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To improve our understanding of active faulting away from the main plate boundary on New Zealand's South
Island, we have acquired high resolution seismic data across the Ostler Fault Zone Twelve 1.2 km long lines
perpendicular to fault strike and a 1.6 km long crossline were collected in a region of the MacKenzie Basin
where surface mapping delineates significant complexity in the form of two non-overlapping reverse fault
strands separated by a transfer zone characterised by multiple smaller strands and increased folding.
Interpretation of the resultant images includes a 45-55° west-dipping principal fault and two 25-30° west-
dipping subsidiary faults, one in the hanging wall and one in the footwall of the principal fault. The
geologically mapped complexities are shown to be caused by shallow variations in the structure of the
principal fault, which breaks the surface in the north and south but not within the transfer zone, where it
forms a triangle zone with associated backthrusting and minor faulting. These complexities only extend to
~300 m depth. Structures below this level are markedly simpler and much more 2D in nature, with the
principal fault strand extending over a much longer distance than the individual strands observed at the
surface. Since longer faults are susceptible to larger earthquakes than shorter ones, seismic hazard at the study
site may be higher than previously thought. Multiple surface fault strands that give way to a single more major
stand at relatively shallow depths may be a common feature of segmented fault systems.
The deepest layered reflections at our site are consistent with the presence of a Late Cretaceous (?)-Tertiary
basin underlying the present-day MacKenzie Basin. Structural restoration of the seismic images back to the
base of Quaternary fluvioglacial terraces and back to the top of a Late Pliocene-Pleistocene fluviolacustrine
unit indicate that compression was initiated prior to the Late Pliocene and that it has continued at a
comparatively steady rate of about a millimetre per year to the present day. The fluviolacustrine unit has
experienced 440-800 m of along-fault vertical offset and 870-1080 m of horizontal shortening since that
time. Our study demonstrates that structural reconstructions based on high resolution seismic reflection data
provide critical displacement information that can be used to estimate slip rates.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction examples of off-plate-boundary deformation are found adjacent to the

San Andreas Fault in California (Stein and Ekstrom, 1992; Lin and

In a number of tectonically dynamic regions worldwide, plate
motions are responsible for active faulting and folding at relatively
large distances from the actual plate boundaries. These structures are
distributed in large regions and can pose significant challenges for the
estimate of seismic hazard, because they often remain undetected
beneath thick blankets of recent cover and may have slower slip rates
and longer recurrence intervals than the boundary faults. Good
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Stein, 2004) and the Alpine Fault on New Zealand's South Island
(Walcott, 1998). In the latter region, numerous active structures are
situated up to 200 km from the Pacific-Australian plate boundary
(Fig. 1). Rupturing along off-plate-boundary faults was responsible for
two of the South Island's largest 20th century earthquakes (Murch-
ison, 1929, Ms 7.8; Inangahua, 1968, Ms 7.4). These events, both of
which resulted in casualties and widespread damage, demonstrate
the potential of such faults to produce large and potentially
destructive earthquakes (Anderson et al.,, 1993). An understanding
of the seismic potential of the off-plate-boundary Ostler Fault Zone
that transects the Mackenzie Basin for >50 km (Figs. 1 and 2) is
particularly important on account of its close proximity to eight major
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Fig. 1. Map of the central South Island of New Zealand showing active faults. The Ostler Fault Zone (OFZ) is shown bold. Blue and pink areas are Tertiary and Neogene basins. Dashed
square is the area presented in Fig. 2 and inset shows the position of the main map within New Zealand.

From the New Zealand GNS Science active faults database.

hydro-electric power stations that generate most of the South Island's
electricity.

A combination of ongoing faulting and uplift together with
glaciations and associated high sedimentation and erosion rates has
created complex geologic and geomorphic features within the
Mackenzie Basin (Fig. 2). The Ostler Fault Zone comprises numerous
active reverse faults, including propagating strands that offset Late
Pliocene to Holocene sediments up to 1 km thick. Its length suggests
that seismic rupture of basement faults is occurring at depths >5 km
and its 0.8-1.7 mm/year deformation rate (Blick et al., 1989; Amos et
al., 2007) establish that it is accommodating a significant component
of shortening away from the plate boundary (Ghisetti et al., 2007).

Ostler Fault Zone morphology and behaviour are likely to change
substantially as it emerges from bedrock into shallow semi-consol-
idated and unconsolidated sediments, making it difficult to tell from
surface observations whether it was originally created during the Late
Pliocene or is an older basement normal fault that underwent
compressional inversion (Ghisetti et al., 2007). Furthermore, it is
not possible to determine the age of fault initiation by studying
surface displacements, because faulting almost certainly predates the
younger geomorphic surfaces and evidence of displacements on older
surfaces would have been erased or buried once newer surfaces were
created (Davis et al., 2005). To obtain information on the sequence of
faulting in this area requires appropriately located deep boreholes,
which are not available, or suitable geophysical data; ground-

penetrating radar (GPR) and seismic reflection sections may image
variable offsets of different buried horizons that predate the various
phases of faulting.

Buried horizons imaged in seismic reflection sections provide
appropriate markers for structural reconstructions. Restoration of
these horizons yields estimates of the total strain experienced since
the overlying units were deposited. By comparing the total strain to
the accumulative slip along faults, it is possible to determine the
degree of strain partitioning between the mapped faults and other
structures and thus provide information on the deformation mechan-
isms. Large scale restorations have been carried out on cross-sections
based solely on surface geological mapping in mountainous terrains,
including the Canadian Cordillera (e.g. Colpron et al., 1998) and the
Himalayas (e.g. Wiesmayr and Grasemann, 2002). Examples in which
regional deep seismic reflection data have constrained large scale
restorations include the Pyrenees (Teixell, 1998) and northwestern
Canada (Cook (1988). On a smaller scale of a few kilometres,
restorations guided by seismic reflection data have been made for
part of the Groenigen Block in The Netherlands (Gent et al., 2009) and
for a line across the Ostler Fault Zone (Ghisetti et al., 2007). To the
authors' knowledge, reconstructions of structures affected by active
faults have not previously been made using high resolution seismic
data at a scale comparable to that employed in this study.
Furthermore, the interpretation of multiple high resolution recon-
structed sections within a few hundred metres of each other allows a

Fig. 2. Geological map covering the central part of the Ostler Fault Zone (OFZ) in the Mackenzie basin. See Fig. 1 for location. The Ostler Fault deforms and offsets late Pliocene-
Pleistocene and Holocene sediments that fill the Mackenzie basin within the depression bounded by the uplifted Torlesse greywackes in the Benmore Range (southeastern/eastern
part of map) and Ohau Range (northwestern edge of the map). Seismic lines are marked in the centre of the map (Clearburn). Dashed square is the area covered in Fig. 3. Table Hill

and Benmore Station show the locations of significant topographic highs.

