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Abstract A limitation in our understanding of the geodynamics of orogenies is the difficulty in resolving
the spatial variations in long-term processes such as exhumation of the crust. Although geodesy can record
ground motions to millimeter-scale precision at high spatial and temporal resolutions, these observations only
cover a small fraction of the seismic cycle, and therefore may not represent the long-term behavior of an
orogeny. Here, by considering various contributions to uplift over differing timescales, we attempt to constrain
spatially resolved exhumation rates using observations of permanent interseismic uplift from InSAR, GPS, fault
trenching and a range of modeling techniques. We apply our methodology to New Zealand's Southern Alps, an
orogeny with known high exhumation rates and variable behavior along orogenic strike. We generate InSAR
derived velocity fields which show uplift rates of up to 1 cm/yr focused around Aoraki/Mt Cook. Velocity field
inversion shows that the structural make-up of the plate boundary exerts a major control on this spatial
variability of exhumation due to a 15° shallowing of the Alpine Fault. Modeling the accumulated slip deficit
indicates the Alpine Fault is capable of hosting great (M,, > 8) earthquakes. By combining the interseismic
velocity fields and cosesimic displacement rates, we produce a map of the exhumation rates in the Southern
Alps. These observations indicate a tectonic cause for a connection between long-term uplift and exhumation in
this region. With careful consideration of other uplift contributions, our approach may be used in other orogenic
belts.

Plain Language Summary Establishing the connection between measurements of current ground
motion and the long-term processes that control mountain growth is challenging due to the difference in
timespans between the observations and tectonic processes. Current ground motion measurements often miss
important events such as earthquakes that cumulatively contribute to the evolution of mountains. Using satellite
images, we can create high spatial resolution maps of current ground motion over the Southern Alps, New
Zealand. We show that the mountains there are growing by up to 1 cm a year in the past decade. This region of
uplift is focused in the area around the highest peak, Aoraki/Mt Cook. By modeling the spatial pattern of uplift,
we show that the structure and current slip rates of the major Alpine Fault change along strike. We confirm that
enough strain has accumulated that an earthquake as big as magnitude 8 could happen on the Alpine Fault, and
we calculate the amount of uplift that would occur coseismically because of such an event. Combining the
estimated coseismic uplift and current uplift maps we measure today allows us to recreate the long-term growth
pattern of the Southern Alps, which we confirm by comparing to other studies of exhumation.

1. Introduction

Although the measurement of contemporary orogenic uplift is conceptually simple, unraveling how this reflects
the long-term exhumation behavior of orogenies is challenging. The tectonic control of uplift and the interplay of
geological processes play a critical role in shaping orogenies over geological timescales. Earthquakes can induce
rapid changes in elevation, as seen in events like Wenchuan (Parker et al., 2011) and the Gorkha earthquakes
(Elliott et al., 2016; Hubbard et al., 2016), but if these changes lack tectonic support, isostatic compensation leads
to recovery that may largely reverse them (Molnar, 2012). Additionally, climatically driven processes such as
glaciation, precipitation and erosion has the ability to enable both the growth of individual peaks (Han et al., 2024)
and the overall configuration of orogenic systems (Molnar, 2012; Willett, 1999), although whether it provides the
initial impetus to orogenic growth can be unclear (Molnar & England, 1990). Regardless, the long-term
geological evolution of orogenies profoundly impacts climate dynamics, influencing carbon fluxes globally
(Hilton & West, 2020) and affecting regional climates, such as the Himalayan monsoon patterns (Tada
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Figure 1. The relationship between exhumation, surface and rock uplift. (a) How uplift and exhumation relates to the amount
erosion that has occurred depends as to whether the mass of eroded material is balanced by tectonic replacement of rocks.
Mass balancing from the addition of material during crustal thickening results in long-term surface stability with no isostatic
adjustment, where apparent surface uplift equals exhumation. Without mass balancing, crustal thinning causes an isostatic
response and the recovery of ~5/6 of the surface change without the need for any additional tectonic process (Molnar &
England, 1990). (b) Rock uplift, exhumation and erosion are consistent over multiple methods and timescales in the Southern
Alps. Methods are distinguished between those that assign rates to discrete points or are averaged over catchment areas, or by
methods that provide direct (i.e., geodetic) or inferred measurements. Adapted from (Jiao et al., 2017), including data from
(Adams, 1981; Hovius et al., 1997). Box colors correspond to those in panel (a).

etal., 2016). The influence of climate, particularly through erosion and sediment transport, can further complicate
this relationship. Notably, whilst much orogenic growth occurs through earthquakes on fault zones during
continental collisions (Dal Zilio et al., 2021), the evolution of shear fabrics and tectonic structures indicates that
much of this deformation occurs through ductile processes over extended periods (Little et al., 2005; Norris &
Toy, 2014).

In understanding the behavior of orogens, we ideally want to get at rates and spatial patterns of exhumation, but
the measurements we are able to make are more typically those of uplift. This study aims to examine the link
between observations of contemporary surface uplift, and propose a methodology by which it may be related to
the spatial distribution of exhumation. We use the Southern Alps and Alpine Fault, New Zealand as a case study.
We start by examining the relationship between uplift and exhumation, and the contributions that various pro-
cesses will provide. We then apply this thought process to the Southern Alps, where we first use Interferometric
Synthetic Aperture Radar (InSAR) to generate velocity fields of the current interseismic ground motion. Inversion
of these velocity fields will allow us to describe the current geometry, locking distribution, and slip-rate deficits of
the Alpine Fault, the major transpressive plate margin upon which the Southern Alps has formed. By taking the
resulting locking pattern and slip-rate deficit, we are able to model the uplift pattern associated with a rupture on
the Alpine Fault. If the currently observed interseismic uplift rates represent the end member of anelastic
deformation, by combining the interseismic uplift rates with the co-seismic uplift, this can represent rock uplift
over the seismic cycle. If a negligible isostatic response can be assumed, due to a mass balance between crustal
material underplating the Southern Alps and the amount of material removed via erosion, we suggest that the
pattern of long-term rock uplift should be equal to that of exhumation. This is then compared to a published
exhumation model to assess if it may be suitable as a first-order exhumation proxy.

2. The Relation Between Uplift and Exhumation

Current topography is produced as a result of the interplay between constructive and destructive orogenic pro-
cesses, which England and Molnar (1990) represent as:

Surface Uplift = Rock Uplift — Exhumation @)

where surface and rock uplift are the vertical motion of the ground surface and rock units relative to a reference
geoid, and exhumation is the change in vertical distance between a rock unit and the surface (Figure 1a). Whilst

MCGRATH ET AL.

