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Abstract Examining the links and potential feedbacks between tectonics and climate requires
understanding the processes and variables controlling erosion. At the orogen scale, tectonics and climate are
thought to be linked through the influence of mountain elevation on orographic precipitation and glaciation;

the only documented erosional processes capable of balancing rapid rock-uplift rates are glacial erosion or
coupled river incision and landsliding. Our 20 new !°Be derived catchment-averaged denudation rates from

the Western Southern Alps of New Zealand generally range between 0.6 and 9 mm/yr, within the same order

of magnitude as fault-throw rates, exhumation rates, and erosion rates estimated from suspended sediment
yields and landslide inventories. Combining our data with previously published '°Be denudation rates, we find
that the proportion of catchment area in the 1,500-2,000 m elevation window is the variable that best explains
denudation rate variability and the disparity between rock-uplift rates and denudation rates. This correlation
indicates that enhanced erosion likely occurs at 1,500-2,000 m above sea level, where periglacial and
paraglacial processes have been proposed to be most active. We find that these temperature-controlled erosional
processes, which are also elevation-dependent, can play a greater role in modulating erosion during interglacials
than precipitation or glaciation. Our data suggest that temperature-controlled peri- and paraglacial erosion could
be efficient enough to balance some of the fastest rock-uplift rates on Earth. Hence, temperature-controlled
erosion could contribute to limiting orogen elevations and modulating the erosion rates dictated by rock-uplift,
playing an essential role in linking tectonics and climate.

Plain Language Summary The shape and evolution of the Earth Surface depend on how the
tectonic forces that build up mountains interact with the processes that wear them down through erosion. These
erosional processes are often regulated by climate; for example, erosion is commonly more efficient where
there are glaciers or in the wetter side of mountain ranges. We present 20 new '°Be concentrations, which

are commonly used as a proxy for how fast drainage basins erode, from the Western Southern Alps of New
Zealand, one of the fastest-eroding places on Earth. We find that the rate at which these drainage basins erode
is best predicted by the proportion of their drainage area that falls within the 1,500-2,000 m above sea-level
elevation window. This elevation range had previously been suggested to be where rocks are damaged and
eroded through freeze-thaw cycles. It is also the elevation window from which glaciers are currently retreating
or have recently retreated, which can intensify erosion. Both freeze-thaw cycles and glacier retreat depend on
elevation and are related to temperature; therefore, we infer that temperature-controlled erosional processes
have likely dominated erosion for the last decades to hundreds of years.

1. Introduction

In Earth's most rapidly uplifting landscapes, coupled landsliding and river incision (Burbank et al., 1996; Hovius
et al., 1997; Larsen & Montgomery, 2012), and glacial erosion (Egholm et al., 2009; Herman et al., 2015) are
thought to limit mountain height, linking tectonics and climate via climate-mediated erosion. As rock uplift
progresses, mountains grow taller, inducing orographic precipitation and glaciation, which in turn facilitate
erosion (Brozovic et al., 1997; Pedersen et al., 2010; Whipple, 2009; Whipple et al., 1999). In glaciated land-
scapes, mountain elevations are limited at and above the elevation where ice accumulates. This observation is
thought to be associated with intense scour beneath the glaciers (i.e., “the glacial buzzsaw”’) (Egholm et al., 2009;
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Pedersen et al., 2010). There is also growing evidence for temperature-controlled erosion operating at similar or
slightly lower elevations: paraglacial erosion, related to deglaciation and conditioned by the previous glaciated
stage (S. K. Allen et al., 2009, 2011; Hartmeyer et al., 2020a), as well as periglacial erosion (i.e., frost cracking),
related to freeze-thaw cycles (Delunel et al., 2010; Egholm et al., 2015; Hales & Roering, 2005). However, it is
unclear whether paraglacial and periglacial processes can: (a) impact tectonic-climate interactions by substan-
tially modulating erosion rates and balancing rapid rock uplift; (b) influence mountain topography by localizing
efficient erosion; and/or (c) be coupled to tectonics by being more prevalent where rock-uplift is greater. These
uncertainties arise because studies examining the impact of paraglacial and periglacial erosion processes are,
so far, restricted to decadal timescales (S. K. Allen et al., 2009, 2011; Hartmeyer et al., 2020a) or areas with
relatively low (<2 mm/yr) and uniform rock-uplift rates (Delunel et al., 2010; Draebing et al., 2022; Hales &
Roering, 2005, 2009; Marshall et al., 2021; Savi et al., 2015).

