement-length scaling relationship. A
displacement-magnitude relationship is used to predict the range of mean magnitudes associated
with our range of mean SED values

Many different earthquake scaling relationships have been developed over the past several decades,
the most well-known of which are those derived by Wells and Coppersmith (1994). Their
relationships are now recognised as having some limitations (e.g. Stirling et al., 2002), the most
significant for this study being that they are based on linear, rather than bilinear regressions. It has
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been recognised for some time that large shallow earthquakes rupture the entire crustal thickness and
are thus width-limited. Such earthquakes scale differently to smaller events (e.g. Scholz, 1982,
Shimazaki, 1986). In this study, where displacements are relatively small and associated rupture
widths and lengths are also modest, scaling relations that are self-similar, i.e. length, width, and
displacement all increase in proportion to seismic moment, are appropriate. Seismologically based
relations, rather than geological ones, are best in this situation as surface geological data are sparse
for small earthquakes as few rupture to the surface.

The parameter that controls a self-similar displacement-length relationship is static stress drop
(Mohammadioun & Serva, 2001). Stress drops, although certainly not a measure of absolute stress
levels in the crust, are often used as a guide. A simple division between high stress drops for
intraplate earthquakes compared with lower stress drops for interplate earthquakes has been
recognised (Scholz et al., 1986). Kanamori and Allen (1986) noted an almost equivalent difference
between high stress drops for earthquakes occurring on crustal faults with long recurrence intervals
versus low stress drops on short recurrence interval faults. These values have been determined from
geological observations of large earthquakes world-wide.

For continental Australia we would expect high stress drops, it being a typical intraplate
environment with relatively low rates of seismicity and long recurrence intervals. Early
determinations of stress drops for continental Australian earthquakes by Denham et al. (1981) and
Mumme (1984) found very low values of 10 bars or less. In these studies, rupture lengths were
derived from aftershock distributions. In a following section we discuss how aftershock
distributions systematically overestimate rupture lengths for world-wide data. It seems that for
continental Australian earthquakes this effect is particularly pronounced. For example, in the
Meckering earthquake, the secondary faulting, accompanied by aftershocks, was seen to develop
over a period of weeks after the mainshock and, in one case, over 22 months (Gordon & Lewis,
1980). Seismological studies of the Meckering earthquake show that it was, in fact, a high stress
drop event. Teleseismic body wave modelling by Vogfjord and Langston (1987) determined a
source duration of 3-5 s, corresponding to a stress drop of ~100 bars. In their elastic dislocation
modelling the subsurface fault length was assumed to be 20 km, significantly shorter than the curved
37 km length of the surface fault scarp. A detailed study of aftershock depths by Langston (1987)
also concluded that the crust was very strong in continental Australia and that associated crustal
stresses were high.

The Tennant Creek earthquake comprised three main events with each being associated with
separate episodes of surface faulting (Crone et al., 1992). Such an expansion of faulting with time
would also be expected to be accompanied by an expansion of the aftershock distribution as
observed in the Meckering earthquake. Such expansion is now understood in terms of stress
triggering (e.g. King et al., 1994) whereby the initial dislocation triggers slip on adjacent faults. The
prevalence of such expansion or triggering is more an indication of high stresses within the crust
rather than low stresses.

Other evidence that the crust in continental regions is in a critical state of stress comes from deep
borehole data (Townend & Zoback, 2000, Zoback & Townend, 2001), which show that hydrostatic,
rather than lithostatic, pore pressures exist in the brittle crust. The lower pore pressures mean that
the crust is much stronger than it otherwise would be, and thus capable of withstanding high stress
levels from tectonic driving forces. Areas of continental crust can thus behave as rigid plates over
time scales of tens to hundreds of millions of years.
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The Sydney Basin is more of a transition region between continent and margin, so we would expect
stress drops to be a little lower than for a continental region. Rates of historical seismicity are low,
so earthquake recurrence intervals will be long, again indicative of high stress drops (Kanamori &
Allen, 1986).

Given that there is no Australian-specific scaling relation available, and few reliable determinations
of stress drop, we need to use scaling relations from other similar tectonic environments. An
appropriate self-similar seismologically based scaling relation for continental regions can be derived
from the Eastern North America (ENA) data set of Somerville et al. (1987). Their data are
earthquake source durations and seismic moments, measured by matching synthetic with actual
seismograms. The source duration can then be interpreted in terms of rupture dimension. A self-
similar regression of seismic moment on source duration, weighted according to the estimated
uncertainties in both quantities, gives

log (M,) =23.81+0.13 + 3.0 log (), Q)

where M, is the seismic moment in dyne-cm and 7 is the source duration in seconds. To derive
rupture length we follow Cohn et al. (1982), who show that the rupture duration that we measure is
comprised of three terms: the time to rupture the fault plane, a travel time delay, and the rupture rise
time. The time to rupture the fault is simply L/0.8 for a unilateral rupture and “/,/0.8 for bilateral,
where gis the shear wave velocity and L the fault length. The travel time delay is zero, on average,
for a unilateral rupture and 0.64 “/,/f for bilateral. To estimate the rise time (slip duration) we use
the moment-duration relation of Somerville et al. (1999, their Table 7):

7 = 2.03x10° M,'° 2)
and the corresponding moment-area (A) relation:
A =2.23x10"%° M, 23 (3)

to get a rise time of 0.266 L/ for unilateral ruptures and 0.266 “/,/ for bilateral, with total rupture
durations of 0.43L and 0.31L respectively, if #= 3.5 km/s.

It has recently been shown that earthquake ruptures tend to be unilateral, rather than bilateral
(McGuire et al., 2002). They found that 80% of ruptures tend to be unilateral and that this was true
of both strike-slip and subduction zone thrust events. Given that duration, z = 0.31L for bilateral
ruptures and == 0.43L for unilateral, we use a linear combination of the logarithm of these factors to
obtain a moment-length scaling relation that takes account of bilateral ruptures:

log (M,) =22.63 +£0.13 + 3.0 log (L), 4)
where L is the rupture length in km and the uncertainty in the intercept value has been derived from
the regression intercept uncertainty and an additional uncertainty related to the ratio of unilateral to
bilateral ruptures. The scaling relation has a fixed slope of 3.0, in agreement with self-similar

scaling, because the derived value was insignificantly different from 3.0.

We then use the relationship between seismic and geodetic moment:
Mo=uLWD, (5
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(Aki & Richards, 1980), where x is the crustal rigidity (3.0x10™ dyne/cm?), W is the fault width,
here taken to equal the length, and D is the average subsurface single event displacement, together
with the definition of moment magnitude, My, as:

M,, = 2/3 log (M,) — 10.7, (6)
(Kanamori, 1977), where M, is in dyne-cm, to get
M,, =2.08 £ 0.17 + 2.0 log (D), (7

Similarly we can also derive relationships between slip and length, this being a constant (for
constant stress drop or self-similar scaling) such that

log (D/L) = -3.85 % 0.13. (8)

Following Somerville et al. (1987) we can then determine the static stress drop to be 120 bars. This
would be regarded as a high static stress drop, in good agreement with that expected for intraplate
regions such as ENA or continental Australia.

Given that we expect the stress regime in the Sydney Basin to be lower than a purely continental
region, we need a lower stress drop scaling relation to use as an alternative to the ENA one.
Teleseismic modelling of New Zealand earthquakes (Anderson et al., 1993, Webb & Anderson,
1998, Doser et al., 1999, and Doser & Webb, 2002) has produced a data set of seismic moments and
source rupture durations equivalent to that of Somerville et al. (1987). The resulting scaling relation
for a subset of these events that have occurred on or near low-to-moderate slip rate (<5 mm/y) faults
is:

log (M) =22.33 £0.05 + 3.0 log (L), 9)
from which we can similarly derive

M, = 2.39 + 0.07 + 2.0 log (D), (10)
And

log (D/L) = -4.10 =+ 0.05. (11)

The static stress drop for the New Zealand relation is 60 bars, significantly lower than the ENA
value, but higher than would be expected at a plate boundary (because earthquakes in low-to-
moderate slip rate areas were selected). Given that the two scaling relations bracket the expected
stress drop range for the Sydney Basin, when they are used together they should provide sound
estimates of magnitude and rupture length from SED. We expect that the ENA stress drop is slightly
more applicable than the low-to-moderate slip rate New Zealand environment.

Comparison of Scaling Relations with historical surface rupturing Australian
earthquakes

As a check on the suitability of our ENA/NZ scaling relations we have plotted both fault length and
displacement as a function of magnitude for all surface rupturing Australian earthquakes since 1968
(Table 2, Fig. 6). In terms of rupture length, there is very good agreement between the observed
lengths and our weighted ENA/NZ relationship. The largest departures are for the Cadoux and
Marryat Creek earthquakes, both of which appear to be unusually long.
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Table 2 Parameters for historical surface-rupturing Australian earthquakes

NAME YEAR MONTH DAY HR:MIN  MS MW  SURFACE RUPTURE DISPLACEME
LENGTH (KM) NT  RANGE
(M)
Meckering® 1968  Oct 14 6.8 20.0 0.4-2.5
Calingiri2 1970 Mar 10 5.1 3.5 0.04-0.4
Cadoux® 1979  Jun 2 09:47 6.0 6.1 147 0.2-1.4
Marryat Creek® 1986 Mar 30 08:53 5.8 5.7 13.8 0.1-0.7
Tennant Creek® 1988  Jan 22 00:35 6.3 6.3 10.2 0.1-0.8
Tennant Creek® 1988 Jan 22 03:57 6.4 6.3 9.8 0.1-1.2
Tennant Creek® 1988  Jan 22 12:04 6.7 6.6 16.0 0.2-1.8

"Vogfjord & Langston (1987), *Gordon & Lewis (1980), *Lewis et al. (1981), *Machette et al. (1993), >Crone et al.
(1992).
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Figure 6 Surface rupture data for historical Australian earthquakes (sources as in

Table 2). Magnitude versus length data and a scaling relation based on a weighted average of
Eastern North America and New Zealand relations. Magnitude versus range of observed
displacements and an equivalent scaling relation to that used in (a).
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There is no reliable estimate of stress drop available for the Cadoux earthquake from either
teleseismic body wave modelling or elastic dislocation modelling, it being too small to produce
good quality data. The stress drop derived from the surface rupture length is ~28 bars (Denham et
al., 1987), although that study also cites overcoring and hydrofracturing measurements that show
shallow stresses are high — in the 200-300 bar range. The study concludes that this area has
comparatively high levels of crustal stress. The apparent low earthquake stress drops are thus most
likely to be due to post-seismic fault expansion. There is even less seismological data for the
Marryat Creek earthquake, again because of its small size. The most likely explanation for the long
rupture length is, as for the other continental events, expansion of the surface fault extent due to
stress triggering effects.

Observations of surface fault displacements vary significantly in size along strike. For the historical
Australian surface ruptures we have plotted the range of observed surface displacements as a
function of magnitude in Figure 6b. We have excluded very small values near to the ends of faults.
Our weighted ENA/NZ scaling relation is completely consistent with these observations. Note that
the uncertainties are far too great to be able to define a relationship in its own right.