Adapted from Ghisetti et al. (2007) and Campbell et al. (2009). Ages of fluvioglacial terraces from Amos et al. (2010).
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Fig. 3. Orthophoto collage of the survey area shown plain and with superimposed seismic lines and major features. See Fig. 2 for location. Survey-line colours indicate surface
elevations above sea level. Surface fault traces are highlighted by the superimposed white lines (a powerline and road also appear as white lines). Note the braided river channels

etched into the terrace surfaces.

more detailed analysis into the lateral variation of structures on short
length scales.

Surficial features of the Ostler Fault Zone have been extensively
investigated. Mapping, GPS surveying, and OSL dating have provided
information on the surface geomorphology and geology (Davis et al.,
2005; Amos and Burbank, 2007; Amos et al., 2007; Ghisetti et al.,
2007; Amos et al., 2010). Two- and three-dimensional (2D and 3D)
GPR surveys at three locations have provided details on shallow
structures down to depths of ~20 m (Amos et al., 2007; McClymont et
al.,, 2008; Wallace et al., 2010), and a 2D seismic reflection survey
along the southern edge of the Clearburn area (Fig. 2) has supplied
information down to nearly 1 km depth (Ghisetti et al., 2007).

We acquired high resolution seismic reflection data along 13 lines
in the Clearburn area (Fig. 2) during a 6-week field campaign in
March and April of 2007. These lines spanned one of several
interpreted slip transfer zones between two non-overlapping fault
strands (Figs. 2 and 3). The survey was designed to generate much
higher resolution and higher fold data than the previous seismic
survey. The resultant seismic reflection and tomographic refraction
images yield structural information from the upper few metres to
depths of ~900 m, and the quasi-3D coverage enables us to trace
along-strike variations in subsurface deformation. There are two
fundamental questions concerning the nature of the Ostler Fault Zone
that we wish to address with the seismic data. First, does the
complexity of surface structures shown in geological maps (e.g. Fig. 2)
extend into the subsurface, or are the mapped multiple fault strands
and deformation merely “superficial” features originating from one or
more quite simple structures at depth? Second, do the steeply (45-
60°) dipping faults (Ghisetti et al., 2007) change into listric geometry
at depth, or do they represent the shallow tip of equally steep-dipping
inherited basement normal faults? Knowledge of subsurface fault
geometry and history is essential for reliable hazard assessments and
prudent risk management.

We begin by introducing the tectonic and geologic setting of the
Ostler Fault Zone. This is followed by a brief description of our high
resolution seismic reflection survey; further information on the data
acquisition, reflection processing and tomographic refraction inver-
sions is supplied in Appendix A and more complete details are

provided by Campbell et al. (2009). We then present the final depth-
converted migrated seismic sections before discussing plausible
geological reconstructions and restorations based on the seismic
sections and the implications of these reconstructions for our
understanding of regional tectonism on the central-southern part of
the Island.

2. Tectonic and geologic background

The South Island of New Zealand sits astride the plate boundary
between the Pacific and Australian Plates, which are converging
obliquely at ~38 mmy/year in this region (Fig. 1; DeMets et al., 1994;
Beavan and Haines, 2001). In the central-southern part of the Island,
60-80% of the plate movement occurs along the right-lateral
transpressional Alpine Fault (Norris and Cooper, 2000; Sutherland
et al., 2006). A series of north-south striking mostly west-dipping
structures east of the Alpine Fault accommodates the remaining
compressional component of motion (Walcott, 1998). According to
Norris et al.'s (1990) two-sided orogenic model of the Southern Alps,
these west-dipping structures are the result of backthrusting rooted
to a lower crustal detachment. An extensive network of the active
west-dipping structures is observed within the Mackenzie Basin, a
large (~1700 km?) Neogene-Quaternary intramontane depocentre.

Basement rocks that outcrop in the mountain ranges along the
flanks of the Mackenzie Basin belong to the Rakaia Terrane
(Bradshaw, 1989). They are mostly highly folded Permian to Late
Triassic Torlesse turbiditic greywackes interbedded with brown
mudstones, argillites and green-red shales (Fig. 2; Gair, 1967; Ghisetti
et al., 2007). Within the Diadem Range along the western margin of
the Mackenzie Basin (~10 west of Fig. 2), there is a metamorphic
transition from Torlesse turbidites into foliated metagreywackes and
low grade schists. Small outcrops of low grade schist are also observed
on the eastern flank of the Ben Ohau Range (~3 km north of Fig. 2) and
in faulted contact with adjacent units at two locations along the Ostler
Fault Zone (one ~10 km south of Fig. 2 and one on the southern flank
of Table Hill; Ghisetti et al., 2007).

The full stratigraphic column of the Mackenzie Basin is not
exposed at the surface, so the age and lithology of the rocks overlying
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the Torlesse basement is not known with certainty. However, the tion) can be interpreted as evidence for a relatively thick (~1.6 km)
presence of a pronounced —25 mGal gravity anomaly west of the older sedimentary basin beneath the Late Pliocene to Holocene cover
Ostler Fault Zone (S. Kleffmann and T. Stern, personal communica- (Ghisetti et al., 2007). Based on the occurrence of Tertiary marine

Fig. 4. Final depth-converted migrated seismic sections for (a) line 2 and (b) line 1. The distance between these lines was ~30 m (Fig. 3). No vertical exaggeration. PP’-UU’ are important
reflections and reflection packages discussed in the text. (c) Interpretation of seismic section 2 showing boundaries between different units (faults are shown as coloured lines). (d) As for c,
but also showing interpreted geological units.
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basins to the east, Gair, (1967) and Ghisetti et al. (2007) speculate that
the deeper parts of the Mackenzie basin may contain a sequence of
Late Cretaceous (?)-Tertiary marine sediments.

Overlying the basement and/or Tertiary sediments are the
fluviolacustrine sediments of the Kurow Group, of probable Late
Pliocene-Pleistocene age (Mildenhall, 2001). Ghisetti et al. (2007)
subdivide the Kurow Group into three distinct units L3-L1 (Fig. 2). L1
is a ~200 m thick braided fluvial to lacustrine sequence of green—
white silty claystones, mudstones and quartz sandstones interbedded
with quartz conglomerates. This unit grades into L2, a 100-200 m
thick unit comprising 5-50 m thick lenses of interbedded coarse

quartz gravels and silts. L3 at the top contains >300 m of clast-
supported rusty-brown bedded gravels with pebble and cobble-size
clasts of greywackes and semischists (Speight, 1940; Spérli and Lillie,
1974, Ghisetti et al., 2007).