The Western Southern Alps of New Zealand/Aotearoa are ideal for investigating how different erosional
processes counteract some of the highest rock-uplift rates on Earth, given their order-of-magnitude differences in
erosion rates along and across the strike of the range (Hicks et al., 2011; Hovius et al., 1997; Larsen et al., 2014;
Nibourel et al., 2015; Wang et al., 2020), coupled with strong spatial variations in climate and rock-uplift rates
(Lorrey et al., 2022; Norris & Cooper, 2001; Sattler et al., 2016; Tait & Macara, 2014; Tait et al., 2012). Fast
and variable erosion on the west side of the range has been attributed to landsliding driven by strong rainfall
(Hovius et al., 1997), or paraglacial mass wasting (S. K. Allen et al., 2009, 2011; Jiao et al., 2018) and glacial
scouring (Herman et al., 2015). However, erosion studies in the Western Southern Alps have been restricted
to very few catchments (Herman et al., 2015; Jiao et al., 2018; Larsen et al., 2014, 2023; Nibourel et al., 2015;
Wang et al., 2020), decadal timescales (S. K. Allen et al., 2009, 2011; Hicks et al., 2011; Hovius et al., 1997),
or to regions below the tree line (Hovius et al., 1997; Wang et al., 2020). Moreover, temperature-controlled frost
cracking, found to play an important role in erosion east of the main drainage divide (Hales & Roering, 2005),
has not been closely examined in the Western Southern Alps.

Erosion rates on 102-10* yr timescales are often quantified using in situ produced cosmogenic radionuclides
(CRN). These nuclides (e.g., °Be, 2°Al, and '“C) accumulate in minerals due to exposure to cosmic rays
(Bierman & Steig, 1996; Lal, 1991; Schaefer et al., 2022). CRN production rates are greatest at the surface, and
their concentrations increase with exposure time such that they are inversely related to denudation rates (Bierman
& Steig, 1996; Lal, 1991; Schaefer et al., 2022). Denudation rates calculated from CRN concentrations in river
sands integrate different processes acting across the catchment. Here, we present 20 new, plus 7 published (Larsen
etal., 2014), catchment-averaged denudation rates derived from concentrations of in situ-produced '°Be in fluvial
sands from the Western Southern Alps. By comparing these data to published data from climate records, exhu-
mation rates inferred from low-temperature thermochronology, sediment provenance, fault-slip rates, land-cover
maps, and various topographic metrics, we examine the spatial distribution and controls of denudation, and we
infer the dominant erosional processes at the orogen scale.

2. Climate-Mediated Erosional Processes: Main Controlling Variables and
Limitations in Their Evaluation

In steady-state orogens, long-term (~10° yr) erosion rates balance rock-uplift rates, and hence are largely dictated
by tectonics (Willett & Brandon, 2002). However, over timescales shorter than ~10° yr, climate cycles and their
related erosional processes can influence rates and patterns of erosion (Delunel et al., 2010; Draebing et al., 2022;
Herman et al., 2015; Marshall et al., 2015; Moon et al., 2011).

Precipitation has long been recognized as an important climate variable controlling erosion through its influence
on river incision (Roe et al., 2003), surface runoff and associated sediment transport (Dadson et al., 2003), and
landslide activity (Marc et al., 2018). The impact of precipitation is generally evaluated by comparing erosion
or exhumation rates (over 10°-10° yr timescales) or landslide rates (over 10°-10! yr timescales) with measured
precipitation rates or intensity (LaHusen et al., 2020; Moon et al., 2011; Schildgen et al., 2022). These data are
often derived from a small number of weather stations that have recorded data over <102 yr, a timescale that is
commonly shorter than the integration timescale of erosion-rate estimates.