2 of 20

5USDI SUOLIWIOD) BATERID |qed!(dde Uy Aq pausenob a1 sap e YO B8N Jo 2N 10} ARiqIT 8UIIUO 481 UO (SUORIPUCD-PUE-SLBYWY" AB| I ARe.q 1 BU1|UO//Sd1U) SUORIPUOD PUE SWI L U3 89S *[SZ0Z/2T/6T] U0 Aiq18UIlUO A81IM 80UB|[OXT @180 PUE L3ESH 0} miisu| euolieN ‘3OIN A GZ90E08rY202/620T OT/I0pAL00™ Ao | imAriqiputjuo'sgndnbe//sduy woay pepeojumoq ‘TT ‘G202 ‘95E669TC



. Y d N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030625

@ Palaeoseismic Records
A Continuous GNSS

A Campaign GNSS

A Vertical GNSS Transect

p————)
0 km 75 km 150 km

0 km 1 km 2 km 3 km

48°S

Figure 2. Overview of selected geophysical and palacoseismic data collection in South Island. Palaeoseismic records from
lakes and swamps described by Howarth et al. (2021) (HC: Hokuri Creek, JR: John O’Groats River, LE, LP, LM, and LK:
Lakes Ellery, Paringa, Mapourika and Kaniere respectively). Horizontal GNSS stations were used for the NZ velocity field
(Beavan et al., 2016), and verticals for the Karangarua transect (Beavan et al., 2010). Pink and gray polygons are ascending
and descending Sentinel-1 footprints. Faults from the New Zealand Active Faults Database (Langridge et al., 2016). Aoraki/
Mt Cook (3,726 m) indicated by the black diamond. MR: Martyr River, TR: Tekapo River, CP: Canterbury Plain. Inset: Plate
boundary variation across New Zealand. Arrows are Pacific Plate motion.

this remains a notionally simple relationship, particularly over timescales of millions of years, complexity is
introduced when considering the effects at variable timescales. For instance, over the course of an earthquake
cycle, it becomes impractical to consider uplift as a single rate rather than as a long-term rate, which discrete,
coseismic jumps act upon. As a further complication, the impact of seismic contributions becomes a function of
distance from the fault as well as the length of time since the last earthquake. However, it is important to be able to
unravel the various contributions in order to be able to correctly interpret what we observe today as a guide to
understanding the dynamics and forces in the past that have created such mountains, and its associated contri-
bution to seismic hazard.

To examine the relationship between contemporaneous uplift and longer-term exhumation measured over mul-
tiple time-scales, we use New Zealand's Southern Alps as a study area. The region hosts major earthquakes that
contribute to its ongoing fault and orogenic evolution, and its rapid deformation should be detectable with InSAR
over whole mountain scales, despite being a challenging target. The Southern Alps has formed due to oblique
transpression of the Pacific-Australian plate boundary along the Alpine Fault (AF) (Figure 2: inset), creating a
rapidly exhuming and deforming orogeny along a major fault with significant structural variations. Dextral slip on
the Alpine Fault began in the early Miocene, with an increase in convergence rate at 6 Ma causing significant
uplift and exhumation (Jiao et al., 2017; Sutherland, 1995). Approximately 40 mm/yr of relative Pacific Plate
motion is accommodated along this boundary (Beavan et al., 2002), resulting in one of the fastest straining
onshore regions on Earth (Haines & Wallace, 2020; Kreemer et al., 2014). ~30% of this plate motion is
accommodated through internal deformation of the Southern Alps, with the remaining 70% (~27 mm/yr)
occurring due to either interseismic or earthquake-induced slip on the Alpine Fault. Palacoseismic trenching
shows that the central Alpine Fault is capable of great (M,, > 8) earthquakes, last occurring in 1717, with a
recurrence time of 249-329 years (Berryman et al., 2012; Howarth et al., 2021; Sutherland et al., 2007).

The addition of material to the Southern Alps by tectonically induced crustal thickening is balanced by mass
removal due to erosional processes (Adams, 1980; Herman et al., 2010; Jiao et al., 2017; Molnar & En-
gland, 1990; Willett & Brandon, 2002), which otherwise would lead to 0.5-1.3 mm/yr of uplift due to isostatic
compensation of Holocene erosion (Liu et al., 2024). Peak erosion, exhumation and uplift rates of 7-13 mm/yr are
consistent across multiple time-scales (Figure 1b and Adams, 1980; Bull & Cooper, 1986; Herman et al., 2009,
2010; Hovius et al., 1997; Jiao et al., 2017; Little et al., 2005; Michailos et al., 2020; Simpson et al., 1994). This
allows for a simplifying assumption to be made that the viscoelastic response of the mantle to the addition and
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Figure 3. Line-of-Sight velocity fields for each S-1 track. (a—d), Line-of-Sight (LOS) velocity maps from each of the 4
Sentinel-1 frames outlined in Figure 2. Range increase is positive. For (b), 125A, the postseismic effects of the 2017
Kaikoura earthquake can be seen (high velocity region in the top right of the frame, focal mechanism shown in Figure 2),
though the magnitude of these have spatially decayed by the overlap region. TR: Tekapo River, CP: Canterbury Plain.

removal of crustal material can be considered negligible, due to the long-term stability of the orogeny. However,
there may be an additional quantifiable isostatic response due to ice unloading which can contribute to the
observed vertical signal (Liu et al., 2024) which we also explore.

3. Impact of Timescale on Measurements of Uplift Rates

Although uplift rates are simplifiable to single values when averaged over long time periods (Equation 1), they
can become increasingly variable over shorter timescales (especially within seismic cycles of hundreds of years).
The short-term exhumation rates are a function of erosion rates, varying from not eroding at all, to gradual
chemical or physical weathering, to landslides which instantly remove significant quantities of surface material.
Tectonic rock uplift can be partitioned into seismic and aseismic (or coseismic and interseismic) components,
with the relative contribution of each varying based on distance to the fault, and may be difficult to disentangle
(Francis et al., 2020; Li et al., 2019). Over the timescale of multiple earthquake cycles, the total rock uplift
comprises of the non-recoverable uplift contributions from interseismic deformation and coseismic displacement,
and the resulting isostatic adjustments (Molnar, 2012). The elastic response of the crust following glacial retreat
may also be considered within the isostatic term if it is significant enough to be observable (Liu et al., 2024).
Although significant uplift can occur as a result of coseismic displacement, much of this deformation can be
recovered elastically during afterslip (e.g., Wang et al., 2012; Weiss et al., 2019). The majority of the plastic strain
accumulated in orogenies, however, accumulates because of the interseismic deformation (Baden et al., 2022).

Although coseismic rock uplift can be represented in the long term as a rate, in reality it is the summation of
displacements occurring during the total number of earthquakes (n.,), and so at any given point within a single
earthquake cycle it may be close to 0, except for high displacements during an earthquake, and residual post-
seismic displacements afterward. For orogens under long-term tectonic stability, where the mean topographic
surface is preserved, long-term rock uplift and exhumation rates are equal.

Methods that can resolve long-term rock uplift and exhumation, such as uplifted marine terraces and thermo-
chronometry, typically have coarse spatial resolution. Although the spatial variation in exhumation rate can be
modeled by combining thermochronometry with higher-resolution data sets such as microseismic catalogs (cf.
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Figure 5a and Jiao et al., 2017; Michailos et al., 2020), these approaches can be impractical and expensive to
upscale.