The Kurow Group sediments are unconformably overlain by the
multiple fluvioglacial terraces dating from several Late Pleistocene
glaciations that characterise the geomorphology in the Mackenzie
Basin. The terraces can be linked to moraines preserved in the
adjacent highlands (Fig 2; Read, 1984; Blick et al., 1989; Read and
Blick, 1991; Ghisetti et al., 2007). The top of the terraces are glacial
outwash surfaces that have been extensively reworked by braided

Fig. 5. Final depth-converted migrated sections with associated refraction tomograms for one line of each pair of seismic lines recorded close together plus the crossline: (a) line 12,
(b) line 10, (c) line 7, (d) line 6, (e) line 3, (f) line 2 and (g) crossline. PP’-UU’ are important reflections and reflection packages discussed in the text. Red arrows along the top of a-f
indicate where the crossline intersects the other seismic lines. Red arrows and numbers in g indicate where the nearly parallel seismic lines intersect the crossline.
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Fig. 5 (continued).

rivers, such that they are intricately textured with numerous
abandoned drainage channels (Fig. 3; Amos and Burbank, 2007;
Ghisetti et al., 2007). The fluvioglacial terraces, which consist of
matrix-supported gravels with pebble- and cobble-size greywacke
clasts, were deposited at different elevations during cycles of down-
cutting and aggradation. Their total thickness varies from 10s of
metres to >200 m (Long et al., 2003; Ghisetti et al., 2007).

The north-south trending Ostler Fault Zone consists of a series of
predominantly west-dipping, surface-rupturing discontinuous fault
strands (Figs. 1 and 2; Read, 1984) that lie approximately orthogonal
to the inferred orientation of maximum horizontal stress (Beavan and

Haines, 2001). Because conspicuous geomorphic markers are not
laterally offset, fault movement is interpreted to be pure reverse, with
little or no oblique motion (Read, 1984; Davis et al., 2005; Ghisetti et
al., 2007). Amos et al. (2007) use optically stimulated luminescence
dating of fluvioglacial terraces, detailed topographic maps of the
hanging wall and GPR data over the fault scarp to constrain the slip
rate in the central part of the fault zone to 1.1-1.7 mm/year. Detailed
surveying and tilt-levelling measurements carried out by Blick et al.
(1989) between 1964 and 1985 show 0.8-1.0 mm/year of vertical
deformation that is mostly accommodated through buckling in the
hanging wall of the fault zone. These deformation rates account for up
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to 7% of the convergence that occurs east of the Alpine Fault,
indicating that the Ostler Fault Zone plays an important role in current
tectonism (Davis et al., 2005).

Multiple fault strands of the Ostler Fault Zone occur over a width of
up to 3 km. Seismic reflection data collected by Ghisetti et al (2007)
along the southern margin of our study site (Fig. 2) are consistent
with the hypothesis that the multiple strands dip linearly 50-60° to
about 1km depth. Davis et al. (2005) and Ghisetti et al. (2007)
suggest that these fault strands are splays within the Neogene-
Quaternary sediments that originate from a single master basement
fault. The evolutionary sequence proposed by Ghisetti et al. (2007)
indicates that the Ostler Fault Zone developed from compressional
reactivation of a planar normal fault that originally developed as the
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Fig. 6 (continued).

Strain within the Ostler Fault Zone is accommodated through
diverse mechanisms. Deformation is generally characterised by 30-
60° back tilting and/or warping of the uplifted hanging wall (Read,
1984; Ghisetti et al., 2007). Folding accommodates up to two-thirds of
the compressional deformation in some areas (Davis et al., 2005). A
particularly complex array of multiple fault strands is observed in the
Clearburn region, the site of our investigation (Figs. 2 and 3). Here, the
fault zone crosses a glacial outwash surface located between two
major fault-related scarps: Table Hill to the north and a 400 m high
scarp at Benmore Station to the south. Two non-overlapping ~30 m
high fault scarps are the most prominent structures within the
outwash zone. Displacement between the two fault strands appears to

be accommodated within a transfer zone distinguished at the surface
by multiple small faults, a backthrust and folding (Figs. 2 and 3; Davis
et al., 2005; Ghisetti et al., 2007, Wallace et al., 2010). Geomorphic
measurements reveal a zone of lower total displacement across the
multiple small fault scarps and a coincident zone of increased fold
height (Davis et al., 2005), suggesting that lower levels of fault
displacement are compensated for by greater folding in order to
maintain relatively constant strain along the length of the fault system
(Nicol et al, 2002). However, even with the folding taken into
account, the total strain in the transfer zone appears to be insufficient
to account for a smooth transfer of displacement between the two
fault strands (Davis et al, 2005). This could indicate nascent or
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incomplete linkage between the principal strands (Dawers et al.,
1993).

Several research groups have estimated the near-surface dips of
fault strands at different locations along the length of the Ostler Fault
Zone. All found them to be west-dipping, though the actual dip
estimates varied according to the location. Davis et al. (2005) quote an
average surface dip of 504-9° based on field observations at 4
locations and Amos et al. (2007) observed a dip of 56 +9° in 3D GPR
data recorded across the northern part of the fault zone. A number of
2D GPR sections acquired by Wallace et al. (2010) across the
Clearburn transfer zone reveal a series of faults dipping at 46-59°.
In contrast, McClymont et al. (2008) present 3D GPR data from the
northern part of the Clearburn region that image a complex pattern of
linked faulting, with multiple strands dipping at 20-30°.

No large earthquakes (i.e. with magnitudes >6) have occurred on
the Ostler Fault Zone since European settlement in the early
nineteenth century. Trenching and carbon dating in the northern
part of the Ostler Fault Zone reveal evidence for surface-rupturing
events with metre-scale displacements (i.e. magnitudes >6) at ~3 ka
intervals, namely 3000, 6000 and 10,000 ka (Van Dissen et al., 1994).
Current background seismicity levels in the Mackenzie Basin are
relatively low. Seismic networks active for the past 70 years have only
recorded two magnitude 5, a handful of magnitude 4 and scattered
magnitude 1-3 events within a ~50 km radius of the fault zone
(Leitner et al., 2001; NZ GeoNet database 2009 <http://www.geonet.
org.nz/>). A shallow (~5 km depth) magnitude 4.3 event struck the
southern tip of the fault zone on May 27, 2009 (NZ GeoNet database
2009 <http://www.geonet.org.nz/>).

3. Seismic data

Our high resolution seismic reflection data were acquired in the
central part of the Clearburn outwash zone, spanning the transfer
zone from one principal fault strand to the other. The subsurface data
sampling interval along the lines was 1.5 m with nominal 60-fold
coverage. Six pairs of subparallel 1.2 km long seismic lines were
recorded orthogonal to the fault traces and a single 1.6 km crossline
was collected in the hanging wall parallel to fault strike (Figs. 2 and 3).
Since time and financial constraints prevented the acquisition of a
sufficiently high resolution 3D data set across the 1.2x 1.6 km survey
area, the seismic survey was designed to supply high resolution cross-
sections through the predominantly 2D structures, while providing
constraints on the along-strike character of these structures at length
scales of both ~50 m (between lines in each pair) and 200-300 m
(between adjacent pairs of lines). The pairs of lines gave us confidence
that the vast majority of reflected energy seen on the seismic images
originated from within the vertical planes defined by the respective
recording lines.

Information on the data acquisition, seismic reflection processing
and tomographic seismic refraction inversions are presented in
Appendix A and tables therein; more complete details are provided
by Campbell et al. (2009).