DERIVATION OF FAULT PARAMETERS AND EARTHQUAKE SIZE FROM FAULT OFFSET
Well-determined reverse displacement of 35-50 cm has been observed in two exposures of a fault in
the region and we use this range to explore the range of fault and earthquake parameters that are
consistent with this. Scaling relations can also place some constraint on likely SED’s. To get a
surface rupture, we expect rupture widths greater than ~2 km, given that the top layer of crust is less
seismogenic (based on local seismicity being distributed over the 2-18 km range and decreasing
fault offsets towards the surface observed in coalfield data). A 2 km rupture width equates to a
My4.9 earthquake with ~21 cm average subsurface slip. This equates to ~14 cm of surface slip,
after a surface/subsurface slip correction of 0.67 has been applied (Stirling et al., 2002). On this
basis, the 50 cm offset could comprise three SED’s of ~17 cm, two of 25 cm, or one SED.

Work by Hecker and Abrahamson (2002) has shown that the distribution of slip at a point on a fault
has a coefficient of variation (the standard deviation divided by the mean), C.V., of ~0.45 (for dip-
slip faults). This is a statistical variability that may reflect true variability in the physical process
and has been built into the probabilistic modelling.

Our aim is to determine mean recurrence interval using the rate of historical seismicity and
observations of surface fault offsets. As part of this process we need to determine the geodetic
moment, for which we need to know the average subsurface SED, not the surface SED, so that it can
be compared with the moment release calculated from the seismicity, which is distributed in the 2—
18 km depth range. The subsurface rupture lengths used above to calculate the subsurface SED
were largely derived from aftershock distributions, which are known to overestimate rupture length.
This effect is shown in Figure 7, where magnitude is plotted against subsurface rupture length for
the Stirling et al. (2002) data set and for the seismological data set used in the derivation of the low-
to-moderate slip rate New Zealand scaling relation. The New Zealand data have consistently shorter
rupture lengths for a given magnitude than the Stirling et al. (2002) data. We have used regressions
on the two moment-length data sets shown in Figure 7 to correct for the Stirling et al. (2002) rupture
lengths being overestimated. The regression on the New Zealand data included a factor assuming
20% of the ruptures were bilateral.
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Figure 7 Magnitude versus length data used to correct for the overestimation of rupture

length. Open circles are for reverse, oblique-reverse, and rare strike-slip faults in regions of
low slip rate from the world-wide database of Stirling et al. (2002). Solid diamonds are from
New Zealand seismological data for earthquakes in regions of low-to-moderate slip rate.

Next we provide a basis to calculate a distribution of possible characteristic magnitudes and rupture
lengths associated with the SED’s calculated for a fault. We bring more knowledge to bear on the
problem by imposing constraints on allowable rupture lengths and widths. Fault scaling relations are
required for determining magnitude and rupture length given SED. We have discussed the choice of
suitable scaling relations for the Sydney Basin in the previous section. The relations for
displacement-length are given by Equations 8 and 11, while those for displacement-magnitude are
given by Equations 7 and 10.

Rupture lengths derived using Equations 8 and 11 have also been used to constrain allowable SED
values in that earthquake rupture lengths are likely to be limited by the maximum fault length for the
dip-slip fault zones (see section “New fault data in the Sydney Basin”). In general these zones are
truncated by more dominant NW-SE oriented strike-slip faults. There is some possibility that an
energetic rupture could jump across to a neighbouring zone, a classic example of this being the 1992
Landers, California, earthquake (e.g. Johnson et al., 1994). To allow for such an eventuality we
allow the maximum rupture length to be equal to the seismogenic thickness (18 km), i.e. to have an
aspect ratio of 1:1, in 50% of cases. For the remaining cases, the maximum rupture length is limited
to 10 km — the largest dip-slip fault zone length in the south Sydney Basin (see section “New fault
data in the Sydney Basin”). When the rupture length calculated for a given SED value exceeds the
allowable length as defined above, that particular branch of the probability calculations has been
discarded.

Similarly, SED’s associated with very short rupture lengths are also excluded. This is because very
short ruptures will also have small widths (given that we are assuming 1:1 aspect ratios, suitable for
dip-slip faults) and will thus not be capable of generating surface ruptures. Coalfield data show a
decrease in total fault offsets towards the surface over depths of ~2 km, implying that surface
ruptures are driven from depths greater than this. Seismicity is also sparse in the top 2 km, so within
this depth range moderate to large earthquakes are very unlikely to nucleate. A minimum allowable
width (and length) of 2 km has thus been used to exclude small SED values.
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In order to determine the possible slip rate on any one of the faults we have identified in the region
we need to know the long-term rate of background seismicity for the surrounding area, and derive
slip rate from seismic moment release rate. For an area source zone, the seismicity is assumed to
obey the Gutenberg-Richter relationship:

log (N(m)) =a—bm, (12)

where N(m) is the annual number of events of magnitude m or greater, and a and b are the rate and
slope parameters (often referred to as a- and b-values).

Two area source zones have been defined for the region:

The East Sydney Basin area source from the Seismology Research Centre area source scheme
(Gibson, pers comm., 1999). The seismicity parameters for this source are calculated from the post-
1960 rate of M>4 earthquakes recorded inside the zone.

A single large area source zone that was defined by Australia Geological Survey Organisation
(AGSO) scientists (McCue pers comm., 2001). This zone encompasses eastern New South Wales,
Victoria, and Tasmania, and the seismicity parameters are based on the 20" Century rate of M>5
earthquakes recorded inside the zone. These earthquakes show a much more uniform spatial
distribution than the smaller events that have occurred over Eastern Australia (e.g. in the East
Sydney Basin). The large size of the zone also encloses enough M>5 earthquakes to define
statistically robust seismicity parameters.

The two source zones described above can be represented as alternatives in the probabilistic
calculations, with their different rate parameters reflecting our limited knowledge of the spatial
distribution of seismicity. The two alternative zones do not, however, adequately represent
uncertainty in long-term variability in seismicity rates. Seismicity rates can vary in time, perhaps
due to stress-triggering effects, for example. To reflect this we included the East Sydney Basin area
source zone with a doubled seismicity rate as a third alternative. The seismicity data for each of our
alternative models are presented in Table 3.

Table 3 Seismicity parameters for area source zones

EAST SYDNEY BASIN EAST SYDNEY BASIN AGSO LARGE AREA
(DOUBLED RATE) SOURCE ZONE
Cumulative a-value 2.0 (+0.12/-0.18) 2.3 (+0.12/-0.18) 5.4 (+0.12/-0.18)
b-value 0.93+0.11 0.934#0.11 1.14+0.08
Weight on logic tree 0.7 0.2 0.1

Figure 8 shows the normalised cumulative annual seismicity rates for the three models. The AGSO
large area source zone has a higher rate of small earthquakes (M<~3.5), but due to its high b-value it
contributes few large events compared to the other models.

An essential step towards obtaining slip rate is determining the moment release rate for the region.
This is done by integrating over the magnitude distribution from the lower magnitude threshold up
to the maximum magnitude, Max, making use of the expression:

log (M,) = 1.5m + 16.05, (13)

(Kanamori, 1977). In general, the total moment release in an area is dominated by the largest events
even though they are very infrequent. To determine a stable moment rate we need to truncate the
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Gutenberg-Richter distribution at a maximum magnitude, i.e. integrate up t0 Mmax. Mnax for the
area source zones has been set at M7.5 (Berryman & Stirling, 2003).
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Figure 8 Predicted cumulative earthquake recurrence rate as a function of magnitude
for three source models. Model 1 is the East Sydney Basin, Model 2 is the East Sydney Basin
with a doubled rate, and Model 3 is the AGSO large area source zone.

The preceding steps allow us to calculate the moment release rate for the area of interest within the
Sydney Basin. To determine the moment release rate of any particular fault in the study area we
need to understand how the fault structures in the Sydney Basin accommodate regional strain.
Given that strain rates are now very low (Tregoning, 2002), we can only estimate this from past
faulting behaviour when the regional strain was east-west extensional, with the assumption that the
behaviour will be similar now that the strain is reversed. We can also use more generic earthquake
scaling properties to estimate proportions of moment release.

We have two sets of data that help us understand the fault structure of the Sydney Basin — that from
coalfield data to the south and from tunnel logs in the north. The tunnel log data set is the more
detailed and hence complete, but the tunnels are largely oriented east-west (Figure. 4) and are thus
essentially a 1-D sample of the region. This means that north-south oriented dip-slip structures are
well sampled, but northwest-southeast oriented strike-slip structures are not. If we were to partition
the moment release rate according to the tunnel log data there would be a strong bias towards more
moment release on the dip-slip structures because of the sampling bias. We therefore reject this
approach. The coalfield data, however, are 2-D and are thus more useful for partitioning moment.

The coalfield data in the south show a pattern of major strike-slip faults dividing the region with dip-
slip structures in between (Figure 3). We use the coalfield-based understanding of the Sydney Basin
structure to partition the moment release rate between the strike-slip and dip-slip structures. We do
this by calculating the total moment that has been released by the mapped structures using the data
collated in section “New fault data in the Sydney Basin”. In practise, we do this in three ways
because of other limitations in the collated data.
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Firstly, we use the expression relating seismic and geodetic moments:

Mo=pAD (14)
(Aki & Richards, 1980) where u is the crustal rigidity (3.0x10 dyne/cm?), A is the rupture area (in
our case the fault length, L, times the width, W), and D is the average subsurface slip (in our case the
recorded fault throw, although this is a minimum — see below). The results are shown in Table 4

(LWD).

Table 4 Proportion of moment release rate on dip-slip structures

DIP-SLIP FAULTS AS INDIVIDUAL FAULTS DIP-SLIP FAULTS IN ZONES
LWD 12% 18%
L°D 7% 13%
L3 16% 12%

In the above (L'W'D) treatment we have assumed a fault width of 18 km, i.e. steeply dipping faults
going through the full seismogenic crust. An equally valid argument is to say that the mapped faults
will have an aspect ratio of 1:1 (until L>18 km), and so we calculate the proportion of moment
release accordingly. This is our second way of apportioning moment using the mapped structures
and the results are also shown in Table 4 (L? D). The values obtained are somewhat less than for the
first (L'W'D) treatment.

A shortcoming of both the methods presented thus far is that the throws recorded for strike-slip
faults in the coalfield data are just the vertical throw and do not represent the total offset. This may
introduce a bias towards more moment release on the dip-slip structures. Our third approach is to
assume self-similar scaling and to calculate the moment release rate according to L*, thus avoiding
the use of measurements of fault throw. The results (bottom row on Table 4) are comparable with
the other approaches. All of the values in Table 4 have been used in probabilistic calculations.

Given that all the approaches we have used so far have some limitations, we also use more generic
earthquake scaling properties to estimate moment release. In general, moment release in a region is
dominated by the largest events. The moment release associated with the maximum magnitude
earthquakes for the strike-slip and dip-slip structures can thus be used to estimate the proportion of
moment release rate on dip-slip structures alone. We have already mentioned that the northwest-
southeast oriented strike-slip faults are the longest structures in the region. We thus assume that the
Mmax already estimated for the region (M,7.5) will occur on such a structure.