Glaciers constitute another important climate-mediated erosional agent. Glacial erosion rates are mainly
controlled by the shear rate at the ice-rock interface; however, given the challenges of measuring this variable,
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many studies parametrize glacier erosion rates as a function of the ice sliding velocity and bedrock erodibility
(Cook et al., 2020; Herman et al., 2015; Koppes et al., 2015). Ice sliding velocities depend on topography and
the glacier's basal thermal regime (Kamb, 1970), which is influenced by mean annual temperature (Koppes
et al., 2015) and precipitation (Cook et al., 2020). However, for a single ice sliding velocity value, glacial erosion
rates can span several orders of magnitude (Cook et al., 2020; Koppes et al., 2015). Glacial erosion rates are
typically estimated from sediment yields in streams or from proglacial sediment accumulations. Consequently,
estimates are limited to <10' yr timespans or to longer but poorly constrained time periods. This leads to uncer-
tainties in the range of 10%-50% (Cook et al., 2020; Herman et al., 2015; Koppes et al., 2015) and lack of clarity
on how to extrapolate the estimates to longer timescales that include changes in temperature and precipitation.

As glaciers shrink, the relative contribution of glacial erosion to total catchment erosion likely diminishes, while
the relative importance of paraglacial erosion increases (Williams & Koppes, 2019). Paraglacial erosion is ulti-
mately controlled by bedrock strength and air temperature, the latter of which influences rock temperatures, melt-
water changes, and glacier retreat rates (Gramiger et al., 2017, 2020; Hugentobler et al., 2022). Landslides can
contribute to paraglacial bedrock erosion, because as glaciers retreat and permafrost thaws, surrounding hillslopes
experience changes in their thermal, hydraulic and mechanical boundary conditions that induce bedrock-stress
changes (Hartmeyer et al., 2020a; Hugentobler et al., 2022). Base-level changes in tributaries to glacial valleys
also promote incision (Williams & Koppes, 2019). Modeling, monitoring, and aerial imagery-based studies show
that these processes lead to increased landslide frequencies and magnitudes in recently deglaciated areas (S.
K. Allen et al., 2011; Draebing et al., 2022; Gruber et al., 2004; Hartmeyer et al., 2020a, 2020b; Hugentobler
et al., 2022; Noetzli et al., 2003; Ravanel & Deline, 2011). These studies typically compare temporal and spatial
changes in short-term (10°-10' yr) erosion rates or landslide activity to the distance from the retreating glacier
front or to the time since deglaciation. The latter requires detailed deglaciation histories, which are only available
at a few sites (S. K. Allen et al., 2011; Williams & Koppes, 2019).