4. Depth-converted migrated seismic sections and
refraction tomograms

Depth-converted migrated sections demonstrate that the struc-
tural geology beneath adjacent lines is very similar, with the same
key features clearly imaged on both seismic sections of each pair of
lines (e.g. lines 1 and 2 in Fig. 4). For lines 1 and 2, a continuous high
amplitude subhorizontal reflection PP’ at ~50 m depth (~500 m
elevation above sea level) extends from the western end of the line
to the fault scarp at ~800 m distance. Weaker subhorizontal
reflections are present both above and below PP’. The underlying
subhorizontal reflections extend to ~100m depth, where they
unconformably overlie a ~200 m thick high amplitude reflection

package QQ’. The inclination of this westerly dipping package
decreases eastward. It is truncated below the fault scarp along the
two lines shown in Fig. 4. Beneath QQ’, there is a >300 m thick
package of lower amplitude reflections SS’, which at this location has
a slightly shallower dip than QQ’ and has distinct curvature (see the
marker horizons in Fig. 4c and d). East of the fault scarp, the ~200 m
thick package of subhorizontal reflections RR’ is distinguished by
lower frequencies and lower continuity than reflections west of the
fault scarp.

Deeper in the section, subhorizontal reflections are cut by the
westerly dipping events TT’, which are generally more complex and
less coherent than reflection packages QQ’ and SS’. The deepest
imaged reflections are the ~150 m thick high amplitude package UU’
at ~750 m depth (~200 m elevation below sea level). These reflections
are quasi-continuous with small disruptions at 400 m and 650 m
distances. The relatively low frequency content of the UU’ reflections
compared to the QQ’ and SS’ events is likely due to the higher levels of
geometric spreading and anelastic attenuation associated with their
longer wavepaths.

Although the two seismic sections in Fig. 4 are very similar to each
other, there are some differences. One of the most significant relates
to the amplitude and frequency content of the RR’ reflections. A
second difference is the character of the TT’ events; they are generally
less complex and more continuous beneath line 1 than line 2. There
are at least three explanations for the differences. First, examination of
all seismic sections (e.g. Figs. 4 and 5) demonstrates that the
subsurface geology changes somewhat along the length of the Ostler
Fault Zone. Second, the very near surface is highly heterogeneous,
such that source and geophone couplings and hence the signal-to-
noise ratios differ greatly both along and between the lines. The
generally low signal-to-noise data recorded east of the fault scarp
(Campbell et al., 2009) undoubtedly contributes to changes in the
character of the RR’ reflections. Finally, local subsurface heterogene-
ities may be responsible for small seismic velocity anomalies not
recognised during the processing. These anomalies could result in
minor undulations in the reflections.

In view of the high degree of similarity between the two lines
within each pair, Fig. 5 shows final depth-converted migrated
sections for only one line from each pair in addition to the crossline.
Although the main reflection packages PP’-UU’ in Fig. 4 are present in
all east-west sections (Fig. 5a-f), there are differences in their
amplitudes, thicknesses, curvatures and dips over distances of only a
few hundred metres (see also Fig. 5g). As examples, shallow
reflection PP’ varies from undulating (Fig. 5a, b and d) to mostly
gently dipping and linear (Fig. 5c, e and f) and reflection package UU’
increases in amplitude and decreases in thickness from ~300 m in the
northern part of the study site to ~150 m in the southern part.
Reflection truncations and offsets, particularly in the top ~300 m of
the images and near the fault scarp (600-900 m distance), also vary
between the east-west lines. There are clear truncations in the
shallow reflections at 800-900 m distance below the northern and
southern lines (Fig. 5a, b, e and f), whereas the most prominent
truncations below the central lines occur further to the west at 350-
700 m. The differences in reflection character and reflection disrup-
tion highlighted in the comparisons of the east-west lines (Fig. 5a-f)
and clearly seen in the north-south crossline (Fig. 5g) demonstrate
that the predominantly north-south trending features have impor-
tant along-strike components that need to be considered in structural
models of the region.

The refraction tomograms for all lines are quite similar (see
coloured figures above each seismic reflection section in Fig. 5). West
of the fault scarp, the relatively sharp increase in velocity from
~1600 m/s to ~2800m/s at ~50m depth (~500m elevation)
corresponds to reflection PP’ in all seismic reflection sections. Except
for line 7, there is a marked increase in thickness of the uppermost low
velocity material in crossing the scarp from west to east, such that the
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scarp is approximately twice as high on the yellow (2200 m/s)
isovelocity line than at the surface. East of the fault scarp, the
~1600 m/s to ~2800 m/s transition is sharp below the northern lines
(Fig. 5a-c), but rather gradational under the southern lines (Fig. 5d-f).
Other features of unknown significance include the small low velocity
anomalies within the ~2800 m/s layer at 600-730 m distance in
Fig. 5d-f and the small high velocity anomalies at several locations in
Fig. 5a-b and 5d-f.

5. Interpretation of the seismic sections

Our interpretation of the Ostler Fault Zone in the Clearburn area
(e.g. Figs. 4c, d and 6) is based on depth-converted unmigrated and
migrated seismic reflection sections, the stacking and tomographic
refraction velocity models and the exposed geology. Fortunately,
several prominent reflections and reflection packages in the seismic
sections can be readily correlated with the Quaternary fluvioglacial
terraces crossed by the seismic lines and with older lithological units
mapped in the adjacent uplifted regions of Table Hill and Benmore
Station (Fig. 2). To delineate the important discontinuities, we

examined truncations, offsets and phase changes of seismic reflec-
tions and analysed cross-cutting events (e.g. those observed within
the TT’ package). Once the major faults were identified, we
investigated changes in the character and dip of reflections, angular
unconformities and offsets across the faults in order to refine the
boundaries between the lithological units (Fig. 4c and d shows the
faults and boundaries identified for line 2). Care was taken to ensure
consistent interpretation between all east-west lines and the north-
south crossline without introducing excessive complexities. The
crossline was particularly helpful in verifying variations in thickness
of the different geological units imaged in east-west lines. Fig. 6
displays our interpretation of the seismic sections shown in Fig. 5 and
Fig. 7 presents a 3D view of the interpreted faults and lithologic
boundaries.