However, routine observations of current surface motion can be made at orogenic and continental scales (e.g.,
Biggs & Wright, 2020; Crosetto et al., 2020; Hamling et al., 2022; Wright et al., 2023) following the advent of
freely available data products from space-based geodetic techniques such as Global Navigation Satellite Systems
(GNSS) and InSAR. Despite the high precision and spatial resolution of these measurements, they describe
geologically short time periods (10°~10" yr), and therefore may not be representative of deformation spanning
complete seismic cycles (10>~10* yr) or long-term orogenic exhumation and deformation (10°~10” yr; Figure 2b).

Geodesy measures the net result of all uplift and subsidence within a given observation period. The degree of
ambiguity as to how much of this motion at any given point is tectonic may be resolved by removing all transient
non-tectonic signals from the data. Such inferences are estimates of contemporary rock uplift, as they should be
unaffected by erosion, from either a lack of detectable surface level change due to the erosional processes being
too slow (e.g., chemical weathering) to cause decorrelation, or so rapid (e.g., landsliding) that the uplift is
immeasurable in GNSS or InSAR.

Assuming a region is sufficiently far into a seismic cycle that there is no longer any long-term earthquake
contribution to uplift (such as after-slip and post-seismic relaxation) and the equilibrium state of the orogeny
renders isostatic uplift negligible, then the measured interseismic uplift rate at the surface will be the tectonic
contributions to surface uplift, and equal to the rock uplift rate. Therefore, if we take the end member scenario of
all uplift due to interseismic deformation is non-recoverable, then as aseismic exhumation rates are constant for
timescales >10 ka in areas where geodetic rates are steady during the earthquake cycle (Avouac, 2015), the
tectonic contribution to surface uplift will equal the exhumation rate (Figure 1a). This allows us to use the tectonic
surface uplift as an upper bound for exhumation in regions with no vertical component due to other factors such as
coseismic displacement, isostatic adjustment, GIA, aquifers etc. The tectonic contribution to surface uplift will
underestimate exhumation in coseismically affected regions, unless corrected for the near-fault uplift and far-field
deformation by modeling the expected coseismic slip on the underlying fault structure (Elliott et al., 2016). Any
uplifted material is then rapidly removed by processes such as seismically induced landsliding (Francis
et al., 2020).

We therefore use a staged approach that allows recreation of spatial variations in exhumation rate from InSAR
measurements of interseismic ground motion over a stable orogen. By inverting the interseismic motion to
ascertain variations in fault structure and slip rate, and comparing to the measurements of the geological slip rate,
the expected coseismic deformation can be modeled from the slip deficit. Summing the measured interseismic
uplift rate with the modeled coseismic provides the distribution of bulk uplift for a seismic cycle, which can be
used a exhumation proxy. It should be noted that exhumation may also be the result of extensional tectonics
resulting in a surface decrease (England & Molnar, 1990), but such regimes are outside the scope of this current
study and are not considered further. We apply our suggested approach to the Southern Alps of New Zealand, a
case study with spatial and temporal complexities.

4. Generating Velocity Fields From InSAR

The regional horizontal ground motion is well constrained by an extensive GNSS network, with regular cam-
paigns allowing a national coverage on 8-year cycles (Beavan et al., 2016). However, the sparse distribution of
continuous GNSS across South Island limits their use in measuring spatial patterns of vertical ground motion
(Figure 2), with a dedicated vertical GNSS transect along the Karangarua Range (south of the peak uplift zone)
recording peak uplift rates of 5 mm/yr (Figure 1b and Beavan et al., 2010). A national velocity field has been
created utilizing both the horizontal velocities from the Vertical Derivatives of Horizontal Stress (Haines &
Wallace, 2020) and ascending ENVISAT InSAR data from 2003 to 2011 (Hamling et al., 2022). However, the
resulting vertical rates are inconsistent with the Karangarua transect. Therefore, to accurately capture vertical
rates in mountainous areas, we take advantage of the large number of ascending and descending Sentinel-1 SAR
acquisitions from the past decade.

We generate wrapped interferograms for the four overlapping Sentinel-1 (S-1) tracks (Figure 2) using the
LiCSAR processing system (Lazecky et al., 2020). The region of interest is a challenging target for InSAR, with
large areas incoherent for much of the winter months. Therefore, we select the interferogram network for each
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track (Figure S1 in Supporting Information S1) based off a 90 X 30 km common area of interest parallel to the
fault, using a coherence matrix to select interferograms that have a mean coherence in this area higher than 0.15
(Biggs et al., 2007). This method prioritizes interferograms that are coherent in the Pacific Plate, near to the
Alpine Fault, at the expense of the low-lying, vegetated coastal regions, which are most coherent during the winter
months. Therefore, by focusing only on high coherence interferograms by selecting image pairs coherent over the
central Southern Alps, we generate networks of 170-1094 interferograms from 53 to 97 epochs (Figure S1 in
Supporting Information S1) where short-baseline summer networks are joined by year or multi-year coherent
interferograms.

This approach results in a large disparity between the number of interferograms used in the track 023A and the
remaining tracks. However, given that velocity uncertainty is estimated by

2\/50'9
0, =

a NO.ST

2

where o, is the uncertainty of each epoch, N is the number of SAR acquisitions and 7 is the connected observation
time period, the dominant control on velocity uncertainty is the time-span of the network, which is approximately
equal across all three tracks (Morishita et al., 2020).

Interferograms are unwrapped and inverted for line-of-sight (LOS) velocities for each track using StaMPS
(Hooper et al., 2012; Figures 3a—3d). To reduce unwrapping errors, we used the iterative unwrapping technique
whilst removing a linear topographic Atmospheric Phase Screen (APS; Bekaert et al., 2015; Hussain, Hooper,
et al., 2016). The LOS velocity for track 125A is particularly affected by noise, with significant contamination in
the north due to post-seismic relaxation following the Kaikoura earthquake. Although both tracks 023A and 125A
show a range decrease near to the fault, there is a seeming reversal in the LOS velocity in the southern section of
the 125A frame (Figure 3b, lower-left). This is likely due to contamination of the data here due to unwrapping
errors that were not corrected in the iterative unwrapping stage. A likely reason for this is incoherence in the
Canterbury Plain and across the Tekapo River resulting in this region being isolated in many interferograms, of
which there are relatively few in this region due to the focus on near-field coherence. These errors bleed into the
vertical velocities later, and their impacts removed via referencing to the GNSS transect (Figure 4).

The resulting velocity fields were placed into an Australian fixed-plate reference system by removing a residual
plane between the LOS velocity and the LOS-projected GNSS velocity (Hussain, Wright, et al., 2016; Weiss
et al., 2020). We account for the relative insensitivity of the InSAR in approximately northward motion (Brouwer
& Hanssen, 2021) by projecting the north component of the GNSS velocity field (Beavan et al., 2016) into the
InSAR LOS, and then removing it from the LOS velocity. The resulting velocity fields are then inverted from
LOS to east and vertical components (Figure 5 and Figure S2 in Supporting Information S1, Wright et al., 2004),
with the north component coming from the GNSS.