To estimate the My for the dip-slip structures we use the logic already developed on the other
branch of the logic tree for the maximum likely rupture lengths (10 and 18 km), and use that to
estimate Myax. The result is M,,6.81+0.12, giving proportions of moment release of 8% and 6%
based on the ratio of mean and mean-plus-2-sigma Mnax Values respectively. We have used both in
the probabilistic calculations.

Thus far we have obtained a range of 6-18% for the proportion of total moment released on the dip-
slip structures, and conversely 82-94% on the strike-slip faults. Other information of relevance
includes earthquake focal mechanisms. Studies by Denham (1980) and Denham et al. (1981) show
a mixture of strike-slip and reverse focal mechanisms, in good agreement with our assumed model
of a mixture of active strike-slip and dip-slip structures. Most of those focal mechanisms are,
however, closer to the continental interior than our study area. While these data reinforce the
suitability of our model, they are not sufficient to derive any accurate partitioning of moment release
rate between strike-slip and dip-slip fault motion. This is because there are (i) too few events in an
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equivalent tectonic environment and (ii), as already discussed, moment release rate is dominated by
the largest events.

With the foregoing decisions and calculations we are able to calculate the moment release rate over
all dip-slip structures in a 25 km x 10 km area. This moment release rate was based on the pattern of
mapped strike-slip and dip-slip faulting in coalfield data in the South Sydney Basin. The tunnel log
data for the North Sydney Basin is relatively complete for the dip-slip structures (Figure 5). These
data show an average spacing of 5.7 faults/lkm. Reactivated reverse faults are also identified in the
tunnel logs. These have an average spacing of 0.29 faults/km. Other dip-slip faults may also be
reactivated, however, but if their net offset is still normal they will not be identified. We can thus
partition the moment rate by using the dip-slip fault density measured in an east-west direction and
assuming that these structures, or structures sub-parallel to them, accommodate all the necessary
dip-slip motion within the 25 km x 10 km sample region.

Few of the tunnels in the north Sydney Basin have any significant north-south extent. The best
example is the New Southern Railway tunnel, in which 89% of logged faults are in the NE-SW
quadrant leaving only 11% as possibly being in the category of NW-SE oriented strike-slip faults.
These data support our interpretation, based on the coalfield data to the south, that the strike-slip
faults are fewer in number and more major through-going structures than the dip-slip faults.

In partitioning the moment release rate among the dip-slip faults consideration was given to the
likelihood that already reactivated faults would take up future compressional stress or whether
another of the normal faults will be reactivated with reverse slip for the first time. In the
probabilistic calculations these decisions introduced large uncertainty to derived slip rate and
recurrence estimates for the existing array of reverse faults.

In the final step on this part of the logic tree we need to calculate the slip rate for the reverse faults.
Thus far we have determined the moment release rate on dip-slip structures and we understand the
east-west density of those structures. As mentioned above, we assume that in the along-strike
direction these structures continue, or are replaced by sub-parallel structures. This is a safe
assumption because (i) dip-slip faulting has been shown to be pervasive throughout the region and
(ii) tectonic strain needs to be accommodated over the whole length of the region. Effectively then,
we can think of the dip-slip portion of the moment rate being released by an array of faults of length
25 km, width 18 km, at an appropriate density in the east-west direction. Slip rate for each of these
faults can then be calculated using Equation 5, where M, is replaced by moment rate and D is
replaced by the slip rate. This slip rate is the average sub-surface rate, applies along the entire fault,
and is thus the rate we need for any single fault.

In terms of the regional seismicity, the total moment release rate and slip rate for the fault array is
made up of characteristic earthquakes on the any particular fault (whose length is calculated on the
other branch of logic tree) plus a range of various-sized earthquakes over the rest of that fault array.
These combine to produce the appropriate Gutenberg-Richter distribution of sizes and rates for the
area.

Having calculated average subsurface SED (and the associated earthquake magnitude) and mean slip

rate, then the mean recurrence interval for any fault of interest can now simply be calculated by
dividing the individual SED values by the associated slip rate.
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RESULTS

In this section we first present the results from our preferred model of rupture length, earthquake
magnitude, slip rate, and surface rupture recurrence interval for distributions of surface SED. We
then undertake sensitivity tests, varying certain model assumptions to judge the effect on the results.

Outputs from the preferred model

Typical outputs for a reverse fault in the 20-30 km coastal part of the Sydney basin with mean
surface single event displacement of 30 cm from our preferred probabilistic model are summarised
in Table 5, where we list the mean, median, 16", and 84" percentiles for each quantity.

Table 5 Preferred values of logic tree output

84% MEDIAN MEAN 16%
Surface SED (cm) 16 25 30 46
Subsurface SED (cm) 23 41 50 74
Rupture length (km) 25 4.0 4.9 7.5
My 5.0 55 55 6.0
Slip rate (mm/year) 0.00003 0.00015 0.00057 0.00082
Mean recurrence interval (Mal) 0.53 3.31 13.13 20.91

*Millions of years, the surface SED value in bold is the input parameter

Sensitivity tests

To investigate which of the input or derived parameters have the greatest effect on the target hazard
parameters of rupture recurrence and associated earthquake magnitude, a series of sensitivity tests of
the probabilistic model was carried out. For each sensitivity test the effect on mean recurrence
interval is listed in Table 6.

In the section “Derivation of fault parameters and earthquake size from fault offset” we discussed
the partitioning of moment rate between strike-slip and dip-slip structures in the Sydney Basin. For
the preferred model, the majority of the moment rate was released on strike-slip structures. To put
all the moment release on dip-slip structures is not a realistic option because strike-slip structures are
largest in the region and in some cases also show signs of reactivation. The strike-slip structures are
also well-oriented to slip in the current regional east-west compressive stress field. As a sensitivity
test then, we put equal amounts of moment release on the strike-slip and dip-slip structures. The
result is to significantly shorten the mean recurrence interval of surface rupture compared to the
preferred model (Table 6), although the mean recurrence interval is still very long. The resulting
mean recurrence interval distribution has been to move the distribution towards shorter recurrence
intervals rather than change its shape. There is no effect on the magnitude distribution.

In the section “Derivation of fault parameters and earthquake size from fault offset” we discussed
the partitioning of moment rate between the dip-slip structures in the Sydney Basin to obtain the slip
rate of a reactivated fault. For the preferred model, slip was partitioned according to a mix of the
fault density of reactivated reverse structures, and of all of the dip-slip faults. As a sensitivity test
we used a fault density appropriate to just the logged reactivated reverse structures. This is quite an
extreme test because faults are only logged as being reactivated if they have net reverse
displacement. The resulting recurrence interval distribution is shortened by about a factor of 3, and
the distribution is much more peaked. There is no effect on the magnitude distribution.
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Table 6 Results of sensitivity tests on mean recurrence interval
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MEAN RECURRENCE INTERVAL (MA)

84% MEDIAN  MEAN 16%
Preferred model 0.53 3.31 13.13 20.91
Equal moment rate on strike-slip and dip-slip structures 0.15 0.84 2.68 4.60
Moment rate distributed over only reactivated structures 0.19 0.72 1.46 241
Maximum allowable fault length 10 km 0.48 2.99 10.91 17.78
Maximum allowable fault length 18 km 0.53 3.52 14.01 22.42
Maximum magnitude 7.3 0.68 4.26 16.50 26.77
Maximum magnitude 7.7 0.40 2.57 10.48 16.43
10 bar scaling relation 0.17 0.98 3.54 5.77

In the section “Derivation of fault parameters and earthquake size from fault offset” we used a limit
on maximum allowable rupture length to in turn limit the range of possible results from the
probabilistic model. The preferred model allowed only 50% of rupture lengths in the 10-18 km
range to be used and none greater than that. We have run two sensitivity tests on the rupture length
limit, in the first allowing any rupture lengths less than 10 km and in the second allowing any
rupture lengths less than 18 km. The effect on mean recurrence interval is small compared to the
previous sensitivity tests (Table 6). The effect of allowing longer ruptures is to extend the tail of the
mean recurrence interval distribution on the long recurrence side.

In the section “Derivation of fault parameters and earthquake size from fault offset” we used a
maximum magnitude of 7.5+0.19 for the region to calculate moment release rate using the a- and b-
values derived from historical seismicity. We have tested the sensitivity to this parameter by
running models with the maximum magnitude set at 7.3 and 7.7 (a 1-sigma range). The results
(Table 6) show only slight sensitivity to this parameter, with the effect being to move the
distribution of mean recurrence intervals to shorter values if a larger maximum magnitude for the
region is allowed. There is no effect on the shape of the distribution. The distribution of mean
magnitudes is unaffected because that is derived from the SED distribution, not historical seismicity.

In the section “New fault data in the Sydney Basin” we chose two appropriate earthquake scaling
relations to derive rupture length and magnitude from displacement. These relations encompassed
the likely range of static stress drops expected for the Sydney Basin region, namely high values (in
excess of 100 bars) expected in continental regions such as continental Australia and Eastern North
America, and moderate values (~60 bars) derived from crustal New Zealand earthquakes in regions
of low to moderate slip rate. Both of these relationships were derived using modern waveform
modelling techniques. Before the advent of waveform modelling, some researchers attempted to
estimate rupture lengths, and hence static stress drops, using aftershock distributions. This approach
is now known to overestimate rupture length and underestimate stress drop. For example, stress
drop values of ~10 bars have been determined in this way for continental Australia (Denham et al.,
1981; Mumme, 1984). We have used a 10 bar scaling relation in a sensitivity test. The results for
this model (Table 6) show a significant shortening of mean recurrence interval, but there is little
change in the shape of the distribution. The mean recurrence intervals are still long, even with this
extreme test. The effect on the mean magnitude distribution is more marked with generally higher
magnitude values (about half a magnitude unit) and a more sharply peaked distribution.

Summary of sensitivity analysis

The sensitivity tests show that the way in which moment rate is partitioned between strike-slip and
dip-slip structures and how it is distributed over the dip-slip structures will have a direct effect on
the mean recurrence intervals for surface rupture on any particular fault. However, in our tests of
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these models mean recurrence intervals remain long. The parameters of allowable fault length and
maximum magnitude have much less effect on the estimation of mean recurrence intervals than the
partitioning and distribution of moment release rate. If extremely low values of stress drop were
used in deriving scaling relations, mean recurrence intervals would be shortened significantly.
Given that low published values of stress drop were derived some decades ago using a method that
is now known to have some shortcomings, and more recent seismological data has been used to
derive a high stress drop for a continental Australian earthquake, we do not consider a 10 bar stress
drop option as viable.

CONCLUSIONS
The main conclusions as a result of this study are:

New data on the extent and density of faulting in the 20-30 km wide coastal part of the Sydney
Basin has been obtained from coalfield and tunnel log data show that the region is divided by
northwest-trending strike-slip faults. These are the largest structures and are thus assumed to be
dominant. Between these faults there is a pervasive distribution of north- to northeast-trending dip-
slip faults, most of which have net normal displacements. Distributed among the normal faults are
some faults with net reverse displacements which we interpret as having sustained reverse faulting
since a mid Tertiary inception of an approximately east-west compressive stress field across
Australia.

By developing some fault scaling relations and linking these with the seismic moment release rate
manifest as historic seismicity in the Sydney region a relationship between fault geology and
seismicity has been achieved. This has been completed in a probabilistic framework such that
uncertainty and sensitivity to model parameters can be assessed.