The shallow quasi-continuous to continuous subhorizontal reflec-
tions above and below PP’ on the west side of the fault scarp and RR’
on the east side likely originate from layering within the fluvioglacial
terraces (Figs. 4d and 6). Weak subhorizontal reflections that extend
down to the top of the dipping reflection package QQ’ suggest that the
strong PP’ event is not the base of the Quaternary terraces, but rather

Fig. 7. 3D representation of the Ostler Fault Zone interpretation. (a) Surface topography and faults. (b) As for a, but with the stratigraphic horizons added. Reflecting surfaces have
been linearly interpolated between the sections. Also shown are the depth-converted migrated seismic sections for lines 6, 10 and 12. Note how the principal fault strand 0S1
changes geometry: south of line 6 it is relatively steep and breaks the surface with multiple minor shallow splays (see Fig. 6); between lines 6 and 10 within the transfer zone it does
not break through to the surface, but forms a triangle zone with an associated backthrust; between lines 10 and 12 it returns to a steep surface-breaking structure. The fine lines

marked on the stratigraphic horizons delineate the locations of the other seismic sections.
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lies within them. The presence of springs at the foot of the scarp
(Fig. 3) is evidence for a very shallow watertable. Given that reflection
PP’ and the coincident sharp velocity increase west of the scarp occur
at approximately the same elevation or slightly deeper than the
ground surface east of the scarp, we interpret PP’ as originating from
the watertable rather than from a major lithological boundary. The
watertable may be influenced by a boundary between two fluviogla-
cial terraces, but this cannot be verified, because the fluvioglacial
terraces cannot be distinguished from each other in the seismic
sections.

Outcrops at Table Hill and Benmore Station (Fig. 2) indicate that
the lowest Kurow fluviolacustrine unit L1 of layered claystones,
mudstones and quartz sandstones interbedded with quartz conglom-
erates should occur at shallow depths in the hanging wall of the Ostler
Fault Zone. Following Ghisetti et al. (2007), we interpret this
prominently layered unit as the source of the shallow reflection
package QQ’ and the deeper package UU’ (Fig. 4c and d and Fig. 6).
Once L1 is delineated, the overlying units are readily identified as L2
lenses of gravel and silt and L3 bedded gravels. Reflections from
within these units (i.e. some reflections in the TT’ package and other
events) are less continuous than the L1 reflections. Pockets of steeper
dipping reflections within the L2 unit (e.g. at 500-800 m in Fig. 6a and
at 700-1000 m in Fig 6f) are probably related to isolated alluvial fans
or landslide deposits in the high energy fluviolacustrine environment.

Since the base of the Kurow Group does not outcrop anywhere
within the Mackenzie Basin, the geology beneath L1 remains
speculative. In the hanging wall, the moderately dipping linear to
curvilinear reflections SS’ (Figs. 4c, d and 6) are not consistent with
the shallow presence of the steep-dipping Torlesse greywackes that
outcrop in the nearby mountains flanking the Mackenzie Basin (Fig. 2;
Ghisetti et al., 2007). Instead, we tentatively interpret these reflec-
tions as originating from a sequence of Late Cretaceous (?)-Tertiary
marine sediments similar to those observed in neighbouring basins
(Fig. 1) and previously postulated to exist beneath the western part of
the Mackenzie Basin on the basis of a large negative gravity anomaly
west of the Ostler Fault Zone (S. Kleffmann and T. Stern, personal
communication; Ghisetti et al., 2007). In the footwall, the region
beneath L1 is represented by “wormy” events that result from the
multichannel filtering of incoherent energy. From the seismic data
alone it is difficult to tell if the lack of coherent reflections in this
region is due to a lack of appropriately reflecting discontinuities or
due to strong attenuation of seismic energy within the high amplitude
UU’ reflection package.

We identify three distinct faults that run the length of the survey
site: the principal Ostler Fault OS1, which has localised splays, and
two subsidiary faults, OS2 in the footwall and OS3 in the hanging wall.
0S1 dips more steeply (45-55°) than OS2 and 0S3 (20-35°). Fig. 8
shows elevation contours of OS1 interpolated between the seismic
lines. Considering the complexity of structures at the surface, the
geometry of OS1 is surprisingly simple at depths >300 m (250 m
elevation). It has a markedly more complicated geometry at shallower
levels (Fig. 7).

Fig. 9 summarizes along-fault vertical offsets of the L1 unit
measured directly from the interpreted seismic sections (e.g. Figs. 4
and 6). Vertical offsets across the principal Ostler Fault OS1 more than
double from ~230m in the north to nearly 600 m in the south,
whereas vertical offsets across OS2 decrease from ~120 m to ~70 m in
the same direction. Displacement across 0S3 is quite variable, with
~80 and ~140 m vertical offsets in the north and south and lower
values in the middle (Fig. 9). Overall, the total vertical offset across the
Ostler Fault Zone increases from ~440 m in the north to ~800 m in the
south of our survey site.

The large offsets on subsurface structures and the presence of L1 at
shallow depths in the hanging wall indicate that the low elevation in
the Clearburn area relative to the adjacent high ground is not due to
reduced shortening in this area, but is instead linked to high erosion

Fig. 8. Orthophoto collage of the survey area showing seismic lines (white) and
elevation contours (red — in metres) of the principal fault OS1. Surface fault traces are
shown in orange. Note how the geometry of the fault only shows complexities above
~300 m elevation.

rates. Had the Kurow Group L2 and L3 units not been eroded, they
would outcrop at elevations similar to those seen in the high ground
at Table Hill and Benmore Station.

6. Structural restoration

Using structural restoration software, we reconstruct three of the
interpreted seismic lines (lines 2, 7 and 12 in Fig. 6) backwards in time
to the base of the Quaternary fluvioglacial terraces and to the top of L1.
Retrodeformation has been achieved by removing along-fault move-
ments by vertical slip (Verrall, 1981), followed by removal of folding
by flexural slip (e.g. Davison, 1986) to restore horizons to the
horizontal. The vertical-slip technique models the fault hanging wall
as a series of thin vertical blocks that are moved individually along the
fault planes while maintaining their vertical orientations. The
flexural-slip technique assumes deformation by bedding parallel
slip. It maintains the bed lengths of the restored horizons as well as
the cross-sectional areas of the units.

Fig. 9. Along-strike variation of the vertical component of along-fault displacement at
the top of fluvioglacial sequence L1 (Kurow Group). The displacements are determined
from the boundaries shown in Fig. 6. The largest source of errors in the vertical-offset
estimates is due to the 4- 50 m uncertainty in picking the seismic horizons.
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Two main assumptions need to be made in carrying out these
reconstructions. First, the restored horizons should be approximately
linear and subhorizontal. This assumption is plausible for both
reconstructed horizons. The fluvioglacial terraces are likely to have
been deposited above a surface eroded by fluvioglacial processes, with
a resulting relatively flat topography. Because the boundary between
L1 and L2 is conformable, it is reasonable to assume the boundary was
originally subhorizontal, with only negligible erosional features.
Second, the deformation is presumed to have occurred in the plane
of the section. Given that the Ostler Fault Zone is a pure reverse

structure and the east-west lines are practically perpendicular to it,
this assumption is valid for lines 2 and 12 where the structures are
relatively 2D, but the shallow surface complexities in the transfer zone
mean this assumption is somewhat questionable for line 7.