Inspection of the resulting vertical velocities show a residual linear trend between topography and uplift rate,
indicating that not all the effects of APS have been successfully removed, and some is manifest in the vertical
motion during inversion (Figure 4a). It is necessary, therefore, to remove the linear relation between APS and
topography. However, not all of the correlation between increased uplift rate and topography may be due to
atmospheric effects—rather, the areas of higher topography may simply be due to a higher uplift rate (Stevens &
Avouac, 2015). An overcorrection of the APS uplift-vs-topography trend may remove some of this signal.
Therefore, we first look to identify any uplift versus topography trend within the vertical GNSS data of Beavan
et al. (2010), as this would not be atmospherically induced, and remove this trend from our InSAR data
(Figure 4b). We then solve for and remove the APS component, before adding back the trend (Figure 4c), thus
reducing the uplift-vs-topographic trend in the data (Figures 4c and 4d).

There still remains an increase in the uplift rates in the south-east, due to the noise within track 125A bleeding into
the uplift rates during the inversion (Figure 4f). The source of this noise is unclear, but may be due to the selection
of interferograms based on near-fault coherence resulting in more far-field unwrapping errors in a relatively
isolated far-field region. As uplift rates at these distances should be close to 0 mm/yr (Hamling et al., 2022; Houlié
& Stern, 2017), we remove these by referencing and de-ramping the vertical rates to the vertical transect. This is
done by looking for the difference between the vertical transect, and InSAR pixels within 2 km of each GNSS
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Figure 4. APS correction and referencing to GNSS of inverted uplift signal. (a) Original inverted uplift signal with vertical
GNSS (Beavan et al., 2010). (b) Uplift after the linear relation between GNSS station elevation and GNSS uplift rate has been
removed from all pixels. We consider this uplift to be due to tectonic processes, rather than atmospheric noise. (c) Uplift
following removal of APS, and the returning of the GNSS uplift trend signal. (d) Reduction in uplift rate with topography
before (Red) and after (Blue) APS removal. (e) Uplift following APS correction and referencing to GNSS transect. Black box
shows profile used to plot results in panel (f). (f) Profiles along the swath highlighted in panel (c), showing the change in
profile between the original (a, red), APS corrected (b, blue), and APS corrected and referenced InSAR uplift (c, green), and
the GNSS uplift.

station, and fitting a second order polynomial to those residuals. As in the far field, where we expect no uplift,
there are no vertical GNSS stations to fit the polynomial to, we pin the far field using 7 “synthetic’” GNSS sites
110-170 km from the fault, with uplift rates set to 0 £ 1 mm/yr. By removing this polynomial trend from the
InSAR, the far-field uptick in uplift is reduced, whilst preserving the good correlation between GNSS and uplift
(Figures 4e and 4f).

Our measured uplift is focused in a region of 50 X 30 km around Aoraki/Mt Cook, a glaciated region around the
maximum topography (3,724 m) in the Southern Alps, with uplift rates of 6-12 mm/yr (Figure 5a). Local
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reductions in the uplift rate within valleys and at the base of the glaciers are likely due to noise in the estimate of
the uplift rate resulting from incomplete removal of pixels dominated by compaction of sediment load (Hamling
et al., 2022). The numerous uplift, exhumation and erosion studies that have been carried out across the Southern
Alps, using multiple techniques, provide several data sets against which to check the consistency of our InNSAR
derived uplift (Figure 1b). The use of more SAR acquisitions from multiple viewing geometries to create in-
terferograms coherent over the central Southern Alps is likely why our uplift profiles are more consistent with
GNSS than previous studies (Figure 5, Hamling et al., 2022).

5. The Impact of Glacial Isostatic Adjustment

We seek to quantify any additional isostatic response due to ice unloading which may contribute to the observed
vertical signal, and examine how well it may be resolved by InSAR. This contribution can be separated into ice
loss since the last glacial period, and modern ice loss since the end of the Little Ice Age (LIA) in 1600 (Carrivick
et al., 2020).

Combined elastic and viscoelastic models indicate 0.3—0.5 mm/yr of isotatic uplift due to ice mass change during
the last glacial period, remaining fairly constant along strike in the southern and central Southern Alps (Beavan
et al., 2010; Liu et al., 2024; Schumacher et al., 2018). This remains below the detection limit of InSAR in this
region, and would also have negligible impact of studies of along strike variations in fault properties.

Modern deglaciation since the Little Ice Age allows for larger, yet more localized GIA effects. We investigated
the impact of modern deglaciation by differencing glacier ice surface measurements from the Little Ice Age (LIA)
against glacier outlines for the year 1978, obtained from the Randolf Glacier Inventory (RGI), to come up with the
spatial variation in the amount of ice lost (Carrivick et al., 2020), interpolated onto a 1 km grid. By taking 1600 as
the end of the LIA, this ice loss can then be translated into a yearly ice loss rate, with the total ice loss rate across
the Southern Alps of —0.18 km*/yr.

The highly localized variations in the vertical displacements (U,) can then be calculated by considering the
cumulative effect of the half-space Green's function for the point load of each grid cell, where:

g 1—12 my,
— —_ 3
U, fﬂx X 3)

where g is gravitational acceleration, v is Poisson's ratio (0.25), E is Young's Modulus of the crust (69 x 10'° Pa,
Liu et al., 2024; Tesauro et al., 2013), m;, is the amount of ice mass lost, and r is distance from the grid cell
(Auriac et al., 2014; Boussinesq, 1878).

Taking these values results, the peak uplift rate is estimated to be 0.27-0.39 mm/yr at the Godley Glacier, and
0.23-0.34 mm/yr at the head of the Tasman Glacier (adjacent to Aoraki/Mt Cook), similar to the rates found by
Beavan et al. (2010). A direct differencing of the LIA and RGI glacier lines can produce an small areas of apparent
thickening of the glacier. This would result in localized regions of subsidence, despite the expectations of glacial
isostatic uplift due to ice loss. If this thickening is an artifact induced by differences in the processing steps used to
generate the data sets, we also test an approach where we remove any potentially erroneous subsidence by
filtering out any regions with apparent ice thickening. This increases peak uplift rates at both the Godley and
Tasman glaciers of 0.30-0.44 mm/yr, with an overall peak of 0.35-0.51 mm/yr. As the ice loss rate in the
Southern Alps has more than doubled to —0.39 km*/yr, doubling the ice-loss rates would still provide peak uplift
rates of ~0.75-1.10 mm/yr.