Two self-similar scaling relations have been adopted that embrace the likely range of stress drops
expected for earthquakes in the Sydney Basin region. These relations are based on seismological
data from low slip rate Eastern North America and low-to-moderate slip rate regions in New
Zealand.

The outputs of the probabilistic modelling are mean and standard deviation recurrence intervals for
surface rupture on the north- to northeast-striking reactivated faults and their associated earthquake
magnitude. The mean recurrence interval is most sensitive to the way in which moment release rate
is partitioned between strike-slip and dip-slip structures and the way in which moment rate is
distributed over the dip-slip structures. In constructing the logic tree we have been careful to
embrace the full range of likely values for these parameters so that the output distribution accurately
reflects the uncertainty in knowledge.

The preferred result from the logic tree output is a recurrence interval for surface rupture of faults in
the north- to northeast-striking array of 13 +7/-12 million years for the mean and one standard
deviation range. The earthquakes associated with this faulting have magnitudes of M,,5.5+0.5 for
the mean and one standard deviation range.
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INTRODUCTION

The Lapstone Structure is thought to be a north-striking fault that dips westward at a shallow angle.
If an earthquake were to occur on this structure, the ground motions in the Sydney basin are
expected to be stronger than predicted by empirical ground motion attenuation relations, due to two
effects. First, rupture on the fault would be expected to occur at depth, and propagate up dip on the
fault. This updip and easterly rupture propagation would focus energy toward the east into the
Sydney basin, due to the rupture directivity effect. Second, this energy would become trapped
within the thickening western margin of the Sydney basin, causing further amplification of the
ground shaking level in the Sydney basin. We have used earthquakes in the Los Angeles region of
California to illustrate the potential impact of these two effects on strong ground motion amplitudes.

RUPTURE DIRECTIVITY EFFECT

An earthquake is a shear dislocation that begins at a point on a fault and spreads at a velocity that is
almost as large as the shear wave velocity. The propagation of fault rupture toward a site at a
velocity close to the shear wave velocity causes most of the seismic energy from the rupture to
arrive in a single large pulse of motion that occurs at the beginning of the record (Somerville et al.,
1997). This pulse of motion represents the cumulative effect of almost all of the seismic radiation
from the fault. The radiation pattern of the shear dislocation on the fault causes this large pulse of
motion to be oriented in the direction perpendicular to the fault, causing the strike-normal ground
motions to be larger than the strike-parallel ground motions at periods longer than about 0.5
seconds. To accurately characterize near fault ground motions, it is therefore necessary to specify
separate response spectra and time histories for the fault-normal and fault-parallel components of
ground motion.

Forward rupture directivity effects occur when two conditions are met: the rupture front propagates
toward the site, and the direction of slip on the fault is aligned with the site. The conditions for
generating forward rupture directivity effects are readily met in strike-slip faulting, where the
rupture propagates horizontally along strike either unilaterally or bilaterally, and the fault slip
direction is oriented horizontally in the direction along the strike of the fault. The conditions
required for forward directivity are also met in dip slip faulting. The alignment of both the rupture
direction and the slip direction updip on the fault plane produces rupture directivity effects at sites
located around the surface exposure of the fault (or its updip projection if it does not break the
surface).

Rupture directivity effects were clearly evident in the strong motion recordings of the 1994
Northridge, California earthquake, as illustrated in Figure 1. The top part of the figure shows the
surface projection of the dipping fault plane, whose top edge (to the north) lies at a depth of 6 km
and whose bottom edge (to the south) lies at a depth of 20 km. Rupture propagated updip from the
hypocenter, shown by a star, which was located near the bottom edge of the fault. The recorded
peak ground velocities were much larger over the top edge of the fault than above the epicentral
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region, due to rupture directivity effects. Rupture directivity caused the largest intensities to occur
to the north of the epicenter, shown by a star, as shown in the bottom figure.
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BASIN GENERATED WAVES

Many urban regions are situated on deep sediment-filled basins. A basin consists of alluvial
deposits and sedimentary rocks that are geologically younger and have lower seismic wave
velocities than the underlying rocks upon which they have been deposited. Basins have thicknesses
ranging from a hundred meters to over ten kilometers. Conventional criteria for characterizing site
response are typically based on the distribution of shear wave velocity with depth in the upper 30
meters as determined from field measurements. The response of this soil layer is usually modeled
assuming horizontal layering, following the method illustrated on the left of Figure 2. The wave that
enters the layer may resonate in the layer but cannot become trapped within the layer.
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Figure 2. Schematic diagram showing that seismic waves entering a sedimentary layer from
below will resonate within the layer but escape if the layer is flat (left) but become trapped in
the layer if it has varying thickness and the waves enter it through its edge (right).
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However, at periods longer than one second, seismic waves have wavelengths that are much longer
than 30 meters, and their amplitudes are controlled by geological structure having depths of
hundreds or thousands of meters which in many cases, such as in sedimentary basins, is not
horizontally layered. If the wave enters a basin through its edge, it can become trapped within the
basin if post-critical incidence angles develop. The resulting total internal reflection at the base of
the layer is illustrated at the top right of Figure 2. In the lower part of Figure 2, simple calculations
of the basin response are compared with those for the simple horizontal layered model. In each case,
a plane wave is incident at an inclined angle from below. The left side of the figure shows the
amplification due to impedance contrast effects that occurs on a flat soil layer overlying rock
(bottom) relative to the rock response (top). A similar amplification effect is shown for the basin
case on the right side of the figure. However, in addition to this amplification, the body wave
entering the edge of the basin becomes trapped, generating a surface wave that propagates across the
basin. Most empirical ground motion attenuation relations do not distinguish between sites located
on shallow alluvium and those in deep sedimentary basins, and tend to underestimate basin ground
motions.

Recent work by Dolan et al. (2003) and Shaw et al. (2002) have identified the seismic potential of
the Puente Hills Blind Thrust Fault system, which lies directly beneath downtown Los Angeles
(Figure 3). The M,, 6.0 Whittier Narrows earthquake of 1987 evidently occurred on a segment of
the Puente Hills Blind Thrust. The intensity distribution of this earthquake, shown in Figure 4, is
dominated by strong intensity values south-southwest of the epicenter, due to the combined effects
of rupture directivity to the south, and the trapping of this energy by the thickening Los Angeles
basin.

B Study Site 1SYL B! 2 SAT B2

& older . . A

(="
middle Miocene PQT ) ) . %
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Figure 3. South — North (B-B?) cross section showing the Puente Hills blind thrust and the
location of the 1987 Whittier Narrows earthquake. Downtown Los Angeles is located near
“SYL.” Source: Shaw et al., 2002.
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The rupture dimensions of the Whittier Narrows earthquake were approximately 10 km x 10 km. To
assess the potential ground shaking hazard posed by a larger earthquake on the Puente Hills system,
we examined a scenario where a “Northridge-type” earthquake occurs on the Los Angeles segment
of the Puente Hills system. The Los Angeles segment of the Puente Hills system shares many of the
characteristics of the fault that ruptured during the 1994 Northridge earthquake. Both are blind
thrust faults with similar dimensions (20 km by 25 km), both dip at moderate angles (40 deg. for
Northridge, 28 deg. for Puente Hills), and both terminate a few kilometers below the Earth’s surface
(6 km for Northridge, 3 km for Puente Hills).

TriNet Rapid Instrumental Intensity Map for Whittier Narrows Earthquake
Thu Oct 1,1987 07:42:20 AM POT M 5.9 N34.06 W118.08 Depth: 9.5km |D:Whittier_Narrows

PROCESSED: Wed Sep 25, 2002 05:09:06 PM POT,

PERCENED  |Motist| Weak | Lighl [Modsmie| Stiong |Very stiong Savara Violeni | Exdiame

T ETiAL none | nene | nons | Verylight | Light | Moderale |Modsrate’Heavy| Heavy |Very Heaw
PEAK ACC(%g) | <17 |.17-1.4| 1.4-39| 5.99.2 | 82-18 18-34 34-85 65124 =124
PEAK VEL{omvs] | <0.1 |0.1-1.1|1.1-34 | 3.481 | 8116 16831 31-60 60-116 =116

Figure 4. Instrumental ground shaking intensity in the 1987 Whittier Narrows earthquake,
whose epicenter is shown by a star. Source: TriNet.

We calculated broadband (0-10 Hz) ground motions for this earthquake scenario using the hybrid
simulation methodology of Graves and Pitarka (2004). The simulation covers an area 110 km by
150 km, which spans most of the greater Los Angeles metropolitan region. This region is divided
into a uniform grid of sites with a spacing of 500 m, yielding a total of 66,000 sites. To obtain the
full broadband response, the calculation is carried out independently in two frequency bands, and
then summed together. At low frequencies (f < 1 Hz), motions are calculated deterministically using
a finite-difference approach, which includes a detailed representation of the 3D subsurface structure
throughout the model region. Nearly 400 million grid nodes are used to represent the FD model.
The calculation is carried out on the HPCC Linux Cluster at USC and requires only about 8 hours to
run using 120 CPU’s. At high frequencies (f > 1 Hz), motions are calculated using a stochastic
approach for each of the 66,000 locations. The model for earthquake rupture is taken from the
description of the Northridge earthquake given by Hartzell et al. (1996).

The complexity of the propagating wave field is readily apparent in snapshots of the broadband (0-
10 Hz) ground velocity simulated for the Puente Hills rupture scenario (Figure 5). Strong rupture
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Figure 5: Snapshots of the broadband (0-10 Hz) ground velocity for the N-S (left) and E-W
(right) components of motion for the Puente Hills rupture scenario. Time (in sec) after
earthquake initiation is indicated in the lower left of each panel. The black rectangle indicates
the surface projection of the fault plane. Brown shading indicates surface exposure of more
consolidated rock, white regions are primarily sediment filled basins. The green triangles
denote locations for downtown Los Angeles (near top edge of fault) and Long Beach (south of
fault). Strong rupture directivity channels large amplitude pulses of motion directly into the
Los Angeles basin, which then propagate southward toward Long Beach as basin surface

waves.
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directivity channels large amplitude pulses of motion directly into the Los Angeles basin, which
then propagate southward as basin surface waves. This complexity is further apparent in comparing
the broadband ground velocity time histories simulated at downtown Los Angeles and Long Beach
(Figure 6). The waveform at Los Angeles is dominated by rupture directivity, which produces a
strong, concentrated pulse of motion. At Long Beach, which is located across the Los Angeles basin
from the rupture, the waveform is dominated by late arriving longer period surface waves. These
surface waves are generated in the near fault region as the direct waves from the rupture are trapped
within the sediments of the basin.

Puente Hills LA EQ: Broadband Ground Velocity

090 ver
Los Angeles

N 105.2 43.9
[T P
‘J [H‘wawv*‘““‘“ s U

Long Beach

20 ground velocity in cm/s

Figure 6: Broadband ground velocity time histories simulated at downtown Los Angeles (top)
and Long Beach (bottom). The waveform at Los Angeles is dominated by rupture directivity,
which produces a strong, concentrated pulse of motion. At Long Beach, which is located on
the other side of the Los Angeles basin from the rupture, the ground motion is dominated by
late arriving longer period surface waves. These surface waves are generated in the near fault
region as the direct waves from the rupture are trapped within the sediments of the basin.

