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Abstract The study of active fault zones is fundamental to understanding both long-term tectonics and
short-term earthquake behavior. Here, we integrate lidar-enabled geomorphic-geologic mapping and
petrochronological analysis to reveal the slip-history, tectonic evolution, and structure of the southern Alpine
Fault in New Zealand. New petrographic, zircon U-Pb and zircon trace-element data from fault-displaced
basement units provides constraint on ~70-90 km of right-lateral displacement on the presently active strand of
the southern Alpine Fault, which we infer is of Plio-Quaternary age. This incremental displacement has
accumulated while the offshore part of the fault has evolved within a distributed zone of plate boundary
deformation. We hypothesize that pre-existing faults in the continental crust of the Pacific Plate have been
exploited as components of this distributed plate boundary system. Along the onshore southern Alpine Fault,
detailed mapping of active fault traces reveals complexity in geomorphic fault expression. Our analysis suggests
that the major geomorphic features of the southern Alpine Fault correspond to penetrative fault zone structures.
We emphasize the region immediately south of the central-southern section boundary, where a major
extensional stepover and restraining bend are located along-strike of each other. We infer that this geometry may
reflect segmentation of the Alpine Fault between two distinct fault segments. The ends of these proposed
segments meet near where several Holocene earthquake ruptures have terminated. Our new constraints on the
evolution and structure of the southern Alpine Fault help contribute to improved characterization of the greatest
onshore source of earthquake hazard in New Zealand.

1. Introduction

The characterization and understanding of active fault zones are fundamental parts of both tectonics and earth-
quake hazards. In these applications, similar parameters may be investigated, such as the rates and styles of fault-
accommodated deformation (e.g., Atwater, 1970; Dawson et al., 2013; Graham et al., 1989; Hatem et al., 2022;
Hunt, 1978; Lamb, 2011; Litchfield et al., 2014; Little & Jones, 1998; Matti & Morton, 1993; Mere &
McPhillips, 2024), the geometry of the fault network (e.g., Davey et al., 2007; Herman et al., 2009; P. R.
King, 2000; Litchfield et al., 2018; Shuck et al., 2021; Stern et al., 2007; Stirling et al., 2017), and the degree of
structural connectivity therein (e.g., Marshall et al., 2023; Seebeck et al., 2024). On the other hand, timescales of
interest may vary markedly, with tectonic studies commonly focusing on long-term patterns and characteristics
(Myr-scale) and those of earthquake hazards vice versa (kyr to yr-scale).

Despite these large differences in temporal scale, many fault properties are linked through time by the process of
structural evolution, which is attendant to the accumulation of displacement. Specific evolutionary processes
include fault tip propagation and segment linkage (Cowie & Scholz, 1992; Davis et al., 2005; Dawers et al., 1993;
Naylor et al., 1986; Peacock & Sanderson, 1991), off-fault damage localization (Ben-Zion & Sammis, 2003;
Manighetti et al., 2004), and geometric simplification (Childs et al., 2009; Stirling et al., 1996), amongst others.
Because of these processes, faults are dynamic features with temporally and spatially variable properties. Fault
structural maturity encompasses this relationship (Manighetti et al., 2007; Wesnousky, 1988) by linking long-
term tectonic deformation and fault evolution to many fault properties that influence contemporary seismo-
genic behavior (Dolan & Haravitch, 2014; Faulkner et al., 2010; Perrin et al., 2016). For example, fault zone
geometry is modified through time, dependent on the style of tectonic evolution, and exerts a first-order control on
earthquake hazard parameters such as the magnitudes, spatial distributions, and senses of coseismic displace-
ments (Ando et al., 2017; Antoine et al., 2022; Elliott et al., 2015; Nevitt et al., 2023; Wan et al., 2016). Because
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Figure 1. Tectonics and geological setting of the South Island of New Zealand. (a) Present-day tectonic setting of the South
Island of New Zealand. Red and green shaded areas delimit the extent of the Dun-Mountain Maitai Terrane and Tuhua
Intrusives, respectively, which have been dextrally offset by Cenozoic plate motion accommodated by the Alpine Fault. Thin
lines perpendicular to the Alpine Fault delimit the northern boundaries of each Alpine Fault section: the Wairau section (ws),
northern section (ns), central section (cs), southern section (ss), and Resolution section (rs). Arrow denotes the azimuth and
velocity of geologically recent Australian-relative Pacific Plate motion calculated from DeMets et al. (1994) and DeMets and
Dixon (1999). AF-Alpine Fault, MFS-Marlborough Fault System, PSZ-Puysegur Subduction Zone. (b) Geological setting of
the study area and surrounding regions. Fault traces are shown as thick lines for major faults and thin lines for minor faults.
Offshore gray line depicts the 2,000 m water depth isobath, which is the approximate location of the continental shelf.
Onshore active faults are from Litchfield et al. (2014) and offshore from Barnes et al. (2002, 2005). Basement geology is
simplified from Turnbull (2000), Cox and Barrell (2007), and Rattenbury et al. (2010). Is., Island; S., Sound.

long- and short-term tectonic processes may be related, there is value in characterizing the properties and
evolutionary history of active faults across a variety of timescales.

In this contribution, we focus on the Alpine Fault, which is the active Pacific-Australian Plate boundary structure
and likely the single greatest onshore source of earthquake hazard in the South Island of New Zealand (Howarth
et al., 2021; Stirling et al., 2012). The Alpine Fault is frequently conceptualized as a highly mature interconti-
nental transform fault, meaning that its large magnitude of cumulative displacement has resulted in a high degree

of damage localization, geometric simplification, and structural connectivity within the principal zone of

displacement. This interpretation is based on research that has predominantly focused on the central part of the
fault (e.g., Norris & Toy, 2014, references therein). However, a growing body of work shows that more southern
parts of the fault have different properties (southern and Resolution sections, Figure 1). For instance, toward the
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south, the kinematics and near-surface geometry of the fault changes markedly (Berryman et al., 1992; Norris &
Cooper, 2001), the fault core widens, and shear fabrics within are less developed (Barth et al., 2013). In the same
region, the deeper crustal geometry of the fault is much less constrained than farther to the north and is presently
debated (cf., Howarth et al., 2021; Lamb et al., 2015; Warren-Smith et al., 2016, 2022), and little is known about
its Cenozoic evolution. Offshore, seismic reflection data and tectonic reconstructions suggest that the presently
active strand is much younger than its central counterpart (Barnes et al., 2005; Lamarche & Lebrun, 2000; Lebrun
et al., 2000). Recent work on other major faults shows that structural maturity tends to decrease toward fault tips
(Perrin et al., 2016), where cumulative displacement and fault age necessarily decrease toward zero (Scholz &
Lawler, 2004). To date, the possibility that lateral variations in the properties of the Alpine Fault reflect a dif-
ference in how the southern parts of the fault have evolved, reflect different degrees of structural maturity, reflect
differences in crustal geometry, or each of these, has received little attention.

Here we improve knowledge and understanding of the southern Alpine Fault by integrating lidar-enabled
mapping of geomorphic fault expression, geologic field mapping of basement units and structures, and petro-
chronology of several distinctive crystalline basement units that are present within the southernmost part of the
fault zone. This yields a diverse data set that we interpret together with many previous studies in and southwest of
New Zealand; this allows for new constraint on the slip history, tectonic evolution, and structure of the southern
Alpine Fault. For the first time, we present an estimate of dextral displacement on the presently active strand of the
southern Alpine Fault, reveal the style of fault evolution during the Pliocene-Quaternary, and establish plausible
fault zone geometries in a region where many large Holocene earthquakes have terminated. In addition to these
points, our detailed characterization of southern Alpine Fault geomorphology and shallow structure also provides
a useful framework for future geodynamic or paleoseismic studies of the fault. The result of our work is a new
perspective of the southern Alpine Fault that bears on neotectonics and earthquake hazards alike.

2. Background

The Alpine Fault is the ~850 km-long, active Pacific-Australian Plate boundary structure in the South Island of
New Zealand (Figure 1; Norris & Cooper, 2001; Norris & Toy, 2014). The fault was initiated by the earliest
Miocene as a primarily dextral structure (23 Ma, Cooper et al., 1987; Kamp, 1986), and was subsequently
reorganized as a dextral-transpressive structure during the middle Miocene (c. 11-10 Ma, Cande & Stock, 2004;
Lamb et al., 2015; Ring et al., 2019). Cumulative dextral strike-slip displacement on the central part of the fault
has been argued to be 460—480 km (Hunt, 1978; P. R. King, 2000; Mortimer, 2014; Sutherland et al., 2000), or
perhaps >700 km (Lamb & Mortimer, 2021; Lamb et al., 2016), depending on the assumed Eocene geometry of
Zealandia's basement terranes.

The Alpine Fault is commonly divided into five sections based on geological characteristics and historic seis-
micity (Barth et al., 2013; references therein). Here we focus primarily on the southern section, although we also
include parts of the central and Resolution sections in our analysis (Figure 1). These three fault sections have late
Quaternary strike-slip rates of about 26-30 mm a~', yet they exhibit different geomorphic, kinematic, and
structural properties, and have generated different patterns of contemporary seismicity (Barnes, 2009; Barnes
etal., 2001, 2005; Barth et al., 2012, 2013, 2014; Boese et al., 2012; Howarth et al., 2021; Langridge et al., 2014;
Norris & Cooper, 2001, 2007; Warren-Smith et al., 2022).

The central section is generally the best-studied and understood. It is comprised of a localized (rather than
distributed), northeast-striking (~055°) and moderately southeast-dipping (40-60°SE) fault plane that separates
pelitic and psammitic schists of the Rakaia Terrane hanging wall from sandstone, mudstone, and greywacke of the
Buller Terrane footwall (Cox & Barrell, 2007; Mortimer et al., 2013; Rattenbury et al., 2010; Toy et al., 2017).
Geophysical imaging and thermal-kinematic modeling together suggest that the central Alpine Fault has a listric
crustal geometry that soles into a subhorizontal décollement in the middle-lower crust of the Pacific Plate (Davey
etal., 1995, 2007; Herman et al., 2009; Stern et al., 2007). Long-term dextral-reverse motion on this structure has
driven hanging wall exhumation and topographic growth of the Southern Alps (Chamberlain et al., 1999; Herman
et al., 2009). Late Cenozoic exhumation rates and magnitudes (Batt et al., 2000; Little et al., 2005; Tippett &
Kamp, 1993) and late Quaternary fault-uplift and surface-uplift rates (Norris & Cooper, 2001; references therein)
all feature maxima in the hanging wall near the middle of the central section and decrease southwest toward the
southern section. The geomorphic expression of the fault zone along the central section appears localized,
approximately linear, and geometrically simple only at large spatial scales (>10 km). At the kilometer-scale,
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shallow strain is partitioned between juxtaposed dextral, dextral-reverse, and thrust segments; at the hundred
meter-scale, dip-slip, strike-slip, and oblique-slip are partitioned across-strike into positive flower structures that
root onto dextral and dextral-reverse segments (Barth et al., 2012; Langridge et al., 2014; Norris & Cooper, 1995,
1997; Upton et al., 2018). Major antithetic reverse faults are developed in the hanging wall, southeast of the
central Alpine Fault trace due to bending of the overriding Pacific Plate (Cox et al., 2012; Little et al., 2005).
Conversely, the Australian Plate footwall behaves approximately as a semi-rigid indenter (Batt et al., 2004; Kamp
et al., 1992; Seward & Nathan, 1990) and it hosts no major active faults northwest of the central section (Lan-
gridge et al., 2016). On-fault background seismicity near the central Alpine Fault is low and the seismogenic zone
is shallow; this reflects the locked nature of the fault and the high geothermal gradient due to long-term Pacific
Plate exhumation, respectively (Boese et al., 2012; Leitner et al., 2001).