Figure 5. Testing the influence of plate boundary geometry on uplift variability. (a) Vertical rates inverted from the LOS maps in Figure 3. Peak vertical rates of
~12 mm/yr are found just north-east of Aoraki/Mt Cook (black diamond). The location of the vertical GNSS transect (Beavan et al., 2010) is marked as blue triangles,
with squares showing the exhumation rates from a thermo-seismic exhumation model (Michailos et al., 2020). Vertical uplift rates have been filtered with a 2 km boxcar
filter for clarity and contoured. Original results are shown in Figure S2 of Supporting Information S1. (b) 1% of the accepted geometries of the post-converged models
following inversion of the InSAR velocities. Darker reds and blues indicate are increasingly likely locations for the Alpine Fault and mantle shear zone respectively,
with black lines showing the optimal solution. The best-fitting dip of the slipping portion of the Alpine Fault indicated by the green line of the dip indicator. Full model
breakdown and results in Figure 6i. (c) Three-component velocities for each profile, from InSAR inversion, 1% of accepted models, and the optimal model. GNSS
velocities from (Beavan et al., 2010, 2016).

MCGRATH ET AL.

9 of 20

85U8017 SUOWIWOD 3AIIERID 3|qeoljdde au Aq paupob a1e S VO ‘95N J0 S9N 10} AXIqIT BUIIUO AB]IA LD (SUOIPUOO-PUR-SWIBIALIOY A8 |IMATe1q 1 BUI[UO//SANL) SUOTIPUOD PUe SWie | 8U)8eS *[G202/2T/6T] U ARiqITauluO A8|IM ‘80WB|poXT 818D pue Ul esH Jojainiisul euolieN ‘IO IN Aq SZ90€08ry202/620T 0T/I0pwoo A8 i Areiq1puluo'sandnfe)/sdny woiy papeojumod ‘TT ‘S20Z ‘95E669T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2024JB030625

Viscoelastic modeling also shows localized variations in the uplift rate, although the magnitude of this impact
varies based on the thickness of the elastic lid (Liu et al., 2024). A 15 km lid may produce up to 1 mm/yr of uplift
at Aoraki/Mt Cook, although the relatively short time period over which this melting has occurred may favor a
50 km lid, resulting in a mostly negligible GIA rate, with some areas of ~0.3 mm/yr, although this also used the
lower, pre-2000 deglaciation rate.

Although the upper bound of these estimates are potentially detectable in InSAR, in this case they occur close to
glaciers in areas where InSAR coherence is already low (resulting in a relative lack of data, Figure 3) and noise
levels therefore higher, as well as being highly sensitive to variables such as the accuracy of the estimates of
spatial distribution of ice loss thicknesses and the chosen elastic thickness of the crust. Therefore, beyond showing
the contribution is small, we do not consider the impact of deglaciation further, considering it an epistemic
uncertainty for consideration in future study.

6. Structural Control on Spatial Variation in Interseismic Uplift

Our data shows a clear along-strike variability in Southern Alps uplift rates. Although numerical modeling has
indicated that climate has a strong control on mean topographic and uplift asymmetry of the Southern Alps
(Whipple, 2009), it is not clear that this should have an effect along strike. To assess the causes of this variability,
we will invert our three-component velocity fields along three fault perpendicular profiles to distinguish between
two possible end-members: (a) “tectonic aneurysm” caused by coupled surface and tectonic process resulting in
localized elevated exhumation rates (Zeitler et al., 2014), or (b) uplift that is controlled by variations in the
underlying structure of the Alpine Fault (Figure 5b).

Profiles are 50 km wide, and extend from 20 km NW of the fault (Australian Plate) to 100 km SE of the fault
(Pacific Plate), meaning that the uplift velocities that required the most correction are not included in the
inversion, although they have pinned the far-field to realistic values. We use a nested, rather than quad-tree sub-
sampling method for the profiled data, where the profile is split into bins of -20-0, 0-20, 2040, 40-60, and 60—
100 km from the fault, and randomly sample 20%, 100%, 50%, 33%, and 25% of the available data, to result in an
inversion that preferentially fits to the rapidly uplifting, near-field Pacific crust. Variance-covariance matrices are
then made using semi-variograms from the same non-deforming region in the far field for each of the three
inverted velocities (Figure S5 in Supporting Information S1) to account for spatially correlated noise.

We follow a proposed general structure beneath the Southern Alps where long-wavelength plate motion is
partitioned into Pacific Plate convergence and a vertical strike-slip mantle shear zone, overlain by an inclined
Alpine Fault capable of oblique fault-slip (Beavan et al., 2010; Norris & Toy, 2014; Stern et al., 2007). The model
set-up is based on the deep structure of the Southern Alps laid out by Norris and Toy (2014), of three shear zones
connected at a single point. Other models of the Alpine Fault allow for slip to be partitioned onto two separate
crustal structures, with an inclined dip-slip plane truncating a sub-vertical strike-slip plane (e.g., Koons
et al., 2003; Warren-Smith et al., 2022). There are additional faults in the Southern Alps, particularly those in the
Otago region, that dip toward the Southern Alps and may be able to localize some deformation. Reported slip rates
on such faults, however, are sufficiently low that any contribution to the present day vertical deformation will
likely be within the noise levels of the INSAR (Beaumont et al., 1996; Seebeck et al., 2024).

We apply the modeling step to invert for the fault parameters based on the InSAR data using the Geodetic
Bayesian Inversion Software (GBIS; Bagnardi & Hooper, 2018), allowing for variations in Alpine Fault geometry
and slip-rates (Figures 5b and 6i). The Alpine Fault is represented as a dipping Okada dislocation (Okada, 1985)
to allow for along-strike, local variations in horizontal and uplift deformation. Plate convergence is accommo-
dated as dip-slip motion on a horizontal Okada dislocation beneath the Southern Alps, the leading edge of which is
attached to the base of the Alpine Fault. To account for edge effects and potential uplift contributions from
adjacent fault sections, the dislocations used are “pseudo-infinite.” We make no claims as to whether the hori-
zontal shear represents a lower crustal decollement or not-rather it is there simply to represent the convergent
component of plate motion, and as such shall be referred to as the convergent surface. The third shear zone is
represented in the model as a vertical arctan screw dislocation beneath an elastic lid, held to be lower than the base
of the Alpine Fault, with a rigidity contrast leading to asymmetrical surface velocities (Jolivet et al., 2008; Savage
& Burford, 1973). This allows us to capture the long-wavelength fault parallel velocity variations across the plate
margin (Figure 6b). All the dislocations are pseudo-infinite length, and the convergent surface is additionally
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Figure 6. (a-h), Histograms of accepted post-burn-in model parameters. Green lines show the optimal value for each profile, and are differentiated by the color of the 1 &
error bar at the top. (i) Schematic of the model setup, with held (black) and free (green) fault parameters. FX: Fault X-offset, LD: Locking Depth, W: Width of slipping
portion of AF, SD: Shear zone locking Depth, SX: Shear zone X-offset, 6: Dip of slipping portion of the AF. Convergence (full green arrow) modeled as dip-slip on a
horizontal okada dislocation.

given pseudo-infinite width. The Alpine Fault is the only surface permitted both strike- and dip-slip. The
convergent surface is provided only dip-slip, and the arctan vertical shear zone only strike-slip motion.