The high density of sites used in the calculation allows us to construct detailed maps of various
ground motion parameters. An example of this displays the peak ground velocity determined from
the suite of simulated time histories (Figure 7). The largest motions occur along the top edge of the
rupture plane, and are the result of rupture directivity effects. These strong pulses of motion are
channeled directly into the sediments of the Los Angeles basin and become trapped as basin
generated surface waves. These large amplitude surface waves travel southward across the basin,
giving rise to an elongated pattern of elevated peak velocity that extends across the basin.

IMPLICATIONS FOR LAPSTONE EARTHQUAKE GROUND MOTIONS IN SYDNEY

The configuration of the Lapstone Structure and the Sydney Basin is equivalent to the configuration
of the Puente Hills Blind Thrust and the Los Angeles Basin. Rotation of Figures 5 and 7
anticlockwise by about 110 degrees would orient the Los Angeles geometry to match the geometry
in Sydney. The thick black line would represent the surface expression of the Lapstone Structure,
and the dashed rectangular region to the left of this line would represent the surface projection of a
Lapstone fault that dips to the west at a shallow angle. The region to the right of the thick black line
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Figure 7: Map of peak ground velocity from the broadband simulation of the Puente Hills
rupture scenario. The largest simulated motions occur along the top edge of the rupture plane,
and are the result of rupture directivity effects. These strong pulses of motion are channeled
directly into the sediments of the Los Angeles basin and become trapped as basin generated
surface waves. These large amplitude surface waves travel southward across the basin, giving
rise to an elongated pattern of elevated PGV that extends across the basin. This pattern
resembles the pattern of ground shaking intensity from the 1987 Whittier Narrows earthquake
shown in Figure 4.

would represent the Sydney Basin. Figures 5 and 7 show that the strongest ground motions would
be located around the surface trace of the Lapstone structure, due to rupture directivity effects. They
also show that there would be large ground motion amplitudes in the Sydney Basin, due to the
trapping of these strong directivity pulses by the thickening edge of the Sydney Basin.

Particularly strong ground motion amplification can occur at the edge of a basin, if the basin has an
abrupt edge caused by dip-slip faulting. The severe damage caused by the 1995 Kobe earthquake
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occurred on the basin side of the fault, about 1 km from the fault that caused the earthquake. This
narrow band of damage has been attributed to basin edge effects (Pitarka et al., 1998) caused by the
abrupt change in depth to crystalline basement (about 1 km) that occurs across the fault. An abrupt
increase in depth to bedrock across the Santa Monica fault caused a similar basin edge effect during
the 1994 Northridge earthquake (Graves et al., 1998). If there is an abrupt increase in depth to
bedrock across the Lapstone Structure, then it could cause basin edge amplification effects in a zone
within a few km to the east of the Lapstone Structure.
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ABSTRACT

Ground-motion attenuation models have been derived for the southeastern Australian crust. These
models employ both empirical and stochastic methods and are the first spectral ground-motion
models to be based entirely on Australian ground-motion data. In the past, these studies have been
hampered by a lack of quality ground-motion data given Australia’s relatively low levels of
seismicity.

Data recorded in the Palaeozoic crust of southeastern Australia (SEA) have been employed to derive
empirical ground-motion attenuation models for the region. Empirical ground-motion models are
derived for each of these datasets. These empirical models suggest that SEA has similar near-source
attenuation with eastern North America for hypocentral distances less than 70 km.

Stochastic methods are employed to simulate ground-motions for larger earthquakes in regions
where recordings from real events are not available. These models are largely based upon source and
attenuation parameters derived from empirical studies. Spectral ground-motion predicted by these
models are generally lower for SEA than ground-motion predicted by both eastern and western
North American models, particularly at high-frequency (f > 2 Hz). Results from this study have
significant implications for earthquake hazard and risk in Australia. They suggest that we are
currently overestimating earthquake hazard in SEA. Furthermore, they suggest that we cannot
simply rely on North American ground-motion models to predict earthquake ground-motions
in Australia.

INTRODUCTION

It has long been recognised by engineers and seismologists alike, that the traditional measure of
earthquake ground-motion, peak ground acceleration (PGA), is not a particularly good indicator for
estimating structural damage (e.g. Hanks & McGuire, 1981). For this reason, frequency-dependent
models are favoured to assess the degree of vulnerability a structure may be exposed to in
earthquake hazard and risk studies. These models are referred to as ground-motion attenuation
models.

Earthquake hazard and risk assessments in Australia typically adopt ground-motion models from
other stable continental regions such as eastern North America (ENA) (e.g. Dhu and Jones, 2002;
Jones et al., 2005). However, there has been very little analysis undertaken to show whether ENA
models (e.g. Atkinson & Boore, 1997; Toro et al., 1997) are applicable to Australian conditions.
Moreover, there has been some conjecture that ground-motion in some parts of Australia resembles
that of active tectonic regions and may be better described by models such as Sadigh et al. (1997),
developed for western North America (WNA). Uncertainties in the choice of attenuation model
could potentially lead to undesirable outcomes, such as unrealistically high (or low) loading
standards in the design and construction of critical infrastructure (e.g. large dams, power stations,
hospitals, etc.). Furthermore, the choice of attenuation model has been demonstrated to have a
significant impact on risk estimates in Australia (e.g. Patchett et al., 2005).
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Attenuation relations appropriate for the Australian crust have, in the past, been difficult to quantify
owing to a lack of ground-motion data from moderate-to-large local earthquakes. Geoscience
Australia (GA), in association with Environmental Systems and Services (ES&S) and the Australian
National Committee on Large Dams (ANCOLD) have collaborated to assemble an Australian
ground-motion database suitable for attenuation studies. The key focus of this project is to improve
future earthquake hazard and risk assessments in Australia.

The present paper describes the development of the first spectral ground-motion attenuation models
appropriate for the Australian crust. These models are based upon data recorded in the Palaeozoic
crust of southeastern Australia (SEA) including some data recoded within younger the Sydney and
Gippsland Basins.

AUSTRALIAN GROUND-MOTION DATA

Due to the development of much of the nation’s infrastructure and higher than average earthquake
activity, the seismograph network in SEA is well developed. Earthquake data used were recorded
and located by the ES&S Seismology Research Centre, Melbourne, who have monitored earthquake
activity in the region since the mid 1970’s. Most of the earthquakes selected (80 in total) were well-
located, having well-constrained focal depths. The events occurred from 1993 to 2004 and moment
magnitudes range from 2.0 < M < 4.7. Data in this region has a good spatial distribution (to
approximately 700 km) and comprises some 1220 ground-motion records.

EMPIRICAL GROUND-MOTION MODELS

The development of empirical ground-motion attenuation models for Australia largely follows the
methods adopted by Atkinson (2004a) for ENA. Detailed analysis of the SEA dataset indicates that
the decay of Fourier spectral amplitudes can be described by a trilinear geometrical attenuation
model. The subsequent decay of spectral amplitudes can be approximated by the coefficient of R™*3
(where R is hypocentral distance) within 90 km of the seismic source. From 90 to 160 km, the SEA
dataset indicates a zone whereby the seismic coda appear to be affected by crustal reflections and
refractions. In this distance range, geometrical attenuation is approximately R*°!. Beyond 160 km,
low-frequency seismic energy (i.e. f = 1 Hz) attenuates rapidly with R, having a geometrical
attenuation coefficient of R™°, Note that at present, we have not distinguished between attenuation
models for Palaeozoic (e.g. Lachlan Fold Belt) and Mesozoic (e.g. Sydney and Gippsland Basins)
crust, but rather have developed a combined ground-motion model. Developing models that describe
the different geological terrains in southeastern Australia will be the scope of future work.

Fourier ground-motion models for SEA, WA (Allen et al., in press) and ENA (Atkinson, 2004a,b)
are compared for hypocentral distances at 1, 10, 50 and 100 km for an earthquake of M 4.5 (Figure
1). In general, we observe that SEA and ENA models are relatively consistent since the geometrical
attenuation is the essentially the same over this distance range [geometrical attenuation for ENA is
R for R < 70 km (Atkinson, 2004a)]. Owing to the higher geometrical attenuation observed in
SEA for R > 70 km, the models differ considerably at larger distances (Figure 2). Low-frequency
spectral amplitudes calculated for the WA model are observed to be significantly higher with
increasing source-receiver distance than both SEA and ENA. Comparing spectral amplitude
residuals (log observed less predicted) for the Atkinson’s (2004a,b) ENA model further
demonstrates the higher attenuation in SEA beyond the ENA postcritical distance of 70 km (Figure
3).

Given that we have no quality ground-motion records for earthquakes greater than M 4.7, these
empirical models cannot be used directly to predict ground-motion for larger, potentially damaging
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earthquakes. The source and attenuation coefficients evaluated in these studies, however, are used as
key inputs to stochastic methods discussed below.
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Figure 1: Comparison of empirical Fourier displacement spectra at hypocentral distances of
(a) 1, (b) 10, (c) 50 and (d) 100 km for an earthquake of M 4.5. Note that for all three models,
source spectra (i.e. R = 1 km) converge at low-frequency indicating that estimates of M are

consistent (a). In figures (b-d) we observe the effect of lower rates of attenuation in WA.
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Figure 3: Residuals of modelled SEA ground-motions plotted against hypocentral distance at
1.6 and 5Hz. These data are compared with the Atkinson (2004a,b) attenuation model. At
distances beyond the ENA postcritical distance of R = 70 km, the Atkinson (2004a,b) model
overestimates ground-motions in southeastern Australia.

STOCHASTIC GROUND-MOTION MODELS

The stochastic method is particularly useful for simulating earthquake ground-motions in regions of
the world where recordings from large damaging earthquakes are simply not available (Hanks &
McGuire, 1981; Boore, 2003). The method relies on an initial earthquake source model, based upon
results from empirical studies.

We use software developed by Pacific Engineering & Analysis, El Cerrito, USA (Silva, 1987), to
simulate ground-motions for a series of magnitude-distance bins. To accommodate uncertainty
owing to the unpredictable nature of future events, model parameters are randomised about the base
(mean) value a number of times for each magnitude-distance bin. For each randomisation, 5%
damped Response Spectral Acceleration (RSA) are calculated. Subsequent regression analysis yields
a stochastic ground-motion model that also incorporates estimates of uncertainty in the predicted
ground-motion. Since the initial model parameters are based on ground-motion recordings on rock,
our default attenuation model will be for rock sites.

Figure 4 shows the stochastic SEA rock ground-motion model compared to three North American
models. Two of these were developed for the stable crust of ENA (Atkinson & Boore, 1997; Toro
et al., 1997) and the other for seismically active Californian crust of WNA (Sadigh et al., 1997).