The southern Alpine Fault has been studied less than the central section, and differs from it both geometrically and
kinematically. The fault plane is steep to subvertical rather than moderately dipping; surface geology and offshore
geophysical imaging suggest an average dip of ~80°SE (Barnes et al., 2005; Barth et al., 2013). This steep dip
leads us to favor sidewall, rather than hanging- and footwall, nomenclature. The geometry of the southern Alpine
fault is poorly constrained and the relation between its steep surficial dip and crustal geometry is presently debated
(cf., Howarth et al., 2021; Lamb et al., 2015; Warren-Smith et al., 2016, 2022). Slickensides developed on
terrestrial fault plane exposures have subhorizontal rakes that indicate a dominance of dextral strike-slip with only
a small component of relative footwall-up motion (~170°, Barth et al., 2013; Hull & Berryman, 1986; Sutherland
& Norris, 1995). Seismic reflection and bathymetric imaging suggest similar kinematics offshore (Barnes
et al., 2005). Both onshore and offshore, geomorphic fault expression has previously been described as linear and
narrow (Berryman et al., 1992; Sutherland et al., 2006).

Basement geology, nearby structures, and seismicity also distinguish the southern from central section. Lith-
ological variability is greater along the southern section than along the central section (Figure 1). This vari-
ability is greatest where ultramafics and sandstones of the Dun Mountain-Maitai Terrane, volcaniclastics of the
Brook Street Terrane, and gneisses, schists, ultramafics, and diorites of the Tuhua Intrusives are juxtaposed in
the eastern sidewall (Pacific Plate) by major faults inherited from earlier tectonic settings (Figure 1b). Previous
work also details further lithological variability in the western sidewall of the southern Alpine Fault. Mapping
by Barth et al. (2013) shows a narrow, >40 km long fault-parallel, serpentinite-bearing tectonic melangé along
the southernmost onshore part of the fault, although earlier studies instead documented a shorter fault-truncated
sliver of marine strata and granitic basement in a similar location (Nathan, 1978; Turnbull et al., 2010; Wellman
& Wilson, 1964). Any late Tertiary-Quaternary motion on the major terrane-bounding faults in the eastern
sidewall of the southern Alpine Fault is uncertain and poorly constrained. Nonetheless, patterns in contem-
porary seismicity suggest that some of these structures may accommodate the release of some plate boundary
stress (Eberhart-Phillips et al., 2022; Warren-Smith et al., 2022). Microseismicity is also elevated on
the northernmost ~20 km of the southern Alpine Fault, perhaps reflecting low on-fault frictional strength due to
the local presence of partly serpentinized peridotites in the eastern sidewall (Figure 1b; Warren-Smith
et al., 2022).

The offshore Resolution section (“rs” in Figure la) is perhaps the most structurally immature section of the
Alpine Fault, based on its apparent age and structural connectivity of the principal zone of displacement. The
boundary between the offshore southern section and the Resolution section is located offshore of Nancy Sound
and is characterized by a 5-7 km wide, right-stepping (releasing) array of variable, yet steeply dipping fault
segments that define a broad pull-apart structure and zone of distributed deformation (Barnes et al., 2005). A
system of less active or Quaternary inactive faults extend southwest and approximately along-strike of the most
landward segment of the Nancy pull-apart structure (Barnes et al., 2005; Lebrun et al., 2000). West-southwest
of the pull-apart, the Resolution section appears segmented in bathymetric and seismic reflection imaging; it is
composed of about three steeply southeast dipping fault segments that are each separated by right (releasing)
steps and associated pull-apart basins (Barnes et al., 2001, 2005; Lebrun et al., 2000). This geometry reflects
the localization of strike-slip deformation onto pre-existing rift faults in the Australian Plate that have been
progressively juxtaposed against plate boundaries in the Pliocene-Quaternary (Lebrun et al., 2000). The
southern end of the Resolution section terminates against the Puysegur trench, where the Australian Plate is
obliquely subducted toward the east (Barnes et al., 2001, 2005; Lamarche & Lebrun, 2000; Lebrun
et al., 2000).
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3. Methods
3.1. Topographic Data

For the purposes of geomorphic mapping and analysis, we utilized two data sets of high-resolution aerial lidar
data. One data set was privately contracted by us for a 103 km-long Alpine Fault-parallel strip collected in 2016
and 2019, and the other was collected by the West Coast Regional Council near and northwest of the Alpine Fault
(West Coast region) during the years of 2020-2022 (www.opentopography.com). All lidar data were processed
using LAStools software following standard bare-earth point cloud processing workflows (https://lastools.github.
io/). The bare-earth point clouds were triangulated and gridded as 1 m-resolution DEMs. To visualize the bare-
earth topography and guide our geomorphic fault mapping, we utilized a combination of RGB composite hill-
shade (Kokalj & Somrak, 2019), traditional hillshade, slope, and curvature models derived from the lidar DEMs.
All spatial measurements subsequently reported are derived from the lidar data.

3.2. Fault Zone Mapping and Analysis

Geomorphic fault expression reflects the interaction between earthquakes that create coseismic ground ruptures
and surface processes that modify or otherwise remove evidence of these from the landscape. Within the footprint
of our high-resolution topographic data, we mapped active fault traces, defined as a topographic lineament that
corresponds to a surface or subsurface displacement discontinuity that is inferred to be tectonic in origin. Fault
traces and their associated tectonic offsets are inferred to exist in the bare-earth topographic data where landforms
are deformed or dissected, there are visible ruptures of the ground surface, erosional features are conspicuously
linear and/or aligned, or where topographic lineaments cannot plausibly be attributed to other geomorphic or
geologic features (e.g., stream gullies or terrace risers, glacial moraines, or foliation planes in bedrock). This
methodology allows for mapping of shallowly and/or recently buried faults (e.g., post-1717 C.E. rupture of the
central-southern Alpine Fault, Barnes et al., 2013; Berryman et al., 2012; De Pascale & Langridge, 2012; Howarth
et al., 2021; Wells et al., 1999) and excludes mapping of deeply buried fault traces. Wherever possible, we
validated our digital mapping against our field observations (Figure S1 in Supporting Information S1) and/or
previously published observations and maps (Barth et al., 2013; Berryman et al., 1992; Rattenbury et al., 2010;
Sutherland & Norris, 1995; Sutherland et al., 2006; Turnbull, 2000).

Our digital mapping workflow was as follows. First, we identified and mapped all apparent tectonic lineaments
within our study area. Second, for each of these, we assigned a confidence ranking that ranged from certain, to
likely, to probable. In assigning confidence rankings, we considered attributes such as magnitudes of apparent
displacement, apparent fault trace length, apparent lineament azimuth, scarp topographic gradient, and scarp
profile curvature (i.e., “topographic sharpness”), in addition to a qualitative assessment of the genetic ambiguity
of each lineament. In the study area, we perceived genetic ambiguity in cases where apparent tectonic lineaments
occur proximal to uphill-facing anti-slope scarps, both near ridgelines (Cotton et al., 1990; McCalpin, 1999; Ponti
& Wells, 1991) and along foliation planes lower on the hillslopes (Beck, 1968; Bovis, 1982; Goodman &
Bray, 1976), and also in cases where conspicuously linear erosional features occur near and subparallel to the
regional fault network. Third, we interpreted each fault trace as either primary, subsidiary, or secondary. Primary
fault traces are those we infer are connected to the principal zone of Alpine Fault displacement since at least the
onset of regional deglaciation following the Last Glacial Maximum (18.3-17.4 ka; Barrell, 2011; Fink
et al., 2006; Putnam et al., 2010, 2013). Subsidiary fault traces are those we infer are connected to fault planes
other than the principal zone of displacement; we expect these to primarily accommodate patterns of distributed
deformation. Secondary fault traces are those that are spatially correlated with, and hence, we infer are connected
to, previously mapped faults other than the Alpine Fault. In the subsequent results and analysis we do not consider
buried fault traces; we made this decision, in contrast to some previous studies (e.g., Khajavi et al., 2014; Vermeer
et al., 2021), to limit uncertainty that may arise from errors in our interpretation of the landscape, and in light of
the significant logistical challenge associated with visiting each and every mapped fault trace in our densely
vegetated and remote study area.

Following digital mapping, we extracted the Cartesian coordinates and elevation values of the series of nodes on
each fault trace. We fit a line to all points that define the Alpine Fault network and recorded the mean azimuth of
these features. To record fault zone widths, we measured the distances perpendicular to this line between all points
within the fault network within a 1 km sliding window (e.g., Manighetti et al., 2021). Using the three-dimensional
data, we calculated best-fit planes for each system of points that defined a fault trace (e.g., Pearson, 1901). This
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method provides an accurate estimate of fault strike (0-179°) in cases where non-vertical planes intersect
topography and yields an identical result to the mean fault trace azimuth if fault dip is subvertical to vertical. In
ideal cases where fault planes intersect the Earth's free surface and topographic modification by off-fault
deformation, erosion, or deposition is negligible, best-fit planes may be used to estimate fault dip (e.g., Thiele
et al., 2017). We did not record model fault dip values, however, because these assumptions are rarely met within
the study area, and additionally because fault dips may not be verified in-person for all but the most major, well-
exposed fault strands. In addition to fault strike, we also calculated associated fault scarp aspects (0-359°) for
each trace >50 m long based on the apparent senses of vertical surface displacement.

3.3. Field Mapping

We mapped bedrock geology, where exposed, for ~10 km along-strike and immediately northwest of the Alpine
Fault between Lake McKerrow and to west of the Kaipo River (Figure 1b). To complement our fault trace
mapping, we focused on constraining the lateral continuity of both bedrock faults and basement units.

In the field area, basement geology is obscured by late Quaternary fluvial, alluvial, glacial, and glacio-fluvial
deposits (Barrell, 2011; Barth et al., 2014; Sutherland et al., 2007; Turnbull et al., 2010; Williams
et al., 2015), thick soils (>1 m, Almond & Tonkin, 1999), and dense podocarp-broadleaved and beech forest
(Newsome, 1987). We therefore targeted basement outcrops revealed by active stream incision or recent hillslope
failure (Korup, 2004; Norris et al., 1990). Extrapolation between these point observations allowed for the
inference of map patterns, albeit with some uncertainty. We do not infer basement geology in large regions
covered by Quaternary sediments, such as beneath major valleys or glacial plateaux.