Additional Alpine Fault parameters that are inverted for are the locking depth, dip, width and an additional
horizontal offset from the fault trace to allow for a difference in dip of the locked and slipping portions of the fault.
For all permutations of Alpine Fault geometry, parameters of the convergent surface are recalculated so it is
connected to the base of the Alpine Fault.
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We look to have a uniform vertical shear zone beneath the three profiles, allowing us to consider variations
between profiles as due to changes in the Alpine Fault. The shear zone is modeled as a strike-slip interface beneath
the Alpine Fault, slipping at the plate motion-vector of 38 mm/yr, with a rigidity contrast allowing for asymmetric
deformation, where 0.5 is no contrast, and 1 is all deformation occurring on the Pacific Plate (Jolivet et al., 2008).
To assign a top depth and rigidity contrast, we invert the horizontal components of all InSAR and GNSS data
within the study area, resulting in a top depth of 43 km and a rigidity contrast of 0.64 (Figure 6i). We allow
variation in the horizontal offset of the shear zone between profiles. Consequently, the center of the characteristic
arctan displacement profile is displaced from the fault trace, instead matching the shear zone location (Figure 5b).

We use a single screw dislocation rather than a distributed shear zone as the surface expression of distributed
shear and a single dislocation is indistinguishable when the width of the shear zone is less that z*locking depth
(Jolivet et al., 2008). At 35-45 km, this would therefore correlate to a zone 110-140 km wide. In addition to being
potentially larger than the profiles themselves, this is also larger than the 100 km limit placed on a deforming
mantle zone by Ellis, Beavan, and Eberhart-Phillips (2006). However, the location of a single dislocation would
still represent the center of a distributed shear zone. We deem the use of elastic dislocations in our model as a valid
simplifying assumption given that as the Alpine Fault is in the late stages of its seismic cycle, any viscous
postseismic effects from the last great earthquake should not be detectable (Ellis, Beavan, Eberhart-Phillips,
et al., 2006).

One million models were the run through GBIS, with the first 20% discarded as burn-in (though convergence
typically occurs within 10,000 runs), with the remaining 80% kept for analysis (Figure 6). Of the non-discarded
models, we randomly select 1% (8,000) for display. Joint probabilities for each profile are shown in Figures S7—
S9 of Supporting Information S1.

We resolve little along-strike variation in the shallow locked section of the Alpine Fault, with a consistent dip of
~48° =+ 7 (similar to mapped surface trace values Barth et al., 2013) and 10 £ 1.5 km locking depth (Figure 7a),
with the Alpine Fault extending to a depth of 35-40 km along across all three profiles (Figures 6 and 7b), as
inferred from seismic reflection data (Stern et al., 2007). The slip-rates and fault parameters found in the southern
profile are similar to that found by Liu et al. (2024), who also relied on Okada dislocations to model GNSS data.
The main along-strike variations are the slip-rates and dip of the aseismically slipping deep Alpine Fault. From the
north to south, the fault dip shallows from 53°+ 5 to 41°+ 3, with a decrease in a strike-slip rate from 24 to
25 mm/yr in the north and center to 17 mm/yr in the south. The decrease in the southern strike-slip component is
only observed in other studies significantly further south (Wallace et al., 2007). There are several potential causes
for this: an unexpectedly shallow locking depth resulting in a reduction of the required mean slip on the Alpine
Fault (Figure 7 and Figure S7 in Supporting Information S1), no data from >100 km SE of the fault included in the
inversion causing lack of some far-field deformation, and a potential influence of otherwise minor faults to the SE
of the Alpine Fault (Litchfield et al., 2014; Seebeck et al., 2024).

Peak dip-slip rates of 8+1 mm/yr in the central profile (encompasses the area of peak uplift) are an increase of
>50% on the ~5 mm/yr rates to the north and south. This may be a lower limit on the peak dip-slip rate, however,
as the profile width encompasses the entire uplift region (Figure 6). The inverted slip-rate must therefore be value
that best fits the average slip from the central peak to the lower values along strike. The additional 3—6 mm/yr
difference between the modeled and measured peak uplift rates are therefore likely a collection of (a) regions of
higher slip at lower resolution than was modeled, (b) localized sources of uplift and (c) inherent noise within the
data.

Our models show that there is a 13° shallowing of the Alpine fault from the northern to southern sections.
Although seemingly abrupt, it is not unique on the Alpine Fault, with a 40° steepening of the fault at depth is
observed from microseismicity at the transition from the Central Alpine Fault to the South Westland section at the
Martyr River (Warren-Smith et al., 2022). It is unclear though as to whether the Martyr Transition is continuous
over 5 km, or whether if represents a northern thrust sheet truncating a southern sub-vertical fault. It is therefore
not beyond reason that the 13° shallowing could occur over a similarly short distance. As our model setup only
permits a single fault of fixed strike, then the intermediate dip of the central profile may represent the optimal
solution to accommodate the fault curve (Figure 7b). Variations in tectonic fabrics within exhumed rocks and the
apparent thickness of metamorphic textural zones further indicate that this shallowing may occur over short
length-scales (Little et al. (2005), Figure S3 in Supporting Information S1). The resulting increase in dip-slip rates
in this region would therefore be a result of the formation of a fault-ramp oriented orthogonally to the plate motion
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Figure 7. Inferred fault structure and slip-rate deficit for estimating coseismic contribution. (a) Locking lines of this study
(green) and Lamb et al. (2018) (red), with 75% coupling line of Wallace et al. (2007) (blue). Instead of a constant locking
depth, we expect a zone of partial locking extending from our reported depth to the base of seismicity (Michailos et al., 2019),
equivalent to the ~550°C contour. (b) Schematic model of the Alpine Fault with approximate interseismic uplift location
overlying the fault ramp. Modeled planar slip surfaces and dislocations are representative of broader shear zones (gray areas).
Beige shows interseismically slipping sections of the Alpine Fault, and purple locked sections. The Alpine Fault ultimately
steepens again to a vertical strike-slip fault SW of 169°, however this transition is beyond the scope of this study. (c) Simplified
model of slip allocation as produced by the inversions, with 30% plate-motion accommodated by internal deformation and slip
on minor faults (red). Vertical lines indicate the variable percentage of plate-motion accommodated by slip at depth for each
profile. (d) Simplified budget of seismic moment over an earthquake cycle, following the color scheme of (c). The majority of
coseismic moment comes from the slip on the shallow locked section, with a significant portion also due to the relatively low
interseismic slip rate of the southern profile (c). The moment releases for 249 and 329 years recurrence intervals are shown
(Howarth et al., 2021).
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vector, causing the apparent locus of uplift due to more efficient transport of material up-fault due to an increase in
the local fault-perpendicular rate at depth. An alternate mechanism for the locus of uplift would be due to the
tectonic aneurysm effect, whereby focused erosion or glacial unloading results in an isostatic response, creating a
feedback loop as the crust weakens due to local deflection of the thermal contours. This would be compatible with
the peak uplift being associated with the location of an increased geotherm and thinning of the seismogenic
thickness that would be expected following the rapid advection of lower crustal material (Figures 7a and
Michailos et al., 2019). This would allow the uplift to occur without the need for geometric complexity on the
fault, appearing as an increase in dip-slip rate without along-strike dip variation. It could not explain, however, the
variation in thickness of the textural layering. Between the two models we set out to test, we therefore favor a
structural control on the uplift distribution resulting from the restraining bend caused by the sharp change in dip as
being the dominant control on the uplift distribution. As our model still slightly underestimates the uplift dis-
tribution in some regions, this allows for the possibility of additional contributions from other unmodelled sources
such as unloading.