Periglacial processes (predominantly frost-cracking) occur commonly in regions experiencing paraglacial land-
scape adjustment, and they can help pre-condition bedrock for paraglacial landsliding (Draebing et al., 2022; Geng
etal., 2022; Gramiger et al., 2017; Hartmeyer et al., 2020a). Compared to paraglacial landsliding, which represents
lower-frequency, higher-magnitude erosional events that deliver a wide range of grain sizes, including meter-scale
boulders (Ben-Yehoshua et al., 2022), periglacial frost-cracking represents higher-frequency, lower-magnitude
erosional events that deliver narrower and finer grain size distributions (P. A. Allen et al., 2015; Sklar et al., 2017).
Frost-cracking primarily occurs through segregation ice growth, whereby liquid water is attracted to ice lenses
growing in bedrock fractures, increasing pore pressure (R. S. Anderson et al., 2013; Hales & Roering, 2007;
Rempel et al., 2016). The rate of frost cracking by ice segregation is proportional to temperature gradients within
the rock and the supply rate of liquid water (R. S. Anderson et al., 2013; Hales & Roering, 2007). Frost cracking is
most efficient at rock temperatures within the “frost-cracking window” of —3°C to —8°C (R. S. Anderson, 1998;
Walder & Hallet, 1985), but it can occur over a wide range of mean annual air temperatures (MAAT), provided
that temperatures drop below 0°C frequently. Daily temperature fluctuations are attenuated by an order of magni-
tude within ~35 cm of the surface, whereas seasonal fluctuations can affect the top few meters of bedrock (R. S.
Anderson et al., 2013; Hales & Roering, 2007; Rempel et al., 2016). Snow or regolith cover reduces temperature
fluctuations in the underlying bedrock. These insulating effects are limited on steep hillslopes where cover preser-
vation is low (Andersen et al., 2015; R. S. Anderson et al., 2013). Bedrock strength, porosity and pre-existing frac-
ture networks further modulate frost-cracking intensity (Andersen et al., 2015; Draebing & Mayer, 2021). Direct
rock temperature measurements are only available in a few monitored sites (Draebing & Mayer, 2021; Draebing
et al., 2022; Hartmeyer et al., 2020a), and variables such as snow/regolith cover, daily temperature cycles, bedrock
strength, and fracture networks are challenging or impossible to constrain at the landscape scale and over >102 yr
timescales. Consequently, studies comparing long-term (>10? yr) erosion rates to frost-cracking predictions
generally use models that consider only MAAT and annual temperature fluctuations (Delunel et al., 2010; Geng
et al., 2022; Hales & Roering, 2005, 2009; Marshall et al., 2015, 2021; Savi et al., 2015).

3. Study Area
3.1. Tectonics and Geology

The Southern Alps arise from oblique convergence between the Pacific and Australian plates (Figures la
and 1b). Most convergence is accommodated as strike-slip motion on the range-bounding Alpine Fault, while
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10 + 2 mm/yr of fault-normal motion induces rapid rock uplift in the Southern Alps, focused to the west of the
range divide (Norris & Cooper, 2001) (Figures 1a and 1b). Along the strike of the Western Southern Alps, exhu-
mation rates are highest in the central sector and decrease to the NE and SW, as well as to the east side of the
range (Batt et al., 2000; Herman et al., 2009; Little et al., 2005) (Figure 1e). Although uncertainties in exhumation
pathways (due to poor constraints on the Alpine Fault ramp geometry, Figure 1b) complicate converting cooling
ages to exhumation rates, published work suggests rates of at least a few mm/yr for most Western Southern Alp
catchments and at least ~6—9 mm/yr within the central Waiho and Fox catchments, where relief is highest (Little
et al., 2005). Late Quaternary throw rates (vertical component of fault slip rates) along the Alpine Fault are also
highest in the central sector, up to 12 mm/yr, and decrease toward the SW and NE (Langridge et al., 2010, 2017,
Norris & Cooper, 2001) (Figure 2a; Table S1 in Supporting Information S1). Perpendicular to this pattern, one
NW-SE oriented transect across the Southern Alps shows that present-day inter-seismic elastic vertical defor-
mation inferred from GPS observations is highest (~5 mm/yr) at the main drainage divide, ~20 km SE of the
Alpine Fault (Beavan et al., 2010). Another study based on the displacement of mid-Holocene to last interglacial
marine deposits suggests instead that rock uplift is fastest halfway across the range, ~5-8 km SE of the Alpine
Fault (Adams, 1980). The youngest thermochronometric cooling ages also tend to occur <10 km SE of the Alpine
Fault (Batt et al., 2000; Herman et al., 2009; Little et al., 2005; Tippett & Kamp, 1993a, 1993b) (Figure le). In
summary, there is a good agreement that along the Western Southern Alps (SW to NE), the fastest rock-uplift
rates are located where relief is highest in the central sector of the range, and rates decay along strike to the SW
and NE; whereas the distribution of rock uplift and absolute rock-uplift rates across the range (NW to SE) are
debated.