3.4. Zircon U-Pb Geochronology and Trace-Element Analysis

During field mapping, we collected representative whole-rock samples of several intrusive and/or metamorphic
lithologies. We targeted these lithologies so that we could undertake petrochronological correlations based on
mineralogical compositions and textures, zircon U-Pb age characteristics, and zircon trace-element compositions.
We compare our data with previous petrochronological studies of the batholithic rocks in Zealandia to establish
correlations (see Section 5.2).

Zircon grains were separated following standard heavy mineral separation procedures, were set into epoxy
mounts, had equatorial cross sections exposed via grinding and polishing, and were imaged using both transmitted
light and scanning electron microscope cathodoluminescence. The former imaging technique was used to identify
included crystals, and the latter to image compositional zoning and internal grain morphology (e.g., Corfu
et al., 2003; Hanchar & Miller, 1993; Rubatto & Gebauer, 2000; Schaltegger et al., 1999), and therefore, to guide
the placement of laser ablation spots.

Zircon U-Pb isotopes and trace-elements were measured simultaneously via laser ablation split stream inductively
coupled plasma mass spectrometry (LASS-ICP-MS) following the methods of Kylander-Clark et al. (2013).
Isotope ratios were corrected using zircon 91500 (Wiedenbeck et al., 1995) as the primary reference material.
Secondary reference materials PleSovice (Slama et al., 2008), Temora 2 (Black et al., 2004), GJ-1 (Jackson
et al., 2004), and AusZ5 (Kennedy et al., 2014) were used for quality control and yielded dates within 2% of their
accepted values. Decay constants and the 28/33U ratio used are those of Jaffey et al. (1971) and Arden (1977),
respectively. We calculated dates <1,400 Ma from 2°°Pb/>*®U ratios that were corrected for common lead using
the second-stage mantle reservoir model of Stacey & Kramers (1975) and the 2°’Pb/?°Pb correction method of
Ludwig (2009). Dates >1,400 Ma are calculated from uncorrected 207py, 296pp ratios. We infer that discordant
dates reflect open-system behavior and we use these to calculate mixing-lines in 2°’Pb/?°°Pb versus >*8U/**°Pb
space that constrain the timing of open-system events (e.g., Tera & Wasserburg, 1972). Zircon core ages that are
>400 Ma and >90% concordant are used to construct inherited age spectra (e.g., Adams et al., 2015). All U-Pb
dates are reported at the 2¢ uncertainty level.

4. Results
4.1. Geomorphic Fault Mapping

The central Alpine Fault manifests as a linear feature along the southern Haast coastal plain and in the Jackson
River valley (Figure 2a). Fault traces are inferred primarily where alluvial fan and fluvial overbank deposits are
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Figure 2. (a) Fault trace maps of the central and (b)—(d) southern onshore sections of the Alpine Fault and associated secondary faults. Panels are arranged from northeast
to southwest. White star depicts the central-southern section boundary. A description of fault zone morphology is provided in the text. Reference grid easting and
northing values are displayed in kilometers and are derived from the New Zealand Geodetic Datum 2000. Note the slight anticlockwise rotation of the reference frame
between panels (a)-(b) and (c)—(d). Digital elevation and hillshade models within and outside of the Alpine Fault Zone are lidar-derived (this study) and sourced from
regional topographic maps derived from stereo-paired aerial photography (www.otago.ac.nz/surveying/research/geospatial/digital-elevation-model), respectively.

uplifted to the southeast and dextrally offset by fault motion. Geomorphic fault expression is laterally continuous
except where the fault is buried by recent sedimentation or it traverses active fluvial channels. Subsidiary fault
traces occur almost exclusively in the hanging wall. Near the Jackson River, fault traces bound an elongated fault-
parallel zone of uplift. Probable secondary fault traces are evident where bedrock hillslopes and landslide deposits
are offset immediately north of the Arawhata River and Waiatoto River; these record apparent northwest-up and
dextral motion and have geometries that curve southwards away from their intersections with the Alpine Fault.

The surface expression of the southern Alpine Fault is variable and more complex than along the central section.
Fault traces are evident where they offset and/or deform bedrock hillslopes, ridges, alluvial fans, fluvial over-
banks, and glacial deposits (Figures 2b—2d). Primary fault traces commonly record large-magnitude (10> to 10°
m-scale) dextral displacements in addition to a subordinate component of northwest-up motion. A striking feature
of the fault zone is an arrangement of multiple primary fault traces in the Cascade River valley, immediately south
of the central-southern section boundary (Figure 2b), some of which were previously identified by Berryman
etal. (1992). Here, three to four left-stepping and overlapping en-echelon primary fault traces traverse a northwest
(releasing) stepover in the fault zone (Figure 2b). Farther to the southwest, primary fault traces are comparatively
linear and localized; most apparent complexity in geomorphic expression results from distributed subsidiary
faulting (Figures 2c and 2d). These subsidiary fault traces occur in both the eastern and western sidewalls.
Apparent oblique dextral and northwest-up displacements (10° to 10" m-scale) are commonly associated with
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these subsidiary fault traces. We map a few anomalous southeast-up fault traces with little evidence of apparent
dextral displacement in the western sidewall between the Cascade River valley and southern coastline (Figures 2c
and 2d). We infer secondary fault traces where they offset hillslopes in the eastern sidewall of the Alpine Fault.
These bifurcate southwards from the Alpine Fault in the Cascade River valley and extend subparallel to the fault
at least as far southwest as near McKenzie Creek.

We summarize morphological parameters to reveal systematic patterns, or lack thereof, along the length of the
Alpine Fault. Topography within 1 km perpendicular to the primary fault trace ranges from ~0 to 1,140 m
(Figure 3a). Near-fault topography is only slightly asymmetric along most of the fault, with elevation in the
hanging wall or eastern sidewall typically exceeding that in the footwall or western sidewall by <200 m. The
regions of greatest topographic asymmetry feature elevations that are ~400-500 m greater in the eastern sidewall
of the Alpine Fault (e.g., near McKenzie Creek and the northernmost Cascade River valley, ~25-32 km and ~65—
72 km distance in Figure 3a).

In the study area, the width of the Alpine Fault Zone is highly variable. Primary fault traces define a narrow zone
of deformation along both sections that is interrupted only by the 1.5-km-wide stepover and en-echelon trace
arrangement in the Cascade River valley. Conversely, the zone of primary and subsidiary fault traces is both wider
and displays much greater spatial variability. Including these traces, fault zone width ranges from <100 m to
>1,700 m, and is notably elevated (almost exclusively >0.5 km-wide) along the southern section and along the
southernmost part of the central section in the Jackson River valley (Figure 3b).

Fault strikes are variable within the study region. Subsidiary and secondary fault traces contribute dispropor-
tionately to this scatter because they exhibit about two times greater variance in strike than primary fault traces
(Figure 3b). There is a clear spatial correlation between the variance of fault strikes and fault zone width
(Figure 3b). Including subsidiary fault traces, the zone of greatest width (~1.5 km-wide) and geometric
complexity extends from the Cascade River to the Jerry River. Linear regression of certain and likely primary
fault traces reveals mean fault zone azimuths of 58° between the Waiatoto River and Martyr River (25 km-long,
central section), 49° between the Jerry River and Lake McKerrow (25 km-long, southern section), and 53° be-
tween Lake McKerrow and the southern coastline (limited to 21 km-long, southern section; Figure 3b).

Length-weighted rose diagrams of fault strikes reveal similar central tendencies of 50-60° between the three
above cited populations of fault traces, though dissimilar azimuthal distributions (Figure 3c). Primary fault planes
exhibit strikes mostly between ~45 and 60°. Subsidiary fault planes feature a broader distribution between ~45
and 75°. Secondary fault planes exhibit two distinct peaks, between ~25 and 35° and ~45-60°. The azimuthal
distribution of secondary fault planes reflects regions of bifurcation between these and the Alpine Fault Zone
(Figure 2).

We infer that fault scarp aspects proxy the dip-slip component of fault motion. These are dominantly northwest-
facing on the central section, and dominantly southeast-facing on the southern section of the Alpine Fault
(Figure 3d). This pattern corroborates our previously discussed qualitative assessment of apparent vertical dis-
placements. Topographic profiling and topographic visualizations both show that the along-strike pattern, from
northwest to southeast facing scarps, is associated with a change in scarp morphology, from rounded (lower
topographic curvature) on the central section to sharp (higher topographic curvature) on the southern section. We
infer that finer-scale patterns developed in scarp aspects reflect local variability in the orientation and/or dip-slip
component of motion on subsidiary fault planes.

4.2. Geologic Mapping

Our field investigation reveals a slice of fault-bound basement units immediately northwest of the principal strand
of the Alpine Fault (Figure 4a). This material is distinct in that it locally disrupts the juxtaposition of the
Greenland Group metasandstone of the Buller Terrane (Mortimer et al., 2013) to the north and the St. Anne Gneiss
of the Tuhua Intrusives (Wood, 1972) to the south of the fault, respectively. By outcrop area, basement units
include complexly folded calcareous marine sediments, several granitic to metagranitic lithologies, and an
intensely fractured and hydrothermally altered band of quartzofeldspathic to micaceous rock that we characterize
as the Alpine Fault damage zone (~100 m-wide, Figure 4b). Comparison between our field and petrographic
notes (Text S1 in Supporting Information S1) and previous work supports correlation between the calcareous
sedimentary units exposed within the Alpine Fault Zone and the Tititira Formation (and/or the Jackson

MERE ET AL.

8 of 34

QSUQOIT suowwoy) aAnear) aiqeaidde ay) £q pauIoaoS a1e sa[ore YO asn Jo sa[ni 10y Areiqi auruQ A9[IA\ UO (SUOIIPUOD-PUE-SULIDY/W0d K3[Im ATeiqjaut[uo//:sd)y) suonipuo)) pue suud [, oy 23S [$70z/€0/21] uo Areiqr autuQ L[IM ‘6£81100DFT0T/6T01°01/10p/wod Kafim Aeiqiourjuo sqndnSe//:sdny woly papeojumo( ‘[ 470T ‘LT0TSTST



15252027, 2024, 11, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024GC011839, Wiley Online Library on [12/03/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

<
o
N S
B Scarp aspect [°] S
= o o o
O . 2R 2R o
&) Fault surface trace azimuth [°]
g S 8 g 8 8 =
(o] =] O < ~
I T T o T T T o TTTT T o
w/ T I/ﬁ m B o 2 m N ~ 3 — _AW
m =3 ° [T
— $3. i > WV&
=G M o L lo
<)} ot [
:— o 8 <, N
o L ! 1o
o P o
o (=] tr
S <
(3] (o]
wn P —
g R - 1R
3 2
&z o Q < 5| _a
A < c  E T L& e
S 3 =3 =2 £ B ﬁ...% v 4
@ 9] v | e v
G v} v] w\? V]
g 5 84 5
%) b3 2 o S £ 2
Q 2T S 2 = § 427° %
o = = 8 = =
n = =] 4 S s
> © , © ¥ T
= o d s 11 T &
o @ o _f o
w.. 5 (4d) ureyd - o6 ot o5
I = &> dd) Ulejapooyj aAle I = o o el 1 =
@ < = ) SO Y@ < 53 S T4, <
]
. |
° ,
o« .
> Y 6] 8}
= b L ° S =4 0 - MV. b lg
A " ° o " o | "
o hd Q N 1 iy
m o N o ) — c @
s = S
m o LVl < Wm m (=] - Lv W o
& N cE£dz ° N ' m ~
0 B S ..— )
> ° _MOM %9 L4 o ﬁ o
&) g 8 ‘el ° 2 g% 3
g 00 0%, g
o % o X e I o
= % O .
2 00 07%%, = o1 =2
% e O - n o
® 00y I =
~ ol &\zc o P} ..wx ..nm
P> o ° ° i JVR 5
< = c
“ o a1 | e ® ° i o 2 S S Y
o o o o o o o o o o o o o o <t N O N o<
o o o o o o o o o o o o ! '
s = g 8 8 ¥ 8 8 8 8 § R
Wwi| uolljeAs|a jjnej-iea w IM Jeppnipuadiad sauoz jne
IUM . [w] uon [9}ney N [w] yip! [onip ljne4 [o] Yrnwizy [w] dduelsip i
E
IU um }|ney-ssoy <
¢ =
Zw
< 2] v (a] -
Aﬂ gs ~
m
=



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011839

Formation, which occurs as a series of allochthonous bodies within the former) that is exposed ~6 km to the
northwest along the coast (Nathan, 1978; Sutherland et al., 1996). Conversely, crystalline basement exhibits
greater lithological variability than has previously been recognized. Shear, brittle fracture, and hydrothermal
alteration overprints are all preferentially developed to the northwest of the Alpine Fault, and these increase in
development with proximity to the fault (Text S1 in Supporting Information S1).