To see the correlation between current uplift and exhumation, we compare our results with the easily reproducible
data from the exhumation rate models of Michailos et al. (2020), who use a mixture of short-term (regional
catalogs of microseismicity) and long-term (thermochronological data) in their inversion. Like in this study,
Michailos et al. (2020) consider the Southern Alps to be within a topographic steady state, providing a more
suitable comparison of the modeling approaches. However, other earlier exhumation estimates exist for the area
included in the review compilation by (Jiao et al., 2017). There is consistency between the locus of uplift, modeled
locus of exhumation, and the change in surface thickness of mapped metamorphic textural zones expected from a
15° shallowing of the Alpine Fault (Figure 5a and Figure S3 in Supporting Information S1). This stability in-
dicates a structural control that may prevent the migration of uplift along strike.

A structural control will prevent migration of the locus of uplift and exhumation. This stability is reflected in the
similarity in locations of our locus of uplift, a modeled locus of exhumation, and the change in surface thickness of
mapped metamorphic textural zones expected from a 15° shallowing of the Alpine Fault (Figure S3 in Supporting
Information S1, Little et al., 2005; Michailos et al., 2020). An alternative structural control has been proposed on
the focusing of uplift due to inherited characteristics of the crust. The Pacific Plate is generally thinner and
stronger in the north Canterbury region than it is in the south. The thickening of the crust allows the Southern Alps
deformation to be distributed over a larger area, whilst the thinner crust acts as an indentor to form localized uplift
of the thicker crust in the central Southern Alps (Beaumont et al., 1996; Upton et al., 2009).

7. Accounting for Temporal Variability

Once the rates and causes of interseismic uplift are established, it is necessary to constrain the coseismic behavior
of faulting in order to determine the short and long-term nature of uplift in this region. Variations in earthquake
magnitude and recurrence time introduce uncertainty into estimations of coseismic displacement based on ab-
solute slip deficit. However, by instead working in terms of slip-rate deficit rather than absolute slip, these issues
can be circumvented, resulting in a model that is independent of the time since the last earthquake, requiring just
the interseismic and long term slip-rates.

Overall, the strike-slip rate must equal the 38 mm/yr Pacific Plate rate. As the geologically derived slip rate on
the Alpine Fault is 27 mm/yr, 30% of the Pacific Plate rate is recovered through distributed deformation of the
Southern Alps rather than slip on the Alpine Fault (Figure 7c and Norris & Cooper, 2001). The remaining 70%
is distributed across the Alpine Fault, to be recovered either by interseismic slip, or slip following an earth-
quake. As the Alpine Fault is toward the end of its seismic cycle (Berryman et al., 2012; Howarth et al., 2021),
we can assume that the faults have returned to their interseismic rates, and that the inverted interseismic slip-
rates do not contain any signals from postseismic slip (Ellis, Beavan, Eberhart-Phillips, et al., 2006). Over the
course of a seismic cycle, below the 10 km locking depth over 90% of the plate rate is recovered in the northern
and central profiles, and 65% in the south. The remaining plate rate, equal to 27 mm/yr on the locked portion of
the fault, and ~4-13 mm/yr below 10 km, must be accommodated through earthquake induced slip. As the
central Alpine Fault is one of the most periodic fault segments ever recorded (Berryman et al., 2012; Howarth
et al., 2021), and there are good constraints on the seismic potential of the fault (Sutherland et al., 2007), we
may be able to cross-check the coseismic moment release expected by this model against what is geologically
plausible on this fault.
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We estimate the moment release of future earthquakes as:

My = MAFLock 4y Pl c)
where
MgFLock = uxLx # X Reeotogic X Tint ®)
sin (dlplock)
and
My™" = X LX W X Raeotogic = Rartip) X Tin ©

where y is the shear modulus, L is the length of fault to rupture (given as 380 km, Howarth et al., 2021), Z is the
depth to the top of the slipping potion of the Alpine Fault, dip,,; is the dip of the surface trace of the Alpine Fault,
R

8
Cooper, 2001), W is the width of the fault, Rypy;, is the magnitude of slip of the slipping portion of the Alpine

cologic 18 the geologic slip rate of the Alpine Fault (70% of the total plate motion vector (27 mm/yr, Norris &

Fault, and T}, is the length of time of the seismic cycle of the Alpine Fault (268-330 years (Berryman et al., 2012;
Howarth et al., 2021)). Our model provides single values for each of these rates, which represent the average
uniform slip over each fault section—a simplification of the heterogenous slip distributions to be expected in
reality.

For a M,, 8 earthquake, 380 km of the Alpine Fault can be expected to rupture (Howarth et al., 2021). As this is
significantly longer than the 150 km of fault that formed part of this study, we extend our northern and southern
faults to reach the total 380 km length, acknowledging that this is a first-order sanity check, and that in reality the
fault properties cannot be expected to stay constant for so far. The total slip for the locked fault is the combined
slip from the strike-slip component (Rye,/00ic) and the dip-slip (set to equal the dip-slip accommodated on the deep
Alpine Fault).

Our results show coseismic slip on the modeled locked portion of the faults would result in an earthquake in the
range of M,, 7.9-8.0 (Figure 7¢). Whilst slightly smaller than some of the largest (M,, > 8) earthquakes estimated
to have occurred on the Alpine Fault, this is still within the range of large—great earthquakes deemed possible for
the Alpine Fault (Howarth et al., 2021; Sutherland et al., 2007). This lower estimate is likely due to how locking is
calculated in our approach. In our uniform slip model, surfaces can be considered either locked or unlocked, with
the unlocked portion being where slip occurs (Figure 7b). Our estimation of locking depth is shallower (Figure 7a)
than those from regional GNSS studies (12 km, Lamb et al., 2018), elastic block modeling (70% locked between 8
and 18 km, Wallace et al., 2007) and seismogenic depth (8-25 km, Michailos et al., 2019). We expect in reality a
zone of partial coupling between our reported locking line and the base of seismicity, reflecting the deficit be-
tween our reported strike-slip rates on the deep portion of the fault and the long-term plate rate (Figure 7c). This
would allow a contribution of coseismic moment from deep slip as well.