Fig. 10 shows the results of our reconstructions. Reflections within
the reconstructed units at both restoration times are generally
subhorizontal with very little internal deformation (except for the
previously discussed more steeply dipping pockets of reflections
within the L2 unit), thus justifying our assumptions and restoration
procedures. The results show ~100m, ~180m and ~70 m of

Fig. 10. Geological restoration by “removing” the movements along the faults followed by “flattening” of flexures on the upper boundary of fluvioglacial sequence L1, assuming the
faults extend linearly outside of the section. Restoration to the base of the fluvioglacial terrace: (a) line 12; (c) line 7; and (e) line 2. Restoration to the upper boundary of fluvioglacial
sequence L1: (b) line 12; (d) line 7; and (f) line 2. No vertical exaggeration. Arrow in e indicates where the top of L1 has been projected beyond the erosional unconformity prior to
further restoration, and arrow in f outlines the corresponding location in the restored section.
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shortening along lines 12, 7 and 2 since the start of Quaternary
fluvioglacial deposition and ~870m, ~1000 m and ~1080 m of
shortening since the deposition of L1. The near juxtaposition of
“basement” units in Fig. 10b, d and f has two potential interpretations:
(i) they were the same unit (e.g. either Late Cretaceous (?)-Tertiary
sediments or Torlesse greywackes) at the beginning of fluviolacus-
trine deposition and the Ostler Fault Zone was either buried beneath
the surface or did not exist at that time, or (ii) the eastern basement
unit was composed of Torlesse greywackes and the western basement
unit comprised Late Cretaceous (?)-Tertiary fill in a sedimentary
basin partly controlled by the Ostler Fault Zone, which at that time
would have been a basin-bounding normal fault.

7. Discussion
7.1. Faulting and folding

As demonstrated in Figs. 5-8, the principal Ostler Fault OS1 at
depths >300 m (~200 m elevation) is a single 45-55° westerly
dipping structure. The two non-overlapping strands and complex
transfer zone observed in the surface geomorphology (Figs. 2 and 3)
are limited to depths <300 m. At the northern end of the survey site
along lines 11 and 12 (e.g. Fig. 6a), OS1 appears to steepen at shallow
depths before surfacing at the topographic scarp. By comparison, it
fails to reach the surface along lines 7-10 (e.g. Fig. 6b and c¢) within
the transfer zone. Instead, it flattens to join a subhorizontal
detachment at ~150 m depth, which propagates up to the surface as
a backthrust, with multiple minor faults accommodating the bending
of the fluvioglacial terraces. This geometry mimics a triangle zone at
small scale. In the south, OS1 again steepens as it approaches the
surface (Fig. 6d-f). It splits into multiple strands, some of which
emerge at the surface near the scarp.

Barrier et al. (2002) show that the thickness and rate of deposition
of sediments above an active thrust fault may influence its geometry.
Accordingly, flattening of OS1 at shallow depths within the transfer
zone could be associated with a greater accumulation of fluvioglacial
sediments above the hanging wall in this area (Fig. 6b and c).
Moreover, the increase in structural complexity in the shallowest
300 m of the subsurface may related to the transition from the Kurow
Group deposits to the less consolidated fluvioglacial terraces, similar
in principle to the increase in complexity seen as the fault emerges
from the basal units into the overlying sedimentary units.

Since within our study area OS1 is a single continuous fault at
depth, this Ostler Fault strand is much longer than previously thought.
This finding has implications for the magnitude of earthquakes likely
to be generated in the vicinity of our study site, as a larger fault could
host a larger earthquake. Clearly, when estimating seismic hazard of
areas in which high levels of erosion and/or deposition have masked
deeper structures, seismic reflection surveying has the potential to
supply critical data complementary to that provided by surface
observations.

Of the two subsidiary faults, the geometry and vertical offset across
0S2 in the footwall does not vary greatly along the length of our
survey site (Figs. 6 and 9), whereas the dip of 0S3 in the hanging wall
changes from being nearly parallel to OS1 in the north (e.g. Fig. 6a and
b) to 20-30° in the south (Fig. 6¢c-f) and its vertical offset varies
significantly with a zero value in the transition zone (Fig. 9). The
change in dip and markedly reduced vertical offset in the transfer
zone suggests that the northern and southern sections of 0S3 could be
separate overlapping faults (Fig. 6g) that may eventually link up.

Total vertical offset of L1 increases by ~82% from ~440 m in the
north to ~800 m in the south (Fig. 9) and horizontal shortening since
L1 deposition increases by only ~24% in the same direction (Fig. 10),
showing that folding must play an increasingly prominent role in
deformation towards the north. These offsets of the Kurow Group are
substantially larger than the ~30 m offset of the fluvioglacial terraces

seen at the surface. Indeed, the Kurow Group units beneath the study
site have been uplifted by amounts comparable to those at Table Hill
and the Benmore Station Scarp to the north and south. This supports
our interpretation that the fault beneath the Clearburn outwash
surface is a single long structure rather than the propagating tips of
two separate fault strands.

For a dominant horizontal force, theory dictates that the optimum
dip of a thrust fault in a generally homogeneous medium is ~30°
(Jaeger and Cook, 1979). Clearly, the dip of the principal Ostler Fault
0S1 is much steeper than this optimum value. The inferred presence
of a Late Cretaceous (?)-Tertiary basin beneath the western part of
the Mackenzie Basin is consistent with at least two possible
explanations for the relatively steep dip of OS1: either it is a listric
fault with the optimum dip being reached at greater depth or it
represents the compressional reactivation of a former comparatively
steep-dipping basement normal fault (note, that the latter possibility
does not preclude a listric geometry deeper in the basement). The
nature of the geological unit beneath L1 on the footwall side of the
fault is key in determining which of these scenarios is correct. If Late
Cretaceous (?)-Tertiary sediments underlie L1 on the footwall side,
then either the basin fill reached above the top of the normal fault
scarp or there was no normal fault. For the latter case, the Ostler Fault
began its existence as a thrust structure. If Torlesse greywackes
underlie L1 on the footwall side, this would support the hypothesis
that the Ostler Fault was originally a basin-bounding normal fault that
has been reactivated.

Without knowledge of this basal unit, we cannot say for certain
whether the Ostler Fault is an original structure or a compressionally
reactivated normal fault. Nevertheless, two factors support the latter
hypothesis. First, outcrops of Torlesse basement a short ~2 km
distance to the east (Fig. 2) suggest that there cannot be a large
thickness of Late Cretaceous (?)-Tertiary fill on the footwall side of
the fault. Second, the geometry of faulting that includes the steeper
dipping principal OS1 fault and shallower dipping subsidiary OS2 and
0S3 faults is consistent with deformation patterns seen in sandbox
models of inverted basins described by Buchanan and McClay (1991).
These authors model normal faults that are reactivated under
compression. Their models reveal thrust faults that inherit the
geometries of linear basement normal faults that extend relatively
steeply to the surface and newly created 30° dipping splay faults in
the footwall of the principal fault.