At least three fault-bound slivers of crystalline basement are in-faulted into the center of the wider slice of the
Tititira Formation (Figure 4a). The northwestern sliver is composed predominantly of biotite-muscovite grano-
diorite, which intrudes into a subordinate amount of microdiorite. This field relationship is particularly clear
where deformed granodiorite dikes intrude into the microdiorite; elsewhere, we observed an irregular intrusive
contact between the two lithologies. The central sliver is composed of monzogranite that exhibits crude gneissic
banding in the vast majority of outcrops. The southeastern sliver is small and composed of monzogranite that is
intruded by microdiorite. We observe this field relationship where small (10™" m-scale) dikes and enclaves of
microdiorite are present in monzogranite. The relative proportion of these lithologies is challenging to assess
given the sparse frequency of outcrops. In Section 4.3 and 5.1, we focus on the zircon U-Pb characteristics and
petrography of these crystalline basement units, and we present data that may be used to evaluate possible
correlations, including a previously hypothesized correlation to the Karamea Suite, similar to other granitic bodies
mapped nearby in the Buller Terrane (Tulloch et al., 2009; Turnbull, 2000, references therein).

The geometry of the Alpine Fault Zone can be inferred from combined geologic-geomorphic mapping (Figures 2
and 4a). These maps show that many of the unit-bounding bedrock faults we mapped in the field are aligned
along-strike of those expressed in the bare-earth topographic data. Outcrop observations demonstrate the lateral
continuity of both basement units and their bounding faults. Together, these relationships imply greater fault
lengths than does geomorphic fault expression alone. We therefore infer connectivity of the faults within the fault
zone.

The Alpine Fault Zone is bounded to the northwest by a very steep southeast-dipping fault that we observe in
bedrock outcrops and term the northwestern strand (Figure 4). The northwestern strand exhibits subtle
geomorphic expression along most of its length (Figure 2d). Therefore, we constrain its position not only by
connecting geomorphic and geologic fault traces but also by using the lateral continuity of Tititira Formation
outcrops. In this way, our mapping and that of Turnbull (2000) show that outcrops of the Tititira Formation occur
at least between the John O’Groats River and Lake McKerrow. Furthermore, Barth et al. (2013) identified distinct
basement units within the Alpine Fault Zone that include deformed correlatives of the calcareous sedimentary
units exposed in the Kaipo Slips (in addition to altered granitoids) at both Hokuri and McKenzie Creek. Synthesis
of new and existing data therefore shows that the northwestern strand bifurcates from the principal strand of the
Alpine Fault near the John O’Groats River and is continuous at least as far north as Hokuri Creek (~22 km) and
perhaps as far north as McKenzie Creek (~28 km).

We observe a network of faults in bedrock outcrops that extend along the central axis of the Alpine Fault Zone in
the field area (Figure 4). These faults are subparallel, northeast-striking, and steeply northwest-dipping (>60°).
West of the Kaipo River, these subparallel faults are linked in places by shorter, more northerly striking and
curvilinear faults. Together, these faults within the central axis of the Alpine Fault Zone bound the previously
discussed crystalline basement slivers. Consistent with both field and geomorphic observations, we infer that
these faults tend to bifurcate and/or merge into each other at distance along-strike (Figure 4a). This characteristic
is particularly evident where these faults dissect or deform late Quaternary glacial deposits. On the other hand, we
are less certain of their along-strike continuity where they are covered by Holocene alluvium in the Kaipo River
Valley (Figures 2d and 4a). Extrapolation of surface fault dips to depth shows two important characteristics. First,
if we consider that the faults that bound the crystalline basement slivers are roughly planar, linear projections of
these imply they splay from the northwestern strand at shallow depths (~0.5-1 km). The precise depth of this
bifurcation is dependent on which faults truncate others, which is uncertain given the presently available data.

Figure 3. Summary of fault zone geomorphology and structure. (a) Near-fault topography. Elevation values are extracted within 1-km wide fault-parallel swaths
centered in the southeastern and northwestern sidewalls of the Alpine Fault. (b) Fault zone perpendicular width and fault plane strikes (0—179°). Dark and light shaded
regions show fault zone width measured using only primary, and primary plus subsidiary fault traces, respectively. Dashed lines show mean fault zone azimuths
described in the text. (c) Length-weighted rose diagrams of fault strikes, color coded as in the previous panel. (d) Fault scarp aspects. AR, Arawhata River; CR, Cascade
River; JO, John O’Groats River; KR, Kaipo River; LM, Lake McKerrow; MC, McKenzie Creek; PR, Pyke River; WR, Waiatoto River; V.E., Vertical Exaggeration.
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Figure 4. Results of combined geologic-geomorphic mapping. (a) Geologic map of the field area. The Alpine Fault Zone is
notably wide and is cored by basement lithologies that are not found elsewhere within the fault zone. The spatial distributions
of geologic units are based on the integration of our mapping with previously published maps of Turnbull (2000) and Barth
et al. (2013). Easting (top) and northing (bottom) values are shown in kilometers. (b) Schematic geologic cross-section.

Second, steep dips of both the Alpine Fault and the northwestern strand imply that if these two faults merge, this
must occur at much greater depth, even if one or both of these structures are non-planar.

4.3. Geochronology of Granitic Units

As previously stated, we identified at least four different granitic lithologies in basement fault slivers northwest of
the Alpine Fault near the Kaipo Valley. Here, we present the zircon U-Pb geochronology results of these units.
Petrographic and geochronological summaries are provided in Table 1.

4.3.1. Biotite-Muscovite Granodiorite (24D)

Zircon forms colorless to pink euhedral crystals. Cathodoluminescence imaging revealed a core-rim structure in
73% of zircon grains (Figure 5a). Cores exhibit diverse internal zoning patterns and commonly irregular resorbed
morphologies. Rim domains exclusively exhibit oscillatory zoning, as do zircon crystals lacking core-rim
structure (single-grains).

Ninety-nine spot analyses of forty-five zircon crystals yield predominantly Early Cretaceous *°°Pb/**®U dates in
addition to scattered Paleozoic-Proterozoic dates. Of the Early Cretaceous analyses, single-grains notably
compose two distinct clusters of dates that are separated by >6 Ma and that do not overlap within error. We use the
analyses that compose these clusters to calculate error-weighted mean ages, excluding discordant analyses, of
111.9 £ 2.2 Ma (n = 15, MSWD = 2.30) and 121.1 £ 2.4 Ma (n = 4, MSWD = 0.70; Figure 5b). Zircon cores
record this latter age component; these yield a statistically indistinguishable error-weighted mean age of
120.4 £ 2.2 Ma (n = 6, MSWD = 0.45; Figure 5b). Zircon rim dates range between 110 and 132 Ma in addition to
some scattered Jurassic-Proterozoic dates. The inherited age spectrum features a prominent mode at ¢. 525 Ma.

4.3.2. Biotite-Hornblende Diorite (23F)

Zircon forms small (~<100 pm long), colorless to pink, euhedral-subhedral crystals, many of which are frag-
mented. Cathodoluminescence imaging shows that zircon crystals exhibit continuous growth zoning (Figure 5c);
one crystal exhibits an apparent core-rim structure.

Sixteen spot analyses of ten zircon grains yield *°Pb/>*®U dates that are predominantly clustered in the Creta-
ceous and Jurassic. These clusters describe two steeply discordant arrays in the Tera-Wasserburg space that imply
Pb contamination from a reservoir of high 207py, /206py, (Figure 5d). Because the common Pb value is well
described by each discordia array, we use the common Pb corrected 206pp 2381 dates to calculate an error-
weighted ages of 120.7 £ 2.4 Ma (n = 6, MSWD = 1.7) and 164.1 £ 5.8 (n = 5, MSWD = 8.4, Figure 5d,
inset). The younger of these ages is statistically indistinguishable from a lower-intercept discordia age of
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119.2 + 2.4 Ma (n = 6, MSWD = 1.6) calculated using the younger cluster of dates. We regard a single, highly
discordant date of 93.5 Ma to reflect Pb-loss and two Neoproterozoic ages to reflect inheritance.

4.3.3. Biotite Monzogranite (24E)

Zircon forms colorless, euhedral crystals. Cathodoluminescence imaging reveals core-rim structure in 81% of
grains. Cores exhibit diverse zoning patterns and commonly exhibit resorption textures. Rims characteristically
exhibit weak oscillatory zoning. Single-grain zircon features continuous growth patterns including concentric
oscillatory and sector zoning and is smaller than grains with core-rim structure (Figure 5e).

One-hundred-and-twenty-seven spot analysis of forty zircon grains yields predominantly Devonian-
Carboniferous 2*°Pb/>**U dates in addition to scattered early Paleozoic-Proterozoic dates. Segregation of these
analyses by zircon domain shows that single-grains yield the most narrow distribution of dates that are clustered in
the early Carboniferous. Accordingly, we used these single-grain analyses to calculate an error-weighted mean
age of 351.1 = 7.0 Ma (n = 16, MSWD = 1.90). Rim analyses yield a multimodal distribution of dates that is
suggestive of multiple possible components. Of these, >70% yield Th/U <0.10. Considering only those rims with
Th/U >0.10 reveals a more restricted distribution of dates that ranges between 348 and 378 Ma (Figure 5f). Cores
characteristically yield the oldest U-Pb dates and are predominantly >400 Ma. The inherited date spectrum
features prominent modes at ¢. 550 Ma, c. 630 Ma, and c. 490 Ma. We infer that a single discordant Jurassic date
reflects Pb-loss.