The relatively low amount of interseismic slip in the southern profile (matching increased coupling beneath
43.5°S from block modeling (Wallace et al., 2007)) means that the majority of the seismic moment from the
partially locked region of the fault comes from the southern fault sections, with this contribution equivalent to M,
7.8-7.9. This increases the total expected magnitude to M,, 8.1-8.2 (Figure 7d). It is unclear though how this
additional moment is distributed across the deep fault. Our models require uniform slip across the whole deep
fault. However, it is more likely that the locking percentage decreases from 100% at our reported locking line, to
0% near the base of seismicity, resulting in a locking profile more similar to that derived from elastic block
modeling (Figure 7). This also does not consider any viscous responses to earthquakes such as deep postseismic
slip or strain accommodation through distributed deformation, so it is likely that a substantial portion of the slip
deficit on the deeper portions of the fault may be recovered postseismically, meaning that M,, 8.1-8.2 represents
an upper-bound estimate of potential earthquake magnitude. There is ambiguity as to how the deep slip deficit is
partitioned both along the fault, and between co- and post-seismic deformation. Therefore, we use only dis-
placements from the modeled locked portion of the Alpine Fault. We consider this a lower bound on seismic
potential, as the variation in the locking depth is certainly more complex than a singular 10 km locking line.
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Figure 8. Model of the long-term exhumation of the central Southern Alps. (a) Spatial distribution of uplift (and therefore
exhumation) taken by adding the modeled coseismic displacements directly to the inverted uplift rates (Figure 5a), allowing
for higher rates close to the Alpine Fault than is resolved using the interseismic uplift model. Blue dots refer to the fault dip-
slip measurements plotted in Figure 5a. (b) The total uplift rate over a seismic cycle (purple line) can be calculated by
summing the interseismic uplift (InSAR pixel data, gray dots, or modeled interseismic uplift for the central profile, red line)
with the modeled coseismic uplift (yellow line). Including the coseismic allows for uplift (and exhumation) to occur at the
fault. Exhumation nodes from Michailos et al. (2020) are plotted for comparison. The similarity between cumulative uplift
and exhumation nodes can support evidence of long-term stability that would allow cumulative uplift to be used as an
exhumation proxy.

Furthermore, by excluding post-seismic slip, we potentially remove the ability of the fault system to recover any
of the elastic component of the interseismic deformation.

These lower-bound earthquakes can contribute ~4 mm/yr of uplift at the fault trace. When added to the inter-
seismic uplift rates, this allows peak cumulative uplift rates at the fault of 6-8 mm/yr, while far-field subsidence
reduces peak uplift rates found between 15 and 35 km from the fault by <1 mm/yr (Figure 8).

8. Spatially Resolved Short-Term Uplift as a Proxy for Exhumation

We applied our modeled coseismic displacements directly to our InSAR uplift maps to produce the spatial
distribution of long-term bulk uplift rate. This provides an opportunity to create a first-order proxy for the long-
term exhumation of the Southern Alps (Figure 8a). Applying the coseismic to the modeled interseismic is an
option in the event of particularly noisy InSAR data, but the spatial resolution of the exhumation will be con-
strained to the profile widths, as well as likely underestimating the peak exhumation rates (Figure 8b). There
remains a small underestimate of the bulk uplift rates compared to the geological dip-slip rates (Figure 5a),
indicating that this coseismic model is only a lower bound. Steepening the dips of each fault segment to the 2 ¢
values (+5°) could increase the surface uplift rate by up to ~0.5 mm/yr. However, this is more likely explained by
the imposition of additional local processes that have not been include in this model, such as intense erosional
processes such as landsliding, glacial and fluvial erosion (Jiao et al., 2017; Liu et al., 2024; Roda-Boluda
et al., 2023), small-scale segmentation of the Alpine Fault at the surface (Norris & Cooper, 1995), or the ef-
fect of topography on elastic inversion (Langer et al., 2019).

It is worth restating these caveats in order to consider the wider applicability of this approach to other orogenies.
Primarily, the long term surface uplift rate must remain zero, with rock uplift offset by erosion and the resulting
sediment removed. It is possible to grow relief whilst maintaining a constant mean surface, so we assume a
constant maximum topography envelope as the slopes of individual peaks become oversteepened and therefore
susceptible to landsliding. Consequently, because of our stated caveats in this scenario, we have been able to
disregard that of isostatic adjustment, which otherwise can largely compensate erosion and uplift (Figures 1a and
Molnar, 2012). Secondly, although a mean topographic surface is preserved, the along-strike location of peak
uplift may be transient, resulting in a spatial offset between contemporary uplift and recorded exhumation. We
show that this is unlikely in the Southern Alps by inverting for fault structure, with current uplift matching the
recorded exhumation (Adams, 1980; Little et al., 2005; Michailos et al., 2020). Finally, there must be good
constraints on the geological slip rates along major fault structures in order to identify the slip-rate deficits
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required for coseismic modeling. Given these considerations, long-term rock uplift may be used as a proxy for the
exhumation, allowing variations in its spatial distribution to be revealed.

Our method uses short-term measurements to place constraints on the long-term evolution of orogenies. Although
we validate our approach against many studies carried out in the Southern Alps, not all of these are necessary to
apply this method elsewhere. InSAR bulk uplift may be used as the proxy on the assumption that rock uplift is
constant over multiple cycles if surface stability is previously established. However this assumption should not be
made without reference to any other available data, as uplift rates can vary. If erosion or exhumation data are
available, then it may also possible to use InSAR data to establish that the system is under surface stability,
through mass balance calculations, where InSAR derived fault structures and slip rates determine if the volume of
added material maintains crustal thickness (Figure 1a), or through weight of evidence that uplift and erosion/
exhumation are equal (e.g., Figure 1b).

9. Conclusion

We have generated a three-component velocity field over the Southern Alps of New Zealand, a rapidly deforming
orogenic region, by utilizing data from multiple viewing SAR geometries from the past decade despite it proving a
challenging target for current InNSAR observations. This dense surface velocity map allows us to highlight both the
across- and along-strike variations in uplift over an active orogeny, with peak uplift of ~1 cm/yr occurring in the
Aoraki/Mt Cook region. We have provided geodetic evidence of a structural control on the locus of uplift, due to a
15° shallowing of the Alpine Fault, as suggested by some previous geological studies. Forward modeling of the
slip-deficit on the interseismically locked region of the Alpine Fault shows that it is capable of hosting large—great
earthquakes given the accumulated slip deficit. By considering both long-term uplift and the impacts of coseismic
displacement we are able to generate a proxy for exhumation, showing that there is an important link between
plate-boundary structure and the locus of exhumation, and have validated this result against other studies of
exhumation. This indicates that although the impact of orographic precipitation has clear effects on orogenic
evolution, the presence of a structural control may provide the initial impetus for the onset of uplift.
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