7.2. Deformational history

In the seismic lines that image a sufficiently large section of the
interpreted Late Cretaceous (?)-Tertiary sedimentary unit, an angular
unconformity with the overlying Kurow Group of fluviolacustrine
sediments can be identified. Marker horizons (e.g. as identified by the
dashed lines in Figs. 4c, d and 6f) within the older sedimentary unit
are parallel to neither the reflections in the overlying younger L1
sedimentary unit nor to the boundary between these two units. This
indicates that Ostler Fault Zone deformation (faulting and/or folding)
was initiated prior to deposition of L1 (Late Pliocene?).

Our seismic reflection data show L2 lying conformably above L1. In
a tectonically inactive environment, a sequence of fluviolacustrine
sediments would have a relatively uniform thickness. Yet, in the
interpreted sections (Fig. 6) and the restorations to the top of L1
(Fig. 10) it is clear that the thickness of L2 varies. This variable
thickness is evidence for deformation during deposition of the
fluviolacustrine sediments.

Our structural reconstructions of the seismic sections to the base of
the Quaternary terraces and to the top of L1 provide useful constraints
on the temporal evolution of deformation. In the absence of drill hole
data, we cannot definitively constrain the age of the base of the
Quaternary terraces in the Clearburn area. Since there is no evidence
for any glacial deposits older than the Wold (T1) glaciation in the
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adjacent areas (Fig 2; Amos et al., 2010), we use the age of this oldest
preserved fluvioglacial terrace (T1) to estimate deformation rates.
Glacial activity has been relatively regular since prior to the Wold
glaciation, so deposition of the preserved deposits would have
occurred soon after the creation of the final erosional surface. The
great majority of the deformation of the base of the fluvio-glacial
deposits would hence have occurred since deposition of these
deposits. Combining the estimated 70-180 m of shortening that has
occurred since initiation of fluvioglacial sedimentation (Fig. 10) with
the 191-130 ka range of ages for the T1 fluvioglacial terrace (Fig. 2)
yields a deformation rate of 0.4-1.4 mmy/year, which is comparable to
both the previous 1.1-1.7 mm/year slip rate estimated for Ostler Fault
deformation during deposition of the T2 to T5 fluvioglacial terraces
(Fig. 2; Amos et al., 2007) and the current vertical deformation rate of
0.8-1.0 mm/year (Blick et al., 1989).

Going further back in time, combining the 870-1080 m of
shortening that has occurred since L1 was deposited (Fig. 10) with
the poorly constrained Pliocene age (>2.65 Ma) of the basal Kurow
Group fluviolacustrine sediments (Mildenhall, 2001) yields a maxi-
mum deformation rate of 0.3-0.4 mm/year. These slightly lower
values compared to the contemporary rates measured elsewhere
within the Ostler Fault Zone may simply derive from averaging
discontinuous pulses of activity over a long time interval, or they can
be explained by the presence of additional deformation structures
outside the area covered by our seismic lines, such as the fault imaged
further to the west by Ghisetti et al (2007). It seems that average
horizontal and vertical deformation rates at our survey site have been
in the 0.3-1.4 mm/year range from the Late Pliocene-Pleistocene
onwards. These results confirm that off-plate-boundary deformation
has contributed to the tectonics of the South Island of New Zealand
throughout the Quaternary.

Fig. 11 shows two plausible evolutionary models for the central-
southern part of the Mackenzie Basin region starting in the Late
Cretaceous. They are based on our seismic reflection images,
inferences made from these images, the presence of additional fault
strands resolved in seismic reflection data west of our study site
(Ghisetti et al., 2007) and the results of many previous geological and
geophysical studies. Fig. 11a-d shows an evolutionary model
assuming there was a pre-existing west-dipping normal fault dating
from Late Cretaceous (?)-Tertiary rifting associated with the opening
of the Tasman Sea. Subsequent to the Late Miocene-Pliocene change
to a compressional stress regime (associated with inception of the
present Alpine Fault plate boundary (Sutherland, 1999)), shortening
was accommodated by folding and/or reactivation of the normal
faults. Compressional deformation continued during deposition of the
Late Pliocene-Pleistocene Kurow Group and the Quaternary fluvio-
glacial terraces (Fig. 11b-d). During the later stages of deformation
(Fig. 11c and d), more optimally oriented thrust faults would have
been formed. Fig. 11e-h shows a similar evolution assuming there
was no pre-existing normal faulting in the area. Note, that in this case
the principal faults have to be listric at depth in order to explain the
steeper than optimum surface thrusts. These principal faults would
have formed earlier than the Late Pliocene. Subsequently, the
deformation would have proceeded in a similar manner to that of
the first evolutionary model. Without further information such as
drillholes or deeper seismic surveys to locate the base of the Late
Cretaceous (?)-Tertiary sediments, it is impossible to say which
evolutionary model is correct.

8. Conclusions

We have recorded 12 closely spaced high resolution seismic lines
across the Ostler Fault Zone in the central-southern region of the
Mackenzie Basin. A 13th line that connects the 12 primary lines was
recorded across the hanging wall of the fault.

Extensive processing of these data yield images of highly faulted
and folded geological units that can be traced from line to line, but
which show variations along-fault strike. Three distinct faults offset
the seismically reflective Late Pliocene-Pleistocene Kurow Group of
fluviolacustrine sediments and the overlying Quaternary fluvioglacial
terraces. The principal Ostler Fault dips westwards at 45-55°, quite
steep for a reverse fault. The two subsidiary faults, one in the hanging
wall and one in the footwall of the principal fault, both have lower 25-
30° westerly dips. At depths <300 m, the geometry of the principal
Ostler Fault is quite complicated. In the northern and southern regions
it steepens towards the surface forming multiple blind or surface-
rupturing splays, whereas in the middle transfer zone it fails to break
the surface. Instead it flattens into a subhorizontal detachment with a
backthrust and multiple minor faults. At depths>300 m, the principal
fault has a simple, relatively 2D geometry along the length of the
study site. We conclude that fault segmentation is a surficial feature at
our study site. Furthermore, the presence of a single long fault strand
rather than several smaller ones implies that the Ostler Fault Zone in
the Clearburn area could host a larger earthquake than would be
inferred from surface-based geological studies alone. The contrast
between the deeper structures revealed by the seismic data and the
shallow geologically mapped structures demonstrates how mislead-
ing surface features can be when carrying out seismic hazard analysis
in environments distinguished by high erosion and/or high deposition
rates.

A reflective unit underlying the Kurow Group in the hanging wall
of the principal Ostler Fault is interpreted to be a sequence of marine
sediments deposited in a Late Cretaceous (?)-Tertiary basin. It is
impossible to determine from our data whether these sediments or
Torlesse basement rocks are present directly beneath the Kurow
Group in the footwall.

Analysis of the seismic sections has enabled us to place constraints
on the deformational history of the Ostler Fault Zone. An angular
unconformity between the oldest Kurow Group unit and the
interpreted Late Cretaceous (?)-Tertiary sediments in the hanging
wall indicates that deformation was initiated prior to the Late
Pliocene. Our structural restorations of the seismic sections show
870-1080 m of shortening since that time and 70-180 m of
shortening since the start of Quaternary fluvio-glacial deposition
These estimates together with poorly constrained timing information
translates to a relatively constant deformation rate of ~0.3-1.4 mm/
year from the Late Pliocene-Pleistocene to the present day, indicating
that off-plate-boundary deformation has been important in the South
Island of New Zealand throughout the Quaternary.