4.3.4. Monzogranite Gneiss (23E)

Zircon forms colorless, subhedral-euhedral crystals. Cathodoluminescence imaging reveals core-rim structure in
80% of these. Cores exhibit diverse zoning patterns including oscillatory, banded, and convolute zoning. Rim
domains show oscillatory zoning that is commonly blurred. Single-grain crystals tend to exhibit convolute or
patchy zoning and notably weaker cathodoluminescence response (Figure 5g).

Sixty-seven spot analyses of thirty-seven zircon crystals yield variably concordant 2°Pb/?*8U dates that range
between the Early Cretaceous and Proterozoic. Plotting these analyses in the Tera-Wasserburg space suggests
multiple apparent mixing lines; however, these are primarily composed of analyses with corrected °°Pb/**8U
dates >350 Ma (Figure 5h). Analyses younger than this age describe a single mixing line between the middle
Paleozoic and Early Cretaceous and correspond predominantly to low Th/U (<0.10) zircon that exhibit convolute
or blurred oscillatory zoning. We used these data, excluding two highly discordant analyses that significantly
reduced model goodness-of-fit, to calculate upper- and lower-intercept discordia ages of 360 = 25 Ma and
113.2 + 8.2 (n = 25, MSWD = 0.65, Figure 5h), respectively. This lower-intercept age is statistically indistin-
guishable from an error-weighted mean age of 117.2 + 2.3 (n = 10, MSWD = 2.2) calculated using only
concordant analyses within the Early Cretaceous cluster (Figure 5h, inset). The inherited date spectrum features a
prominent mode at c. 522 Ma. We infer that one anomalously young grain (c. 87 Ma) is affected by Pb-loss.

4.4. Zircon Trace-Element Data

Trace element data including Hf concentrations, U/Yb, Ce/Yb, and Gd/Yb ratios that correspond to laser ablation
analyses of Jurassic or Cretaceous aged zircon from samples 24D and 24F are shown in Figure 6, which shows the
chemical similarity of zircon from these samples. Hf concentrations range between ~7,000 and 19,000 ppm (24D)
and ~9,000-12,000 (24F), U/Yb ratios range between 0.3 and 4.5 (24D) and 0.4-1.5 (24F), Ce/YD ratios range
between 0.001 and 1 (24D) and 0.02-0.1 (24F), and Gd/Yb ratios range between 0.008 and 0.3 (24D) and 0.04—
0.1 (24F). The significance of these chemical similarities are discussed in Section 5.2.

Figure 5. Summary of zircon cathodoluminescence and LA-ICP-MS U-Pb geochronology. (a), (¢) First and (e), (g) third rows show representative example
cathodoluminescence images of analyzed zircon crystals. Labels denote identified subpopulations based on internal crystal morphology. Dashed thin lines depict
inferred boundaries between core and rim domains. (b), (d) Second and (f), (h) fourth rows show the results of LA-ICP-MS U-Pb geochronology, predominantly for
analyses with corrected °°Pb/***U ages <400 Ma. Age plots are presented as either error-weighted means (b), (f) or discordia arrays with ages labeled in Ma (d),
(h) based on U-Pb characteristics of the respective sample. All error bars and error ellipses depict 2o uncertainties. Filled and open ellipses are used and not used for

discordia regressions, respectively.
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Figure 6. Zircon trace-element analyses. (a) U/Yb versus Hf. (b) Gd/YDb versus Ce/YDb. In both plots, note that zircon from the
Cretaceous diorite and granodiorite units that we map within the Alpine Fault Zone in the study area display the greatest
overlap with the Western McKerr Intrusives and related post-kinematic dike (Schwartz et al., 2017). Arrows in both plots
depict geochemical evolution trajectories, given the occurrence of the labeled phenomenon (Grimes et al., 2015). Hf
concentration data are not available for the Rahu Suite and hence the interquartile range (IQR) of U/YDb ratios is shown for
reference. WFO, Western Fiordland Orthogneiss; MORB, Mid-ocean ridge basalt; ap, apatite; mnz, monzanite; ttn-titanite;
zrn-zircon.

5. Petrochronological Interpretations
5.1. Timings of Granitoid Emplacement and Metamorphism

Here we provide our interpretations of the zircon U-Pb geochronology results, and hence justify the magmatic
emplacement, metamorphic, and inherited age components listed in Table 1.

The muscovite monzogranite (24E) was emplaced at 351.1 £ 7.0 Ma. This age is recorded by euhedral, oscillatory
zoned, high Th/U (>>0.10), single-grain zircon. These characteristics support an Early Carboniferous
emplacement age because they are indicative of zircon grown in a parent melt (Corfu et al., 2003; Hanchar &
Miller, 1993; Hoskin & Ireland, 2000; Rubatto & Gebauer, 2000).

The monzogranite gneiss (23E) protolith was emplaced at 360 = 25 Ma, and metamorphism occurred at
117.2 £ 2.3 Ma. These ages are supported by an Early Cretaceous-Early Carboniferous mixing line that is
suggestive of open-system behavior. The younger age of metamorphism is supported by low Th/U (<0.10)
analyses of single-grains and rims that exhibit convolute or blurred oscillatory zoning. These isotopic and textural
characteristics are consistent with trace-element redistribution coeval with metamorphic zircon recrystallization
(Connelly, 2001; Corfu et al., 2003; Hoskin & Black, 2000; Rubatto, 2017; Schaltegger et al., 1999; Yakymchuk
et al., 2018). The upper-intercept discordia age of emplacement is imprecise. Nonetheless, given the similarity in
petrography and emplacement age (Table 1), we infer that both monzogranitic lithologies are correlated.

The biotite-hornblende diorite was emplaced at 120.7 £ 2.4 Ma and inherited zircon that contained a c. 164 Ma
age component. This inference is supported by Early Cretaceous zircon with internal zoning characteristics and
Th/U that are suggestive of magmatic growth. Mineral assemblages within the biotite-hornblende diorite suggest
a maximum of greenschist-facies alteration (orthopyroxene, clinopyroxene, and garnet are notably absent,
Table 1). Zircon grown under greenschist-facies conditions has distinctive characteristics that we do not observe
(Dempster et al., 2004; Hay & Dempster, 2009; Rubatto, 2017). Therefore, an alternative hypothesis that the
younger age reflects the timing of a metamorphic event is not supported by the data. Although zircon inheritance
may be limited in some mafic rocks due to high zircon solubility in the parent magmas (Watson, 1979; Watson &
Harrison, 1983), inherited zircons have been documented in many previous studies of mafic granitoids (Bea
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et al., 2020, references therein), including those elsewhere in New Zealand (Bhattacharya et al., 2018; Schwartz
et al., 2017, 2021; Tulloch et al., 2011; Turnbull et al., 2013).

The biotite-muscovite granodiorite was emplaced at 111.9 £ 2.2 Ma and inherited zircon that contained a
120.4 £+ 2.2 Ma age component. The Early Cretaceous emplacement age is recorded in euhedral single-grain
zircon that exhibit oscillatory zoning and high Th/U (>>0.10). Conversely, the older Early Cretaceous age
manifests primarily in oscillatory zoned high Th/U cores that are overgrown by younger, c. 112 Ma rims. These
characteristics support our interpretations of both the emplacement and inherited age components (Corfu
et al., 2003; Hanchar & Miller, 1993; Hoskin & Ireland, 2000; Rubatto & Gebauer, 2000). Considering intrusive
field relationships and statistically indistinguishable Pb?°°/U?*® ages, we infer that the inherited zircon was
sourced from the 119.7 Ma hornblende microdiorite.

5.2. Petrochronological Correlations

The fault-bounded slivers of crystalline basement that crop out northwest of the southern Alpine Fault are not
derived from a single intrusive suite, as may be the case for nearby granitic intrusions within the Buller Terrane
(Rattenbury et al., 2010). Instead, they are likely fragments of bedrock rock that have been displaced by the
Alpine Fault. In the South Island, plutonic and hypabyssal basements are encompassed by the Tuhua Intrusives
component of the Western Province (Mortimer et al., 2014). Because the Tuhua Intrusives have been dismem-
bered by Cenozoic motion on the Alpine Fault (Figure 1a), they represent a likely source of the allochthonous
basement slivers. Here we consider correlations between these units and suites (or plutons) within the Tuhua
Intrusives because this may provide new constraints on the slip history of the southern Alpine Fault.

The Tuhua Intrusives intersect the Alpine Fault in the northern (Nelson block, Kimbrough et al., 1993; Tulloch &
Kimbrough, 1989) and southern parts of the South Island (Fiordland block, Oliver & Coggon, 1979; Figure 1a).
Displacement of the basement slivers from the north block is unlikely because their preservation in this scenario
would necessitate significant (>420 km) dextral translation and negligible uplift and erosion, which would
remove them from the landscape. This conflicts with known long-term Alpine Fault kinematics (Herman
et al., 2009; Tippett & Kamp, 1993). Hence, we inferred a source region to the southwest of the study area, within
the Fiordland block. Nonetheless, the basement slivers may be correlated with plutonic suites exposed in either
part of the South Island, considering that most of these suites were laterally extensive prior to their dis-
memberment, uplift, and erosion. We therefore compare our data against that published for each granitic suite
within the Tuhua Intrusives, regardless of their present-day geographic location. The petrographic and zircon U-
Pb characteristics of these suites are summarized in Table 2.

5.2.1. 121 Ma Diorite and 112 Ma Granodiorite

Considering U-Pb ages and uncertainties, and petrographic variability within each granitoid suite, the 121 Ma
hornblende-biotite diorite and the 112 Ma biotite-muscovite granodiorite may be correlated to the Separation
Point Suite (£ Western Fiordland Orthogneiss (WFO)) or the Rahu Suite (cf. Tables 1 and 2). The data rule out
correlation with the other granitoid suites or with the Indecision Creek Complex, which consists predominantly of
quartz diorite and was emplaced at c. 124—-135 Ma (Allibone, Jongens, Scott, et al., 2009; Bradshaw, 1990). In
addition, correlation of the 121 Ma diorite with the Arthur River Complex, which consists of metadiorite to
gabbro emplaced at 134 Ma and metamorphosed at 120 Ma (Tulloch et al., 2011), is unlikely given the lack of
mesoscopic deformation textures and the absence of metamorphic zircon in the 121 Ma diorite, and additionally
because the Arthur River Complex does not physically intersect the Alpine Fault (Turnbull et al., 2010).

To discriminate between possible correlations, we compare zircon trace-element data from our Cretaceous
samples to those published for the Separation Point Suite, Rahu Suite, and WFO (Bolhar et al., 2008; Hiess
et al., 2015; Schwartz et al., 2017).