Near-source RSA indicate that the SEA rock ground-motion models have similar spectral shape to
the Sadigh et al. (1997) model with low levels of high-frequency motion (and PGA) compared to the
two ENA models (Figure 4a). As distance is increased from the source, we observe that all
predictive attenuation models from North America overestimate ground-motion relative to the SEA
model (Figures 4b-c), particularly at higher frequencies (f > 2 Hz). Two key points to consider is
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that; 1) ground-motion in SEA appears to be consistently lower at almost all frequencies than in the
highly deformed crust of WNA and; 2) low-frequency ground motion is similar to the Atkinson &
Boore (1997) model near f =1 Hz. This is of interest because empirical studies on both the ENA
(Atkinson, 2004) and SEA datasets yield similar attenuation near 1 Hz (Figure 2).
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Figure 4: Comparison of 5% damped RSA for the three North American ground-motion models
and the stochastic SEA model. Near the seismic source (a), the SEA model is quite similar to the
WNA model of Sadigh et al. (1997). With increased distance the SEA model appears to predict
lower ground-motions at most frequencies greater than about 2 Hz. For lower frequencies, the
SEA model similar to the North American models, particularly at shorter hypocentral distances.
Each of the predictive spectral plots assume an earthquake focal depth of 8 km.

IMPLICATIONS FOR EARTHQUAKE HAZARD

Results from the present study indicate that ground-motion attenuation in SEA is higher than
previously assumed in many earthquake hazard and risk studies. Given earthquake hazard is defined
as the probability of a certain level of ground-shaking being exceeded at a site within a certain time
period, these results have a significant impact of the level of hazard that a structure may be exposed
to. We suggest that earthquake hazard in SEA is currently being overestimated using current
ground-motion relationships, particularly at frequencies greater than 1 Hz.
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Although we have not been able to develop a reliable stochastic ground-motion model for WA at
present owing to the anomalous nature of the WA dataset, results from empirical studies suggest that
the attenuation of strong ground-shaking will be lower than in SEA. Consequently, we would expect
to see larger ground-motions away from the fault rupture. Comparison of Fourier spectral models by
Allen et al. (in press) indicate that at lower-frequency ground-motions (f < 2 Hz) attenuate less in
WA than in ENA. In contrast, they observe lower levels in high-frequency motions relative to low-
frequency motions. It may be that the use of current attenuation models actually underestimates
hazard at low-frequencies in WA. Therefore, low-frequency ground-motions may be slightly higher
than that of ENA models, but with diminished high-frequency motions. This is somewhat consistent
to studies by Hao & Gaull (2004), who apply low-pass filters to ENA ground-motion models to fit
observed ground-motion from WA.

CONCLUSIONS

This study presents the first ground-motion attenuation models that are appropriate for Australian
crustal conditions. These empirical and stochastic models are based entirely on data recorded in
Australia. We have not distinguished between attenuation models for Palaeozoic (e.g. Lachlan Fold
Belt) and Mesozoic (e.g. Sydney and Gippsland Basins) crust, but rather have developed a combined
ground-motion model for the whole of southeastern Australia. Developing models that describe the
different geological terrains in the region will be the scope of future work.

Empirical attenuation models have been developed from two key datasets; one from WA and the
other from SEA. In general we observe that ground-motion attenuates less in WA than in SEA,
particularly at low frequencies. WA earthquakes, however, appear to have lower high-frequency
motion relative to SEA earthquakes.

Given the difficulties associated in constraining reliable source and attenuation parameters for the
WA dataset, development of stochastic ground-motion models concentrate on SEA rock sites. We
observe that near the earthquake source, SEA RSA indicate similar spectral shape to the Sadigh et
al. (1997) model developed for WNA with low levels of high-frequency motion (and PGA)
compared to the two ENA models. As distance is increased from the source, we observe that all
predictive attenuation models from North America overestimate ground-motion relative to the SEA
model. These findings have significant implications for earthquake hazard and risk in this region.
They suggest that by using North American ground-motion models, we are currently overestimating
earthquake hazard in SEA. Consequently, we may be over-engineering infrastructure for strong
ground-motion, particularly for frequencies greater than 2 Hz. More work is required to quantify
these results, and also to develop useful models for both rock and soil sites. These models will
provide a means to lower the uncertainty associated with Australian specific hazard and risk
analyses.

ACKNOWLEDGEMENTS

The work detailed in this paper was done in collaboration, and with the financial support of the
Australian National Committee on Large Dams (ANCOLD). We particularly acknowledge the
efforts of Phil J. Cummins of ANCOLD, coupled with Wayne Peck and Gary Gibson of ES&S to
gain support from Australian dam owners. We also thank Walt Silva and Nick Gregor of Pacific
Engineering and Analysis for providing software and support for the development of the stochastic
attenuation models.

REFERENCES

Allen, T.I., Dhu, T., Cummins, P.R. and Schneider, J.F. (in press). Empirical attenuation of ground-
motion spectral amplitudes in southwestern Western Australia, Bull. Seism. Soc. Am.

98



Seismic Hazard in Sydney Proceedings of the one day workshop

Atkinson, G.M. 2004a. Empirical attenuation of ground-motion spectral amplitudes in southeastern
Canada and the northeastern United States, Bull. Seism. Soc. Am. 94, 1079-1095.

Atkinson, G.M. 2004b. Erratum to “Empirical attenuation of ground-motion spectral amplitudes in
southeastern Canada and the northeastern United States”, Bull. Seism. Soc. Am. 94, 2419-
2423.

Atkinson, G.M. and Boore, D.M. 1997. Some comparisons between recent ground-motion relations,
Seism. Res. Lett. 68, 24-30.

Boore, D.M. 2003. Simulation of ground motion using the stochastic method, Pure Appl. Geophys.
160, 635-676.

Dentith, M.C., Dent, V.F. and Drummond, B.J. 2000. Deep crustal structure in the southwestern
Yilgarn Craton Western Australia, Tectonophys. 325, 227-255.

Dhu, T., and Jones, T. (Eds.) 2002. Earthquake risk in Newcastle and Lake Macquarie, Geoscience
Australia Record 2002/15, Geoscience Australia, Canberra.

Hanks, T.C. and McGuire, R.K. 1981. The character of high-frequency strong ground motion, Bull.
Seism. Soc. Am. 71, 2071-2095.

Hao, H., and Gaull, B.A. 2004. Prediction of seismic ground-motion in Perth Western Australia for
engineering application. Proc 13" World Conf. Earthquake Eng., Vancouver.

Herrmann, R.B., and Kijko, A. 1983. Modeling some empirical vertical component Lg relations,
Bull. Seism. Soc. Am. 73, 157-171.

Jones, T., Middelmann M. and Corby, N. (Eds.) 2005. Natural hazard risk in Perth, Western
Australia. 2005. Canberra, Geoscience Australia - Australian Government.

Patchett, A., Robinson, D., Dhu, T. and Sanabria, A. 2005. Investigating earthquake risk models
and uncertainty in probabilistic seismic risk analyses, Geoscience Australia Report 2005/02,
Geoscience Australia, Canberra.

Sadigh, K., Chang, C.Y., Egan, J.A., Makdisi, F. and Youngs R.R. 1997. Attenuation relationships
for shallow crustal earthquakes based on California strong motion data, Seism. Res. Lett. 68,
180-189.

Silva, W.J. 1987. State-of-the-art for assessing earthquake hazards in the United States; Report 24,
WES RASCAL code for synthesizing earthquake ground-motions. Department of the Army,
US Army Corps of Engineers, Washington.

Toro, G.R., Abrahamson, N.A. and Schneider, J.F. 1997. Engineering model of strong ground-
motions from earthquakes in the Central and Eastern United States, Seism. Res. Lett. 68, 41-
57.

99



Seismic Hazard in Sydney Proceedings of the one day workshop

Landslides in the Sydney Basin: Is there a
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ABSTRACT

Several large landslides have been found in the incised valleys of the Blue Mountains Plateau,
located on the western margin of the Sydney Basin, where the valleys have cut into weaker strata of
the Permian Shoalhaven Group. The landslides highlight the potential importance of mass
movement processes in valley widening and hillslope denudation, yet the cause of failure in these
valleys is unknown. The main triggers of landslides elsewhere (e.g. Europe, Asia and USA) are
often earthquakes or severe rainfall events. In this paper we consider earthquakes as a possible
trigger for the landslides and assess whether there is a seismic link between earthquakes and failure
of the cliff lined upper slopes in the Blue Mountains Plateau. Seismic records for the Sydney Basin
show a clustered distribution of earthquakes particularly in the south-west of the basin where several
of the large pre-European landslides and smaller recent landslides have been found. The distribution
of earthquakes and landslides indicates a possible seismic link. However, due to the difference in the
time period of records (i.e. pre-European age of the older landslides versus the contemporary seismic
record) and the impact of mining on the more recent landslides, we are not able to link earthquake
events to failure. We suggest that the recorded earthquakes were not significant enough to trigger
slope failure (maximum magnitude 5.6), but that the larger, older landslides may have been triggered
by higher magnitude earthquake events.

Keywords: rock fall, dissection, landscape evolution, seismicity, Burragorang

INTRODUCTION

Examination of relief and geology maps of the Sydney Basin (Brunker and Rose, 1967; 1979)
reveals several important features of the landscape: (i) a lower lying coastal sandstone plateau
(Hornsby Plateau to the north and Woronora Plateau to the south) separated by a low relief basin on
Wiannamatta Group shales (Cumberland Plain); (ii) a higher sandstone plateau to the west (Blue
Mountains Plateau) bounded to the east by the Lapstone Structural Complex (LSC) (Branagan and
Pedram, 1990); and (iii) deeply incised valleys that stem from the LSC to the west and south-west
changing from narrow gorges to wide valleys upon intersecting the underlying Permian sediments.

The incised valleys of the Blue Mountains Plateau are the focus of this paper (Figure 1), especially
those erosion processes that lead to valley widening once river incision has reached the Permian
rocks. Recent investigations in the Nattai River valley, which drains into the Wollondilly River 55
km upstream of the LSC, suggests that valley widening, and presumably scarp retreat, is taking
place by mass movement events, such as rock fall and debris flows (Tomkins et al., 2004b).
Previous mapping of the geology of the Wollondilly - Nattai area by McEIroy and Relph (1958)
indicates extensive areas of large scale surface slumping (landslides) but none of these have been
confirmed. In contrast, landslides in Sydney Basin sediments have been identified along the
Illawarra Escarpment near Wollongong where high relief coupled with high rainfall (1200 - 1500
mm a™) facilitates mass slope failure (Walker, 1963; Young, 1977). Further west, where rainfall is
much lower (< 1000 mm a™), it appears that landslides have not been considered even though rock
falls are omnipresent. However, the recognition of a large rotational landslide in the Wolgan valley
to the north (Macris, 2002) has helped to change this perception.
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Figure 1: Incised valleys of the Blue Mountains Plateau and locations mentioned in the text.
Structure according to Bembrick et al. (1973).

Landslide failure triggered by earthquakes has been widely reported internationally, especially in
tectonically active regions (e.g. Keefer, 1984; Keefer, 1994; Dadson et al., 2003). Despite being
located on a plate centre, earthquakes have been recorded in Australia, although events are of a
comparatively lower frequency and lower magnitude than those at plate boundaries (Sinadinovski et
al., 2000). McCue (1999) relates the distribution of earthquakes across Australia to the dominant
north — south and east — west intraplate stress patterns (Figure 2) created through the northward
movement of the Indo-Australian plate and the eastward movement of the Pacific plate. He shows
the development of north-west and north-east oriented shear zones across the Australian continent,
aligned to areas of seismicity, uplift and earlier volcanism. The centre of Australia is dominated by a
north-west shear zone which extends from the east coast around Sydney. A north-east shear zone
occurs parallel to the east coast and includes the south-eastern highlands. The Sydney Basin, and in
particular the southern end of the Blue Mountains Plateau which includes the Nattai River, is
revealed as an area of earthquake activity, the largest of which were recorded at Robertson in 1961
and Burragorang in 1973 with magnitudes of 5.6 and 5.5 respectively (Drake, 1976; Reynolds,
1976). The occurrence of earthquakes and intersection of shear zones across the Sydney Basin poses
an important question. Could the landslides in the incised valleys of the Blue Mountains Plateau be
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triggered by seismicity? In this paper we explore the spatial relationship between landslide
occurrence and earthquakes to assess if such a link exists.