Our seismic images demonstrate that the along-fault vertical offset
of the oldest Kurow Group unit varies from ~440 m in the north to
~800 m in the south, a sizeable ~82% increase. Since the structural
restorations suggest that the horizontal shortening increases by a
much smaller ~23% (870-1080 m) in the same direction, folding must
play a more prominent role in the northern region of our study site.
These offsets of the Kurow Group are significantly higher than those
seen at the surface.

Two issues remain unresolved. First, without knowledge of the
nature of the geology beneath the oldest Kurow Group unit in the
footwall of the principal Ostler Fault, it is impossible to say for certain
whether the Ostler Fault is a reactivated normal fault or an original
structure, although several lines of evidence support the former
hypothesis. Second, since our data only reach down to ~1 km depth,
the geometry of the fault at greater depths remains unknown.
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Appendix A. Data acquisition, reflection processing and
tomographic refraction inversion

A.1. Data acquisition

Our nominally 60-fold data with 0.25 ms sampling interval were
acquired using a composite 240-channel recording system with



F.M. Campbell et al. / Tectonophysics 495 (2010) 195-212 211

Tables A1l
Data acquisition parameters from Campbell et al. (2009).
Parameter Details
Source ~60 g Powergel explosives
Source depth ~60 cm
Receivers 240 x 30 Hz vertical geophones
Recording system 10 x 24-channel Geometrics Geodes
Recording time 2s
Sampling interval 0.125 ms
Source spacing 6m
Receiver spacing 3m
CMP spacing 1.5m
Active receiver spread length 720 m

Total line lengths 12x1152 m, 1x1584 m
Nominal CMP fold 60
Surveying differential GPS (NovAtel)

receivers every 3m and 60 g explosive sources every 6 m. Full
acquisition parameters are detailed in Table A1.

A.2. Reflection processing

The data processing was challenging due to a number of factors,
including: 1. noise, 2. shallow heterogeneities and topography, and 3.
complex subsurface geometries.

A.2.1. Problem 1: noise

Shallow land seismic reflection data are usually contaminated with
source-generated noise. Our data set is no exception, with slowly
travelling low frequency ground-roll and high frequency airwaves
dominating the raw data. Local ground conditions vary significantly
across the survey area, with the region to the east of the scarp yielding
lower quality data with particularly low signal-to-noise ratios. Due to
its intramontane setting (Fig.1), the Mackenzie Basin is plagued by
strong winds. The time constraints on the fieldwork meant that long
periods of windy weather sometimes made it impossible to
consistently shoot in low wind conditions. Wind is manifested as
high frequency quasi-random vibrational noise that is particularly
noticeable at longer offsets where the seismic signals are weaker. The

Table A2

variations in ground and wind conditions result in variable quality
first arrivals and reflections throughout the data set.

A.2.2. Problem 2: shallow heterogeneities and topography

Substantial heterogeneity in the shallow subsurface (upper 30-
60 m) and a large step in topography (> 30 m elevation change over a
distance of <100 m) complicate the computation and application of
static corrections.

A.2.3. Problem 3: complex subsurface geometries

The moderate- to shallow-dipping fault strands yield reflections
and diffractions that cut across and interfere with reflections from the
mostly shallower dipping sedimentary units. This makes it difficult to
determine an accurate velocity model and to separate the different
events in the migrated seismic sections.

A.2.4. Processing solutions

The aforementioned challenges were largely overcome by sub-
jecting the data to a carefully designed processing sequence
(Table A2; Campbell et al., 2009). We applied a series of 1D and 2D
filters, and then after testing different static-correction strategies we
applied elevation and residual static corrections. Detailed interactive
velocity analyses were performed at a number of stages during the
processing. Because no signal was apparent after the airwave, we
muted all data below this event. The top mutes were manually picked
to preserve important shallow reflections while ensuring that
artificial reflections were not generated by the processing.

Stacking of the data was achieved during application of a dip-
decomposition dip-moveout (DMO) algorithm. In addition to the
processing sequence described in detail by Campbell et al. (2009),
we also applied a multi-trace stacking filter after stacking the data
(Table A1). For this, we first used a semblance-based tool to search the
stack section (essentially a zero-offset section) for dips at regular
space/time intervals of 1.5 m/10 ms. Semblance was estimated at
discrete dip increments of 0.03° within a 100 m search aperture
(along diameters of a circle centred on the search point). The dip
information was then employed in the multi-trace dip filter, which
summed energy along the optimum dip directions around each point
in the stack. The stacking aperture was kept short (7 m at the surface,

Data processing sequence and parameters from Campbell et al. (2009), except for the addition of the dip-coherency scans and associated dip multi-trace stacking filter.

Process

Details

SEG-2 input

Application of geometry

Edit traces

Airwave attenuation

Elevation static corrections

Automatic gain control

Time-variant spectral whitening with amplitude recovery{
Automatic gain control

F-K fan filter

F-X deconvolution

replacement velocity: 1200 ms™—
window length: 300 ms

0-200 ms: 10-15-230-280 Hz, 400-800 ms: 10-15-130-180 Hz
window length: 300 ms

remove velocities up to ~450 ms™—

1

1

Preliminary velocity model interactively picked from CMP supergathers, semblance panels and common velocity stacks

Residual static corrections
Mute below airwave
Manual top mute

(NMO + stack)

3 loops of 4 iterations limited to 10 ms change, with progressively updated velocity model

Dip independent velocities interactively picked using F-K common offset DMO corrected CMP supergathers, semblance panels and common velocity stacks — 3 loops of velocity

picking and updated DMO correction
Dip decomposition dip-moveout
(includes stack)

allowing dips up to 90°

Dip coherency scan at intervals of x=1.5 m, t=10 ms, search aperture 100 ms, dip interval 0.003°, dips up to 90°

Dip multi-trace stacking filter
Trace equalisation

F-X deconvolution

Kirchoff post-stack time migration
Time-to-depth conversion

Stacking aperture: 7 m at surface, 15 m at 800 m depth

90% of stacking velocities dips up to 90°
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increasing to 15 m at 800 m depth) to minimise smearing. This
additional filter helped to improve signal-to-noise ratios in the
stacked sections. Finally, the data were migrated using a Kirchoff
post-stack time-migration algorithm and then depth-converted.

A.3. Tomographic refraction inversion

First-arrival times initially picked for refraction static analyses
were inverted for shallow velocity information using a refraction
tomography code developed by Lanz et al., 1998. The simple starting
model for each line had a surface velocity of 800 m/s increasing
linearly at 10 m/s/m. Ten iterations were sufficient to reduce the RMS
error between the picked and modelled first-arrival times to 2.5-3 ms,
of the same order as the 1-4 ms first break reading accuracy.
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