U/Yb values in zircon are a proxy for the relative contribution of crustal sources to the parent magma at the time of
zircon crystallization (Grimes et al., 2007, 2015; Jara et al., 2021). This is because U is enriched and Yb is slightly
depleted in arc magmas and continental crust relative to mid-ocean ridge basalt mantle (Kelemen et al., 2014).
Hence, crustal inputs tend to increase parent magma U/Yb. Zircon has nearly equivalent affinities for these el-
ements (Bea et al., 1994), and so it records magma U/Yb values at the time of crystallization. Melt differentiation
may also increase U/Yb values due to the partitioning of Yb by many common accessory minerals (including
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Summary Features of Paleozoic-Mesozoic Tuhua Intrusive Granitoid Suites”
Mi I!
Granite - Magmatic zircon
Suite Terrane type Predominant lithology (outliers) Mafic Accessory®  2%Pb/>*%U age (outliers)®
Karamea Suite Buller S Granite to bt-rich tonalite Bt + Msc Ttn, Aln, Ilm 368-370 (363-379)
Paringa Suite Buller, Takaka I Granodiorite to diorite (gabbro to ultramafic) Hbl, Bt Mag, Ttn, Ep 362-369
Ridge Suite Takaka (Buller) S Granite to granodiorite (tonalite) Bt Ttn, Ilm 345-364 (c.340-c.365)
Tobin Suite Buller, Takaka 1 Granite to diorite trondhjemite Hbl, Bt Mag, Ttn 342-351
Foulwind Suite Buller, Takaka A Bt-granite to Bt-Msc granite (Afs-granite, diorite) Bt, Amp, Px Mnz, Grt, 305-350
IIm, Xtm
Darran Suite Takaka 1 Gabbro to granodiorite (tonalite to granite) Hbl, Bt, +Cpx Ttn, Mag, 126-160 (170-177) (224—
IIm, £Aln 232)¢
Separation Point Buller, Takaka 1 Granite to diorite Bt, £Hbl (Msc) Ttn, +Aln, 111-122 (126-128)
Suite (non- +Ep (Grt)
WFO®)
Separation Point Takaka - Diorite to monzodiorite (ultramafic, monzonite) Hbl, Cpx, Opx, +Ttn, 115-129
Suite (WFO®) +Bt, +Ep, +Grt +Rt, +Aln
Rahu Suite Buller /S Granite to granodiorite (tonalite to diorite) Bt, = Hbl (Msc) Ttn, Aln, 109-115 (126-131)
+Ep, +Tur

Note. Mineral abbreviations follow Whitney and Evans (2010): Afs, alkali feldspar; Aln, allanite; Amp, amphibole; Bt, biotite; Cpx, clinopyroxene; Ep, epidote; Grt,
garnet; Hbl, hornblende; Ilm, ilmenite; Mag, magnetite; Mnz, monazite; Msc, muscovite; Opx, orthopyroxene; Px, pyroxene; Rt, rutile; Ttn, titanite; Tur, tourmaline;
Xtm, xenotime. WFO, Western Fiordland Orthogneiss. Data compiled from Allibone and Tulloch (2004), Allibone et al. (2007), Allibone, Jongens, Scott, et al., 2009,
Allibone, Jongens, Turnbull, et al. (2009), Ballard (1989), Bolhar et al. (2008), Cox and Barrell (2007), Decker (2016), Gibson (1982), Gollan (2006), Hiess et al. (2010),
Hollis et al. (2003, 2004), Hout et al. (2012), Johnston (1990), Kimbrough et al. (1994), Klepeis et al. (2016), McCoy-West et al. (2014), Muir et al. (1994, 1997, 1998),
Nathan et al. (2002), Ramezani and Tulloch (2009), Rattenbury et al. (1998), Ryland (2011), Sagar et al. (2016), Schwartz et al. (2016), Scott and Palin (2008), Scott
et al. (2008), Tulloch and Challis (2000), Tulloch and Kimbrough (2003), Tulloch et al. (2009), Tulloch and Kimbrough (1989), Turnbull et al. (2016), Waight
etal. (1997), and Ward (1984). *Excluding the minor Rotoroa Suite (156 + 2 Ma; Kimbrough et al., 1993). ®Excluding zircon, apatite, +opaque oxide. “Reported in Ma.
“Western Fiordland Orthogneiss is a group of granitic-dioritic plutons derived from partial melting of the Separation Point Suite at lower crustal pressure-temperature
conditions (Schwartz et al., 2017; references therein). “Emplacement involved multiple distinct pulses of magmatism.

zircon itself, Bea, 1996). We therefore evaluated U/Yb values against Hf concentration, which is a monitor of melt
differentiation (Claiborne et al., 2006; Grimes et al., 2007), to compare distinct groups of data.

The rare-earth element compositions of zircon are an additional independent proxy of parent magma and/or rock
composition at the time of zircon crystallization (Belousova et al., 2002; Heaman et al., 1990; Nardi et al., 2013).
In addition, these compositions may also indicate the presence of co-crystallizing phases that have contrasting
rare-earth affinities to zircon (Brophy, 2008; Fujimaki, 1986; Grimes et al., 2015; Rubatto & Hermann, 2007;
Schwartz et al., 2017). We follow Grimes et al. (2015) by leveraging the concentrations of light and middle rare-
earth elements relative to heavy rare-earth elements, as recorded by Ce/Yb and Gd/Yb values, respectively.

The zircon trace-element data support two interpretations: (a) the 121 Ma diorite and the 112 Ma granodiorite
crystallized from a chemically similar parent magma, and (b) both of these units are correlatives of the Western
McKerr Intrusives (WMI) component of the WFO. These interpretations are supported by comparable trends in
both magma enrichment (U/Yb vs. Hf, Figure 6a) and rare-earth element compositions (overlap in Gd/Yb vs. Ce/
Yb space, Figure 6b) between our samples, the WMI, and a 113.4 + 1.0 Ma biotite-muscovite granite dike that
intrudes the WMI near Caswell Sound (Schwartz et al., 2017). Moreover, interpretation (ii) is consistent with
existing zircon U-Pb data. Of the constituent plutons within the WFO, the emplacement age of the 121 Ma
hornblende-biotite diorite is most similar to zircon crystallization ages in the WMI (Schwartz et al., 2017).
Likewise, petrographic and zircon U-Pb similarities between the 112 Ma biotite-muscovite granodiorite and the
113 Ma biotite-muscovite granite dike in the WMI further support a correlation. We therefore infer that a 112—
113 Ma pulse of WMI related magmatism may have resulted in the emplacement of a comparatively more
fractionated granite, likely involving light and middle rare-earth fractionation by monazite, apatite, and titanite
(Table 1, Figure 6b, Grimes et al., 2015).
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5.2.2. 351 Ma Monzogranite and Monzogranite Gneiss

We infer that the biotite monzogranite and monzogranite gneiss are correlated with Ridge Suite S-type granitoids
that outcrop in both the Fiordland and Nelson blocks. The 351 Ma emplacement age of the monzogranitic units is
notably similar to the emplacement ages of the Ridge Suite, the Tobin Suite, and the Foulwind Suite (Tables 1 and
2). However, petrographic and zircon U-Pb characteristics are most consistent with an S-type character, and
hence, correlation to the Ridge Suite. First, mineral assemblages of the monzogranitic units match those of S-type
granites; this includes an absence of amphibole and pyroxene, the presence of monazite as a primary mineral,
comparable proportions of microcline to plagioclase, and lack of pink alkali feldspar (Chappell & White, 1974,
2001; Whalen et al., 1987). Second, an abundance of inherited zircon present as core domains is consistent with
models of inherited zircon survival during petrogenesis of peraluminous S-type granites (Bea et al., 2021). Third,
inherited zircons have modes that are similar to inherited zircons in both the Ridge Suite and Karamea Suite (c.
500-600 Ma and c. 900-1,100 Ma, Muir et al., 1996; Tulloch et al., 2009), and additionally to prominent age
modes of Takaka Terrane detrital zircon populations (Adams et al., 2015; Irel & Gibson, 1998; Ireland, 1992).

The biotite-tonalite All Round Pluton, which intrudes Takaka Terrane country rock in Secretary Island, is the
nearest Ridge Suite pluton to the Alpine Fault in Fiordland. The mineralogy, texture, and 347.75 + 0.86 Ma
emplacement age of this pluton (Allibone, Jongens, Turnbull, et al., 2009; Ramezani & Tulloch, 2009) are all
similar to those of the 351 Ma biotite monzogranite. Other Ridge Suite plutons with similar characteristics (351—
354 Ma, biotite granite-granodiorite; Allibone, Jongens, Turnbull, et al., 2009; Tulloch et al., 2009) outcrop in
southwestern Fiordland.

6. Discussion
6.1. Fault-Sliver Source Area

Correlation of the fault-bounded slivers of crystalline basement to the WMI and the Ridge Suite allows us to infer
the source region in coastal or offshore Fiordland from which they were displaced. For this purpose, basement
lithologies that are correlated with the WMI are particularly diagnostic. This is because the WMI crop out for just
18 km along the length of the Fiordland coastline, approximately between Caswell Sound and a small unnamed
stream north of Looking Glass Bay (see WMI in Figure 7). Aside from this study, correlated rocks have not been
mapped elsewhere in New Zealand.

Conversely, the data do not likely constrain the source location of the Ridge Suite-correlated monzogranite. As
previously mentioned, the petrographically and geochronologically similar All Round Pluton crops out near the
offshore part of the Alpine Fault on Secretary Island (Figure 7). We view correlation to this specific pluton as
unlikely because lateral separation of ~24 km between it and the WMI implies a similar amount of dextral
displacement between the slivers, yet field mapping shows an intrusive relationship, and hence, a close spatial
association between these two lithologies prior to their dismemberment. Zircon U-Pb data also support this as-
sociation because the metamorphic age of the Ridge Suite-correlated monzogranite gneiss closely matches the
emplacement age of the WFO near Caswell Sound (WMI and Misty Pluton, Klepeis et al., 2004; Schwartz
etal.,2017). If the Ridge Suite-correlated monzogranite is indeed correlated to the All Round Pluton, we infer that
it is derived from somewhere in coastal Fiordland other than near Secretary Island.

Our analysis shows that basement rocks from the Pacific Plate have been fragmented by the Alpine Fault Zone,
have been displaced by strike-slip motion, and are now captured by the Australian Plate. The basement units we
correlate to the WMI can thus be used to constrain a component of the Alpine Fault offset. To this end, we linearly
projected the northeastern and southwestern contacts of the WMI at the Fiordland coastline toward the northwest
and into the bathymetric trace of the offshore southern Alpine Fault. We perform a similar linear projection of the
displaced fragments in the Kaipo Valley to the southeast into the active strand of the Alpine Fault. These linear
approximations are undoubtedly simplifications; however, there is currently no data to constrain an alternative
geometry of the WMI offshore of Fiordland, and our mapping suggests that the displaced correlatives are limited
to a small ~2 km-long sliver in the Kaipo Valley. We therefore view our choice of projection as a minimally
interpretive one that allows for the displaced units and their source outcrop to be used as approximated offset
markers. Measured along the fault trace, the minimum and maximum distances between where these projections
intersect the fault constrain ~70-90 km of cumulative dextral displacement on the presently active strand of the
southern Alpine Fault (Figure 7). Alternative pre-displacement geometries and/or a component of vertical
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Figure 7. Geological map of western Fiordland. White star depicts present-day location of displaced correlatives of the
Western McKerr Intrusives (WMI) and Ridge Suite in the field area. Gray lines show offshore linear extrapolation of WMI
contacts; dashed line shows displacement by the southern Alpine Fault. Basement geology was modified from Turnbull
et al. (2010). Offshore faults are derived from Lebrun et al. (2000) and Barnes et al. (2002, 2005).

displacement could contribute to uncertainty in this measurement, although these factors are not quantifiable with
presently available data. Material transfer between the Pacific-Australian Plates is uncommon on the Alpine fault;
to our knowledge, all previous examples involve abandonment by reverse faulting (Ghisetti, 2022; Norris &
Cooper, 1995, 1997; Rattenbury et al., 2010; Toy et al., 2011).