Figure 2: Distribution of earthquakes across Australia (magnitude > 4) showing the relationship to
north-west and north-east oriented shear zones. The Sydney Basin is located at the intersection of
the central Australian (north-west) and east coast (north-east) shear zones (indicated by shading).
(Source: McCue, 1999)

LANDSLIDE OCCURRENCE AND DISTRIBUTION IN THE BLUE MOUNTAINS PLATEAU

Early geology reports from the Wollondilly and Nattai valleys comment on accumulations of large
blocks of sandstones at the base of hillslopes, covered with debris and dense vegetation (Etheridge,
1893; McElroy and Relph, 1958). These blocks were sourced from the vertical cliff line above
formed in the Hawkesbury and Narrabeen Group rocks. Reconnaissance investigations revealed that
large mounds of blocks are widespread on the lower hillslopes and in the valley floor particularly
along the lower Wollondilly and Nattai Rivers. Several large landslides were discovered in the
Nattai and Wollondilly catchments which pre-date European settlement. For example, Tumbledown
Landslide in the Nattai valley 5.5 km upstream of the confluence with the Wollondilly River,
Bimlow Terrace on the Wollondilly River 5 km upstream of the confluence with the Coxs River and
Lacys Landslide on Lacys Creek 10 km upstream of the confluence with the Wollondilly (Figure 1).
Recent investigation of the Tumbledown Landslide found it to consist of a rock avalanche deposit of
1.5 M m® overlying an older, more extensive rotational landslide (Taylor, 2005). More recent
smaller landslides along the Burragorang Walls at North Nattai have been associated with coal
mining (Pells et al., 1987; Cunningham, 1988). Mapping of the geology of the lower Wollondilly
valley by McElroy and Relph (1958) shows additional areas of slumping which may represent
landsliding but these areas are yet to be ground truthed.

Other large landslides in the Blue Mountains Plateau have been found in the Wolgan Valley along
Carne Creek, a major tributary (Figure 1). The Carne Landslide is approximately 30 M m®and is
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composed of Narrabeen Group sandstones sourced from the upper cliff line. Carne Creek has incised
through into the Permian sediments which now form the valley floor and lower slopes. The landslide
itself probably blocked Carne Creek, which is now manifested as an over steepened reach in the
creek bed longprofile, with the drainage line pushed against the western valley side. The exact age
of the landslide is unknown. However, material from a partly infilled depression in the toe-zone, but
well away from any fluvial influence, was dated by Optically Stimulated Luminescence (OSL-SAR
method using multiple grain quartz; University of Melbourne, Luminescence Laboratory) as 13.6 +
2 ka, indicating at least a Late Pleistocene age for the landslide (Macris, 2002).

It is likely that large landslides are more widespread in the incised valleys of the Blue Mountains
Plateau but have remained undiscovered due to the rugged terrain and difficulty of access. Air photo
interpretation is hampered by a thick vegetation cover and also by “shadowing” from high cliffs and
steeper valley sides. Thus known or strongly suspected landslides (e.g. Tumbledown, Lacys and
Bimlow) were detected where the vegetation had been partly cleared and by way of drainage
disruption and anomalous contouring on topographic maps (Rib and Liang, 1978).

SEISMICITY IN THE SOUTH-WEST SYDNEY BASIN

The distribution of earthquakes recorded in the Sydney Basin since 1872 is shown in Figure 3. There
is a distinct cluster of earthquakes in the south-west of the basin at the location of the Wollondilly
River (Warragamba to Upper Burragorang) and also on the western margin around Lithgow, and the
southern margin near Mittagong and Wollongong. The south-west cluster, shown in more detail in
Figure 4, includes 16 earthquakes and 291 aftershocks measured since 1960 (Table 1). The majority
of the 16 earthquakes were between magnitude 1 and 3 and occurred at mid-crustal depths with the
exception of 3 earthquakes which occurred at the surface and could be mining related (blasting). The
largest earthquake was the Burragorang / Picton earthquake (M 5.5) which is discussed below.

The Burragorang earthquake (also known as the Picton earthquake) occurred on 9 March 1973 under
the southern end of Lake Burragorang in the Wollondilly valley (Drake, 1974). The earthquake
registered a magnitude 5.5 and was followed by 23 aftershocks which continued to occur for several
months after the main shock (Mills and Fitch, 1977). The epicentre of the earthquake was located 6
km east of Yerranderie, although the area of seismicity extended in a north-west to south-east
direction for 25 + 4 km (MWSDB, 1974). The earthquake is thought to have resulted from
movement along a steeply dipping thrust fault which extends 8 — 24 km depth below the surface
within the Palaeozoic basement rocks, and approximately 8 km laterally along a north-west to south-
east strike (Mills and Fitch, 1977). The earthquake was felt over an area of 60,000 km?, however,
structural damage in the township of Nattai 17 km north-east of the epicentre was reported to be no
worse than at Wollongong 65 km away, suggesting that ground movement at the surface in the
vicinity of the epicentre was probably minor (Denham, 1976).

DISCUSSION

The overlap in the distribution of earthquakes and landslides in the lower Wollondilly and Nattai
valleys suggests a possible cause and effect link. Alternatively, it may be a coincidence given the
presence of landslides in the Wolgan Valley to the north where very few seismic events have
occurred since 1872. However, the problem with this analysis is that the Carne Landslide occurred
well outside the modern seismic record and it is impossible to determine if seismicity was a trigger
or contributing factor. Similarly, the ages of the Wollondilly and Nattai landslides are at least pre-
European and therefore outside the period of record. The only landslides known to have occurred
within the period of the seismic record are those at North Nattai, but these are attributed to ground
subsidence caused by pillar extraction for coal mining (Pells et al., 1987; Cunningham, 1988).
Nonetheless analysis of the timing of failures at North Nattai (Pells et al., 1987) shows some
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possible overlap with recorded seismic events (Table 1) in 1973, 1976 and 1979, but not for the late
1965, December 1983 and early 1984 failures. Additionally, the Burragorang earthquake showed
that moderate earthquakes can impact on structures tens of kilometres away, which suggests that
slopes at or close to the angle of stability in neighbouring valleys might be affected. Therefore, we
conclude that seismicity has been recorded within the areas where landslides occur, but we can
neither confirm nor rule out a seismic link at this stage.
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Figure 3: Seismic events recorded in the Sydney Basin since 1872. Landslides indicated as C —
Carne, B — Bimlow, L — Lacys, T — Tumbledown, N — North Nattai (Source: Geoscience Australia
Earthquake Database http://www.ga.gov.au/oracle/quake/quake_online.jsp)

The magnitude of earthquakes may be a key factor in determining if a landslide is triggered along
the steep sides of the incised valleys in the Blue Mountains Plateau. Reynolds (1976) reports that a
magnitude 5.5 earthquake is not likely to fracture hard rock at the surface or within 1 km of the
epicentre, whereas a magnitude 6.5 earthquake is very likely to fracture hard rock at the surface. The
strong joining patterning in the Triassic sandstones suggests that the vertical cliff lines could
fracture and fail under a magnitude 6.5 earthquake or greater. Based on early records, Drake (1976)
estimates that the return interval of a magnitude 5.5 earthquake in the south-west Sydney Basin is
approximately 30 years, whilst the return interval of a magnitude 6.5 earthquake is approximately
300 years. More recent analysis of earthquake magnitude recurrence by Berryman and Stirling
(2003) for the western Sydney Basin, which includes the LSC and Blue Mountains Plateau, indicates
slightly longer return intervals. For example, a magnitude 6 earthquake is predicted to have a return
of around 1,000 years and earthquakes of magnitude 7 to 7.5 may have return intervals of 10 — 25
kyr. Using the Tumbledown and Carne Landslides as indicators of the volume of rock that could be
removed by landslides from the incised Nattai valley, the estimated return period of a 1.5 M m?
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landslide (Tumbledown) is around 1,000 — 2,500 years, which is consistent with the return period of
an earthquake of magnitude 6 - 6.5 (see Appendix 1 for details). The estimated return period of a 30
M m?® landslide (Carne) is around 20 — 50 kyr, which is consistent with the return period of an
earthquake of magnitude 7.5 or greater. Therefore, it is possible that higher magnitude earthquakes
may explain the occurrence of the larger, older landslides and the absence of earthquake induced
landslides since European settlement where maximum recorded earthquake magnitude was 5.5
(Burragorang) and 5.6 (Robertson).
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Figure 4: Detail of the south-west cluster of seismic events (Latitude -34.1 to -34.25; Longitude
150.25 to 150.45) showing the location of the Burragorang earthquake epicentre. (Source:
Geoscience Australia Earthquake Database http://www.ga.gov.au/oracle/quake/quake_online.jsp)

Table 1: Timing, depth and magnitude of earthquakes within the south-west cluster (Latitude -34.1
to -34.25; Longitude 150.25 to 150.45) Source: Geoscience Australia Earthquake Database
http://www.ga.gov.au/oracle/quake/quake_online.jsp)

DATE OF EARTHQUAKE DEPTH (KM) MAGNITUDE NOTES
02/09/1960 10 1.7

23/06/1962 0 1.9

10/07/1962 8 3.2

09/03/1973 21 5.5 Burragorang / Picton earthquake
09/03/1973 to 23/07/1973 Max 38 Max 3.9 Aftershocks
16/11/1974 0 1.2

06/03/1975 0 1.5

18/08/1976 16 24

26/01/1978 17 2.3

15/01/1979 24 2.8

19/04/1979 20 2

16/03/1982 23 2.2

31/12/1982 19 2

15/02/1986 24 1.7

02/04/1987 22 2.7

06/06/1996 20 25

26/06/2001 10 1.9

CONCLUSIONS

Landsliding may be an important process in valley widening and hillslope denudation of the incised
valleys in the Blue Mountains Plateau, though the conditions or triggers of failure have not been
determined. Earthquakes have been found to trigger landslides in Europe and elsewhere, and
therefore warrant consideration. Analysis of seismic records for the Sydney Basin revealed a
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clustered distribution of earthquakes particularly in the south-west of the basin at Upper
Burragorang. The south-west cluster coincides with the occurrence of several large pre-European
landslides. The age of the landslides however, precludes establishing a clear association. The only
landslides to occur within the period of record do not show a consistent overlap in the timing of
failure and are thought to be a direct response to underground coal mining. The largest magnitude
earthquakes on record (5.5 and 5.6), however, may not have been significant enough to trigger slope
failure. It may be that the larger, older landslides were triggered by higher magnitude events but we
are unable to confirm this.
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APPENDIX 1. CALCULATION OF LANDSLIDE RETURN INTERVALS

The return intervals of the Tumbledown and Carne Landslides were estimated using the volume of
the incised section of the Nattai valley as an indicator of erosion over time by landsliding. In doing
S0, we are assuming that landslides are the dominant erosional process leading to valley widening
once a knickpoint has passed, and other processes such as slope wash have a negligible effect on
erosion rates. The volume of the incised Nattai valley was determined by GIS (ArcMap, ArcHydro)
using a 25 m digital elevation model, clipped to the top of the cliff line. The timeframe of valley
erosion is indicated by Oligocene and Miocene basalts (Wellman and McDougall, 1974; van der
Beek et al., 2001) situated on the plateau in the Nattai and Grose River valleys which show that
valley incision post-dates their extrusion.