6.2. Slip History of the Southern Alpine Fault

The ~70-90 km of dextral displacement we estimate on the presently active strand of the southern Alpine Fault is
much lower than the 460—480 km of post-Oligocene displacement on the central and northern sections of the fault
(Hunt, 1978; Mortimer, 2014; Sutherland et al., 2000; Wellman, 1956). This seems to imply a steep south-
decreasing gradient in cumulative displacement. One hypothesis for this discrepancy may be that some post-
Oligocene displacement has been transferred away from the southern Alpine Fault and onto other faults in
southwest New Zealand. Another hypothesis that does not necessarily require any gradient in cumulative
displacement is that the basement slivers record incremental, rather than cumulative, Alpine Fault displacement.

Regarding the first hypothesis, some tectonic reconstructions have inferred that large magnitudes of northeast-
southwest oriented fault displacement have occurred south of the Alpine Fault during the Miocene-Pliocene
(Furlong & Kamp, 2009; Ghisetti, 2022; P. R. King, 2000; LeBrun et al., 2003; Stock & Molnar, 1982; Wal-
cott, 1989). Many independent studies support the southward transfer of some slip away from the southern Alpine
Fault, primarily by dextral and/or reverse displacement on the Moonlight-Hauroko Fault System, Hollyford Fault
System, Livingstone Fault, Glade-Darran Fault, and offshore Taurau Fault (Figure 1b; Beggs & Ghisetti, 2006;
Blattner, 1991; Constantine, 1987; Lamb et al., 2016; Shuck et al., 2021; Sutherland & Melhuish, 2000;
Sutherland et al., 2009; Turnbull & Uruski, 1995; Turnbull et al., 1975; Uruski, 1992), on faults within Fiordland
(Klepeis, Webb, Blatchford, Jongens, et al., 2019; Klepeis, Webb, Blatchford, Schwartz, et al., 2019), and east-
west shortening in basins in southwest Zealandia (Beggs & Ghisetti, 2006; Melhuish et al., 1999; Norris &
Carter, 1980; Norris & Turnbull, 1993; Sutherland et al., 2006).

MERE ET AL.

19 of 34

QSUQOIT suowwoy) aAnear) ajqedidde ay) £q pauroaos ale sa[ore YO asn Jo sa[ni 10y A1e1qi auruQ A9[IA\ UO (SUOIIPUOD-PUE-SULID) /W0 Ka[im Kreiqrjaul[uo//:sdny) suonipuo)) pue suud [, oy 23S [§z0/€0/71] uo Areiqr aurjuQ A3[IM ‘6€8110DDT0T/6T01°01/10p/wod Kaim KreiqiaurjuosqndnSe//:sdyy woly papeojumo( ‘[ [ ‘4707 ‘LT0TSTST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011839

Regarding the second hypothesis, existing geological estimates show roughly constant strike-slip rates on the
southern parts of the Alpine Fault since the late Pleistocene. This includes strike-slip rates estimates of 29.6 (—2.5/
+4.5) mm a~! since c. 270 ka averaged along the onshore southern section (Barth et al., 2014) and 27.2 (=3.0/
+1.8) mm a~' to 31.4 (=3.5/+2.1) mm a~' since c. 17 ka along the offshore southern and Resolution sections
(Barnes, 2009). In addition, Sutherland (1994) used provenance analysis of an offset Fiordland-sourced
conglomerate to estimate a strike-slip rate of 27-35 mm a~' since c. 3.6 Ma averaged across the southern
onshore and offshore parts of the plate boundary. Although this estimate is not strictly an Alpine Fault strike-slip
rate, it nonetheless suggests that at least ~95 km of right-lateral displacement has been accommodated between
coastal Fiordland and present-day South Westland since the late Pliocene. Farther north, along the central Alpine
Fault, Norris and Cooper (2003) use strain estimates derived from exhumed mylonites to estimate ~55-170 km of
oblique-dextral shear within the ductile roots of the fault system, which they inferred has accumulated since c.
5 Ma. Despite considerable uncertainty in this estimate, it supports similar amounts of Plio-Quaternary
displacement on the central and southern sections.

Considering both the timing of deformation in southwest Zealandia and the apparent temporal uniformity of
strike-slip rates on the Alpine Fault and averaged across the plate boundary since the middle Pliocene, we infer
that the displaced basement slivers record an incremental displacement. In this case, ~70-90 km of displacement
implies capture of Fiordland basement rocks by the Australian plate by c. 2.0-3.3 Ma. It should be noted that the
approximate age of this displacement represents a minimum; non-rigid block deformation, partitioned slip within
a distributed fault network, and/or the transfer of some Pliocene plate boundary deformation away from the
Alpine Fault would all increase the amount of time since the basement slivers have been displaced.

6.3. Tectonic Evolution of the Southern Alpine Fault

We reveal at least four key characteristics of the southernmost ~30 km of the onshore Alpine fault (Figure 4) that
provide context to its Plio-Quaternary tectonic evolution. First, the fault zone tapers in plan-view width toward
both the northeast and southwest to form a geometry that is reminiscent of an elongated and fault-bisected
lozenge. Second, a network of subsidiary faults bifurcates from the principal strand of the Alpine Fault and
extends down the central axis of the fault zone. Third, left-stepping (restraining) geometries are common within
the fault zone. Fourth, basement units displaced from coastal Fiordland are present within the fault zone and are
now captured by the Australian Plate.

Both the geometry of the fault zone and the kinematics associated with the transfer of material from the Pacific
Plate to the Australian Plate are consistent with the development and evolution of a restraining stepover in the
offshore Alpine Fault (Figure 8). Similar rhomboidal to lozenge-shaped fault zone geometries composed of
sigmoidal boundary and interior faults have been mapped at restraining stepovers (and comparatively more
evolved bends) in other strike-slip systems (e.g., Barka & Kadinsky-Cade, 1988; Barnes et al., 2005; Dooley &
McClay, 1996; Fedorik et al., 2022; Mann & Gordon, 1996; Smith et al., 2007). Mechanical analog experiments
of strike-slip restraining stepovers have also reproduced these geometries (Cooke et al., 2013; Dooley et al., 1999;
Hatem et al., 2015; McClay & Bonora, 2001; Mitra & Paul, 2011; Richard et al., 1995). Restraining stepovers
generally evolve by an early stage of offset master fault linkage by newly formed oblique-motion faults, an
intermediate stage of internal deformation within the stepover region, and a late stage involving linkage of the
principal displacement zone by mechanically well-oriented strike-slip faults that either dissect or bypass the
restraining region (Figure 8; Cooke et al., 2013; McClay & Bonora, 2001; Mitra & Paul, 2011; Scholz
et al., 2010). Dissection or bypassing of the restraining geometry means that material formerly located within or
near the stepover may become transferred across, and subsequently be displaced by the new principal
displacement zone. We infer that the present-day fault zone width of ~1.2 km suggests this was initially a
modestly sized stepover along the offshore southern Alpine Fault and not a major structural complexity. Late
Quaternary plate boundary deformation has subsequently reactivated and inverted many of the faults within the
proposed stepover as normal or dextral-normal structures (Figures 2d and 3d).

Although stepovers and bends are commonly youthful features of immature faults (Mann, 2007; Wes-
nousky, 1988, references therein), these structural complexities can also develop and/or persist along mature fault
systems (e.g., Barnes et al., 2001, 2005; Hatem et al., 2017). One hypothesis we consider is that a restraining
stepover formed during the Pliocene in response to a sidewall-ripout of the offshore Alpine Fault. Sidewall-
ripouts form along strike-slip faults in cases where frictional adhesion on the principal displacement zone
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Figure 8. Line diagram showing the structural evolution of a strike-slip restraining stepover in a mechanical analog
experiment. Black lines depict active faults, gray lines depict inactive faults, and cyan polygon depicts a marker unit that is
analogous to the basement units displaced from coastal Fiordland. (a) Early stage. (b) Intermediate stage. (c) Late stage. Note
(i) capture of the marker unit dissected by the opposite side of the fault, and (ii) similarity between the fault zone geometry in
the dashed region and that shown in Figure 4a. PDZ-principal displacement zone. Modified from McClay and

Bonora (2001).
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causes slip on a newly formed or reactivated offset fault segment to be mechanically favorable during earthquake
ruptures (Figure 8; Swanson, 1989, 2005). These offset fault segments may become linked with the master fault
and thereby form part of the new principal displacement zone. A sidewall-ripout involving a left-offset
(restraining) fault segment accounts for both the observed fault zone geometry and the transfer of basement
material from southeast to northwest, “across” the Alpine Fault.

Pre-existing structures in western Fiordland may have promoted the formation of a sidewall-ripout or otherwise
introduced structural complexity by linkage with the Alpine Fault during the Pliocene. Previous work shows that
pre-existing structures influence the present-day geometry of the plate boundary at a variety of spatial scales
(Barnes et al., 2005; Lebrun et al., 2000; Mortimer, 2018; Shuck et al., 2021; Sutherland & Melhuish, 2000);
however, the influence of pre-existing structures on former geometries is less certain. During and before the
middle Pliocene, offshore strike-slip motion had not yet fully localized along the Resolution section of the Alpine
Fault, and it instead occurred closer to the southwestern Fiordland coastline on the Alpine Fault East Branch and
other minor fault systems including the Chalky Fault Zone, the Anchor Fault Zone, and the Five Fingers Fault
(Figure 9; Barnes et al., 2005; Lebrun et al., 2000). Together, this system of formerly active faults formed an array
that was subparallel to, and ~5-15 km northwest of, the steeply dipping Cretaceous-aged Straight River Shear
Zone in western Fiordland (D. S. King et al., 2008). Farther north, in northern Fiordland, the southern Alpine Fault
has localized along the western margin of the Anita Shear Zone (Figure 7). Structural and thermochronological
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Figure 9. Schematic tectonic reconstruction of southwestern Zealandia at c. 3 Ma. White star depicts the present-day location
of displaced correlatives of the Western McKerr Intrusives and Ridge Suite. Offshore faults shown as thin lines are presumed
to accommodate a subordinate amount of slip relative to the Alpine Fault East Branch. The dextral displacement rate
integrated across the entire plate boundary system is from Sutherland (1994). The plate configuration and position of tectonic
blocks are derived from the GPlates model of Miiller et al. (2019). Basement geology is simplified from Turnbull (2000),
Turnbull et al. (2003, 2010), and Rattenbury et al. (2010). Offshore faults are from Lebrun et al. (2000), and Barnes

et al. (2005). AFZ, Anchor Fault Zone; ASZ, Anita Shear Zone; CFZ, Chalky Fault Zone; EB, East Branch; FFF, Five
Fingers Fault; GDF, Glade Darran Fault; HFS, Hollyford Fault System; MF, Moonlight Fault; LF, Livingstone Fault; acc.,
accretionary.

data from both shear zones show that they have been reactivated in the late Tertiary by dextral faulting associated
with the Australian-Pacific Plate boundary (D. S. King et al., 2008; Klepeis et al., 1999; Klepeis, Webb,
Blatchford, Jongens, et al., 2019; Klepeis, Webb, Blatchford, Schwartz, et al., 2019). The offshore intersection of
the Alpine Fault East Branch, the Straight River Shear Zone, and the Anita Shear Zone corresponds to the
approximate region from where the previously discussed basement fragments have been displaced (Figures 7
and 9).