Tumbledown Landslide

Volume of Tumbledown Landslide 1.5 M m® = 0.0015 km®
Volume of the incised Nattai valley 21.3 km?

No. of landslides of this size required to erode the incised Nattai 14,200

valley

Timeframe of erosion 14 - 34 Ma

Estimated return period of 1.5 M m® landslide 1,000 - 2,500 years

Carne Landslide

Volume of Carne Landslide 30 M m?® or 0.03 km?
Volume of the incised Nattai valley 21.3 km?

No. of landslides of this size required to erode the incised Nattai 710

valley

Timeframe of erosion 14 - 34 Ma

Estimated return period of 30 M m?® landslide 20,000 - 50,000 years
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INTRODUCTION

BHP Billiton commenced mining coal at Appin Colliery in 1962. Two other collieries, West Cliff
and Douglas (formerly Tower) also now operate in the area. These collieries mine the Bulli Coal
seam, a high grade coking coal which is at a depth of approximately 500 m. The mines use the
longwall method. Panels of coal of dimensions about 250 m by 2 km are progressively extracted. To
date an area of approximately 60 km? has been mined. Figures 1 and 2 show the locations of the
mines.
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Figure 1. Mine layouts for Appin, Tower and Westcliff Collieries as of 2005 superimposed on
an aerial photograph. The freeway is part of the Hume Highway running between Sydney and
Melbourne. Twin bridges cross the Nepean River gorge at the location shown. To the east of
the bridge, the Nepean River joins the Cataract River and flows to the north east. Tower
Colliery has mined beneath much of the Cataract River. Monitoring of the bridges was
conducted during the extraction of Tower Colliery longwalls 16 and 17. Seismic monitoring
was also conducted for some of this time.
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Appin, Tower
and West Cliff
Collieries

Figure 2. Shuttle radar image showing location of Appin, Tower and West Cliff Collieries
southwest of Sydney. The north-south trending Lapstone Structural Complex is evident to the
northwest and continues to the west of the area of mining. Complex NW trending normal fault
systems with throws of several tens of metres extend into the area from the coast. (Image
compiled from http://jaeger.earthsci.unimelb.edu.au/Images/Landform/landform.html)

Longwall mining extracts most of the coal seam. In response to the mining, the overlying strata
fracture and displace (cave) into the void that is created. To a height of about 40 m above the seam,
the strata are completely broken. For strata further from the seam, the displacements are
progressively more elastic and the beds retain their integrity. At the ground surface, the subsidence
is about 60% of the height of the extracted seam. For a 2 m thick Bulli seam, the subsidence is
approximately 1.2 m. There may be some tensile failure at the ground surface, related to strata
bending over extraction edges, but the cracking associated with this has limited depth extent.

To a certain extent, the movement of the overlying strata into the void left by the mining is mirrored
in the underlying strata. Miners must therefore also manage movements and breakage in the
underlying strata . In the Appin area, one consequence of this is that methane gas contained in
underlying coal seams can make its way into the mine workings through fractures induced in the
floor strata.

The caving associated with longwall coal mining also relaxes the strata in the vicinity of the mine.
The extent of the relaxation is partly controlled by the nature of the strata but it is also related to the
prevailing stress fields. In the case of the Appin area, the stress field is strongly deviatoric. At Tower
Colliery, the ratio of the horizontal to vertical pre-mining stress is in excess of 3:1 with a
predominant northeast orientation for the major principal stress direction (Hebblewhite, et al., 2000).
At Appin and West CIiff Collieries, the major principal stress has a more easterly orientation
(MacGregor, 2003).
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In the late 1990’s, Tower Colliery conducted longwall mining beneath sections of the deep (+50 m)
gorges associated with the Cataract and Nepean Rivers, see Figures 1 and 3. As part of the mining
of longwall panels 16 and 17 (see Figures 1 and 3), an extensive surface monitoring campaign was
implemented in conjunction with the NSW Roads and Traffic Authority (RTA) and a Bridge
Management Committee set up to assess the impact of this mining on the gorges and the Douglas
Park bridges carrying the Hume Highway over the Nepean River. These bridges are over 600 m
from the closest caving in longwalls 16 and 17 which were mined at a depth of about 450 m. Results
of the monitoring are given in Hebblewhite et al. (2000).

Quite separately to the monitoring of ground surface movements, interest in the possibility that
seismicity might also be occurring at this time was aroused following the chance recording of a
seismic event during a conventional seismic reflection survey by BHP Billiton in July1998. This was
followed by a magnitude 4.4 event on 17 March 1999 located just to the south of BHP Billiton’s
mines. Local residents were also reporting noticeable ground vibrations. BHP Billiton therefore
undertook a preliminary program of seismic monitoring. Results are reported in Hatherly et al.
(2000) and Vasundhara et al. (2000).
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Figure 3. Detail of the Nepean and Cataract Rivers, longwalls 16 and 17 of Tower Colliery,
the freeway, bridges and other infrastructure. Harris Creek flows south through a narrow
ravine to the Nepean River. It is thought that difficult ground conditions in in-seam drill holes
and mine headings in the northwest corner of LW16 are due to a northerly continuation of a
north-south trending fault encountered further south in Tower Colliery. Black stars indicate

locations of some of the seismic events detected during the period September 1999 to January
2000.
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In this paper, results of these two monitoring programs are summarized and we present some
thoughts on the mechanisms that may be involved.

MONITORING OF THE DOUGLAS PARK BRIDGES

The monitoring program instituted by the Bridge Management Committee consisted of the following

(Hebblewhite et al., 2000).

e  GPS monitoring of targets across the terrain for horizontal movement.

e Conventional precise leveling and theodolite surveys in selected, accessible traverse lines across
the overall terrain, gorges and adjacent to, and on the bridge, pier and foundation structures.

e EDM surveys on gorge closure at nominated cross gorge locations.

e Remote electronic monitoring of critical locations on the bridge decks, expansion gaps, bearing
and other key structural locations.

The results of this study confirmed that although the bridge structure underwent some significant
lateral movement towards the mining location, its serviceability was never compromised. In the
vicinity of the bridges, the majority of the movement was of a regional ‘rigid body’ nature, with the
bridge and the surrounds moving en-masse towards the mine. There was movement of 65 mm due to
the mining of LW16 and a further 70 mm due to LW17. Directly above the longwall panels,
subsidence was also observed as well as gorge closure and some degree of relative ‘upsidence’. It is
the large amounts of regional, horizontal ground movement, extending over quite considerable
distances away from the mining that are of most interest in this paper.

SEISMIC EVENTS

The seismic monitoring was undertaken between August 1999 and June 2000 using 15 short period
seismographs made available by the Australian National Seismic Imaging Resource (ANSIR). With
no knowledge of where the seismicity, if any, would be located, the units were deployed across BHP
Billiton’s mining leases in the Appin area. The vertical component of the ground motion was mainly
recorded.

From this program of monitoring, it was found that there were occasional seismic events that could
be correlated over distances of about 6 km. The locations of these (see Figure 3) were found to be in
the vicinity of Tower Colliery and the Nepean and Cataract River gorges. Some were also felt by
residents.

The depths of the events are thought to have been less than 1 km. Their timing did not necessarily
coincide with periods of active mining as is the case with the much smaller microseismic events
caused by rock fracturing during longwall caving (see Hatherly et al., 2003, for example). However,
by June 2000 when the mining of longwall 17 was completed, the seismic activity ceased.

DISCUSSION

Hebblewhite et al. (2000), discuss potential mechanisms for the observed subsidence and the lateral
movement of the bridges towards the mine. To explain the lateral movement, three mechanisms
were proposed.

o relaxation of strata in the direction of the principal horizontal stress towards the sides of the
longwall panels,

e activation of geological structures, and

o the cantilevering of massive strata.
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Unfortunately the measurements of ground movement did not extend far enough to the west to allow
the extent of the zone of en-masse movement to be determined. In particular, it is not known how
the ground moved west of Harris Creek, immediately to the west of the bridges (see Figure 3). This
creek flows through a narrow ravine to its junction with the Nepean River and could well be located
on a north trending geological fault inferred from the results of mine exploration.

Hatherly et al. (2000) also discuss the issues of triggered seismicity caused by mining as discussed
by McGarr and Simpson (1997). Triggered seismicity is produced when an engineering activity such
as mining and the filling of reservoirs causes small but sufficient changes to the overall stress field
to facilitate ground movement. For example, around the mature coal mining areas of countries such
as in Poland and Britain, there have been increases in the regional seismic activity. In the case of the
Appin area, the Geoscience Australia website! also shows that there was a small cluster of small
seismic events in the Appin area between 1971 and 1978 but at that time, the mining was not as
extensive as at present.

There has been no mining north of LW17 since 2000, and the new Douglas Colliery is currently
mining further to the east. The situation with regards to ground movement and seismic activity in the
vicinity of the gorges of the Cataract and Nepean Rivers has stabilized. However, the question of
exactly how the mining induced changes to the stress field interacted with the tectonic stress field in
the period of 1999 to 2000 remains unanswered. If mining were to recommence in this area, the
ground movements and seismic activity could well recommence.
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Workshop Programme

10:00 -  Welcome and introduction — Dan Clark (Geoscience Australia)

10:15-  Geological context of south—eastern Australian earthquakes — M. Sandiford (University of
Melbourne)

10:45-  Summary of the ‘inner Sydney Basin’ geology and factors that relate to seismicity — David
Branagan (University of Sydney)

11:15 - 11:30 morning tea

11:30 -  Landslides and landform evolution in the Sydney Basin — Geoff Humphreys & Kerrie
Tomkins (Macquarie University)

12:00 -  Seismicity in the Sydney Basin and its relationship to active faulting — Gary Gibson
(Environmental Systems & Services)

12:30 — 13:30 lunch

13:30 - A perspective of earthquake hazard in the Sydney area based on studies for the Replacement
Research Reactor Project at Lucas Heights — Kelvin Berryman (Institute for Geologic and
Nuclear Sciences, NZ)

14:00 - A brief field reconnaissance along the Lapstone Structural Complex — Dan Clark (Geoscience
Australia)

14:30 -  The way forward: quantifying the hazard from geologic sources (discussion)
15:00 — 15:15 afternoon tea
15:15-  Further discussion followed by summary and concluding remarks

The workshop will be concluded with a short presentation at ~16:00 by Mr. Dave Dobeson (science
teacher in residence at Sydney University geology) entitled “Monitoring earthquakes in high-school
science classrooms”. Dave’s talk will be followed by beverages and nibblies.
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