Collectively, these observations suggest that the locus of strike-slip deformation within the Pliocene offshore
plate boundary system was controlled, at least in part, by pre-existing structures in the continental crust of western
Fiordland. We hypothesize that prior to the dominance of the Resolution section of the Alpine Fault, the offshore
plate boundary system featured a distributed network of active faults that was similar to the branch zones observed
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near the tips of other strike-slip faults worldwide (Figure 9; Kim & Sanderson, 2006). Recent work shows that in
such distributed strike-slip systems, the slip rates of the component faults may vary through time such that they
switch back and forth as the most dominant structure while the system-wide (cumulative) displacement rate
remains constant (Dolan et al., 2024). This effect means that the principal displacement zone may be a transient
feature; the presence of pre-existing structures in western Fiordland may have facilitated such behavior. One
implication of our model of the Pliocene offshore plate boundary system is the presence of an inactive “former”
principal displacement zone segment along the offshore southern Alpine Fault, perhaps near Milford Sound
(Figures 7 and 8). There are no presently available data to evaluate this prediction. However, southwest of here,
inactive faults have been imaged using seismic reflection to the northwest of the southern Alpine Fault; these may
be analogous features (Barnes et al., 2005).

Since the Pliocene, northeastward translation of the Australian Plate has progressively juxtaposed the western
margin of a failed Eocene-Oligocene aged rift against the plate boundary, resulting in the development of the
Resolution section (Barnes et al., 2005; Lebrun et al., 2000, 2003; Shuck et al., 2021). Under thrusting of the
Australian Plate in the Puysegur accretionary wedge propagated northeastwards during this time (Barnes
et al., 2002). This leads us to infer that the Resolution section may have developed along a similar trajectory to
eventually link with the southern Alpine fault. The transfer of dextral slip onto the comparatively more localized
Resolution section likely drove the abandonment of the distributed plate boundary system that was farther to the
east (Figure 9).

6.4. Modern Seismotectonic Implications

A ~4 kyr paleoseismic record shows temporal switching between multi-section (M,, ~ 8) and single-section
(M,, ~ 7) Alpine Fault earthquakes, and in addition, that about one-half of ruptures have terminated at or near
the central-southern section boundary (Howarth et al., 2018, 2021). Using multi-cycle earthquake simulations,
Howarth et al. (2021) suggested that fault geometry is a primary control on this observed earthquake behavior;
their model projected surficial fault dips to depth and incorporated a continuous corkscrew-like twist in the fault
plane near the central-southern section boundary. The crustal-scale structure of the southern Alpine Fault is
nonetheless debated, and alternative models exist, including a low-angle crustal detachment that extends
southwestward from the central to the southern section (Lamb et al., 2015; Warren-Smith et al., 2016) or structural
segmentation between a moderately dipping, listric central segment and subvertical southern segment (Koons
et al., 2003; Warren-Smith et al., 2022). Statistical analysis of historic rupture extents on other major strike-slip
faults (Biasi & Wesnousky, 2016, 2017, 2021; Wesnousky, 1988, 2006) and dynamic simulations of earthquakes
(Duan & Oglesby, 2005; Harris & Day, 1999; Lozos, 2021; Lozos et al., 2011) both independently support the
concept that certain fault configurations can arrest earthquake ruptures, although this effect is geometry-
dependent.

Our mapping helps to refine the major structural geometry of the southern Alpine Fault. In the absence of rigorous
geophysical imaging (e.g., Davey et al., 2007; Stern et al., 2007), this data may aid the parameterization of future
earthquake modeling studies. We hypothesize that much of the fine-scale complexity (10™' km-scale) in
geomorphic fault expression corresponds to shallow distributed faulting. Previous studies show that fault zones
are typically more localized in bedrock than in sedimentary deposits (Oskin et al., 2012; Reid, 1910; Rodriguez
Padilla et al., 2022; Tchalenko & Ambraseys, 1970; Tchalenko & Berberian, 1975). This effect increases with the
ratio of overburden thickness to cumulative fault displacement in the overburden (Bray et al., 1994; Naylor
etal., 1986; Quigley et al., 2012; Richard et al., 1995; Tchalenko, 1970). We show that the width of the subsidiary
fault zone, variance in the subsidiary fault strike, and variance in the subsidiary fault scarp aspect are all locally
elevated where the fault is covered by late Quaternary glacial deposits (Figures 2 and 3). This relation suggests
that much of the subsidiary faulting associated with the Alpine Fault is restricted to the overburden. We infer that
localized geomorphic fault expression in some other areas of thick sedimentary cover (e.g., coastal plains and
major valleys, Figures 1b and 2) results from recently active surface processes that have obscured evidence of
distributed subsidiary faulting (Lukécs et al., 2019) and/or from coseismic liquefaction of water-saturated sed-
iments, which inhibits shear deformation from localizing onto discrete structures (Fletcher et al., 2014; Oskin
et al., 2012).

Conversely, we infer that the major geomorphic features of the southern Alpine Fault (10° km-scale) reflect fault
zone structure that extends deeper into the brittle crust. Our geologic mapping along the southernmost onshore
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Alpine Fault supports this interpretation in that we reveal the partial reactivation of fault arrays that likely extend
to several kilometers of crustal depth (Figure 4b). The most prominent geomorphic and/or structural features of
the southern Alpine fault are the extensional stepover and restraining bend in the primary trace that occur along-
strike of each other ~5-15 km southwest of central-southern section boundary in the Cascade River valley
(Figures 2b and 3). Berryman et al. (1992) previously interpreted the former of these as a strike-slip duplex
composed of two laterally continuous fault planes that merge at an unspecified depth in the upper crust. Our
mapping shows the apparent segmentation of primary fault traces; there are no laterally continuous rupture
pathways, even where fault offsets are formed directly in bedrock (west of the Cascade River, Figure 2b). In
addition, fault scarps associated with these primary fault traces are everywhere southeast-facing (Figure 3d) rather
than facing toward the center of the stepover, the latter of which is common in rooted strike-slip pull-apart
structures (Dooley, 1994; Rahe et al., 1998). In our view, these characteristics may be consistent with segmen-
tation between two discrete structures, rather than indicative of shallow distributed faulting above a single
continuous non-planar fault at depth. The spatial correlation of an extensional stepover and a restraining bend in
the Alpine Fault is also conspicuous within the framework of a continuous non-planar fault; if this region instead
represents a segment boundary, this spatial correlation may suggest that the two interacting segments are
somewhat misaligned along-strike.

Considering that our data cannot definitively rule out the possibility of a single continuous structure at depth,
however, an alternative hypothesis may be that structural complexities along the southern Alpine Fault reflect
lateral variation in the crustal depth from which the fault has been exhumed (Tippett & Kamp, 1993). Although
this hypothesis may explain the preservation of inactive structural complexity along the southern Alpine Fault
near the Kaipo valley, we do not favor it because abrupt lateral changes in fault zone structure, kinematics, and
seismicity between the central and southern sections imply a similarly steep gradient in the magnitude of
exhumation. If fault segments within the step do indeed merge at depth, locally steep near-surface fault dips
(~70-80°; Barth et al., 2013) and an assumption of roughly planar faults imply this occurs at ~4-5 km.

Existing statistical analysis of earthquakes worldwide suggests that geometric complexity near the central-
southern section boundary has about a 30%—40% probability of arresting earthquake rupture, subject to the
interpretation of fault structure from geomorphic expression (Biasi & Wesnousky, 2021). However, in some
recent earthquakes around the world, ruptures have spanned much larger geometric complexities and/or have
linked multiple structures or segments together in joint ruptures (e.g., Biasi & Wesnousky, 2016, 2017; Fletcher
et al., 2014; Litchfield et al., 2018; Sieh et al., 1993). These events underscore the usefulness of physics-based
earthquake simulations in delineating possible future rupture scenarios. Our analysis suggests that future simu-
lations of Alpine Fault earthquakes may reasonably consider testing both a segmented fault geometry and the
continuous twist-at-depth model presently implemented in the New Zealand Community Fault Model version 1.0
(Seebeck et al., 2024). Our new constraints on shallow fault zone structure and late Cenozoic tectonic evolution
highlight the need for improved constraints on the deeper crustal structure of the Alpine Fault, particularly near
and along the central-southern section boundary.

7. Conclusions

We present a multidisciplinary analysis of the southern Alpine Fault and characterize its Plio-Quaternary slip
history, tectonic evolution, and fault zone structure. New constraints on these characteristics are derived from the
integration of geologic-geomorphic mapping and the identification and correlation of fault-offset basement units.

Our analysis shows that crystalline basement units derived from coastal Fiordland have been fragmented by the
southern Alpine Fault Zone and captured by the Australian Plate. The apparent dextral offset of these units implies
a displacement of ~70-90 km on the presently active strand of the southern Alpine Fault that we infer is of Plio-
Quaternary age. Interpretation of fault zone structure and kinematics suggests that these units have been displaced
following the development and dissection or bypassing of a minor strike-slip restraining stepover along the
offshore southern Alpine Fault. This minor stepover may reflect a sidewall-ripout. We reconstruct the plate
boundary at c. 3 Ma and show that during this time, the offshore plate boundary likely featured a distributed
network of active faults that exploited pre-existing structures in the continental crust of the Pacific Plate. The
subsequent localization of strike-slip deformation farther west has driven the abandonment of this system. Our
analysis contributes to a view of the southern Alpine Fault as a structure that has evolved within a dynamic plate
boundary system, and that may be less structurally mature than other parts of the fault to the northeast.
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Onshore, detailed mapping reveals differences in the geomorphic expression of the southern and central Alpine
Faults. Although much of the fine-scale complexity developed in geomorphic fault zone expression reflects
shallow distributed faulting, we infer that larger-scale features reflect the penetrative structure of the southern
Alpine Fault. We emphasize the importance of geomorphic and/or structural complexity that is immediately
southwest of the central-southern section boundary. Here, we hypothesize that a prominent releasing stepover in
the fault plane likely penetrates to a seismogenic depth. In our view, the lack of geomorphic evidence for a
thoroughgoing rupture pathway across this stepover and its spatial correlation of it with a restraining bend in the
Alpine Fault may be consistent with segmentation between two distinct and somewhat misaligned structures.
Considering that this region of structural complexity corresponds to the location of several Holocene earthquake
rupture terminations (Howarth et al., 2021), and that there is presently little direct geophysical constraint on
deeper fault geometry, we suggest that a segmented geometry appears as viable as the continuous fault plane
geometry presently implemented in the New Zealand Community Fault Model. Our work underscores the need
for future studies of the crustal geometry of the southern Alpine Fault.
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for common-lead correction, age calculations, and visualization of LASS-ICP-MS U-Pb isotopic data.
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