The rocks in the hanging wall of the Alpine Fault in the Western Southern Alps are part of the Torlesse Compos-
ite Terrane, composed of Carboniferous to Cretaceous metamorphosed quartzofeldspathic graywackes (Beyssac
et al., 2016; Heron, 2014). Owing to the different crustal levels from which rocks have been exhumed, the highest
metamorphic grade rocks are exposed immediately east of the Alpine Fault, and progressively lower grades are
found toward the main drainage divide and in the eastern Southern Alps (Beyssac et al., 2016; Heron, 2014)
(Figure S1 in Supporting Information S1). This gradient in metamorphic grade enables sediment provenance
analyses based on estimating peak metamorphic temperatures using Raman spectroscopy of carbonaceous mate-
rial (Beyssac et al., 2016; Herman et al., 2015; Jiao et al., 2018; Nibourel et al., 2015). Because all lithologic units
across the range have a similar quartzofeldspathic greywacke parent rock, we do not expect significant differences
in their quartz content that could bias our CRN catchment-averaged denudation rates.

Fracture densities vary across the SA. Because of deeper exhumation and transpression along the Alpine Fault
ramp (Figures la and 1b), bedrock in the Western Southern Alps is pervasively fractured, whereas bedrock on the
eastern side of the range has a lower fracture density associated with shallower burial and exhumation trajectories
(Clarke & Burbank, 2010).

3.2. Climate

The only available and widely used climate data from the SA are derived from seven weather stations that have
been recording data for 20-99 years (Hales & Roering, 2005, 2007, 2009; Sattler et al., 2016). These stations
show that median annual temperatures in the study area range between —3 and 16°C, median annual rainfall
rates range between 2,300 and 13,000 mm, and median daily rainfall intensity ranges between 15 and 38 mm/
day (Figures S2a—S2c in Supporting Information S1). Temperature varies with elevation (Figures S2d and S2e in
Supporting Information S1), whereas precipitation rates are an order of magnitude higher in the Western South-
ern Alps than on the eastern side of the range (Figure 1b and Figure S2b in Supporting Information S1). The
highest elevation station, at the Craigieburn Range Ski Field (1,554 masl), registers a MAAT of 3.7°C (Hales &
Roering, 2007, 2009). Based on a lapse rate of 0.6 + 0.1°C/100 m (Hales & Roering, 2005, 2007, 2009; Kaplan
et al., 2013; Putnam et al., 2012), MAATS of ~0-1°C would occur at 2,000 m above sea level (masl) in the study

Figure 1. (a) Location and tectonic context of the study area and (b) Elevation swath of the Southern Alps perpendicular to the range and Alpine Fault, both adapted
from Little et al. (2005). (c) Western Southern Alps (WSA) catchments along the Alpine Fault with denudation rates (+16). New denudation rates from this work are in
black, and those recalculated from Larsen et al. (2014) are in blue. The vertical dashed line with asterisks marks the location of the cross section in (b). (d) Normalized
channel steepness index values (k) for 1-km-long segments and current glacier extents for the studied catchments. The purple-dashed line marks the position of the
main drainage divide that separates the western wet side from the eastern, drier side of the range (b). (e) First-order exhumation rate estimates for cooling ages of the
zircon fission-track, ZHe, apatite fission-track, and AHe systems, plotted on top of a map interpolating exhumation rates based on all sample values.
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area. Annual temperature fluctuations are consistently ~12°C at all weather stations; hence, the annual tempera-
ture amplitude is ~+6°C (Hales & Roering, 2007).

Although the timing and magnitude of the Little Ice Age (LIA) cooling in the SA is debated, its peak impact
is thought to have occurred at ~1600-1725 CE, with a minimum cooling of —1 to —1.2°C and a lowering of
snowlines by ~160-200 m elevation (Lorrey et al., 2022; McKinzey et al., 2004; Winkler, 2000) compared with
present day conditions. At the end of the LIA, and possibly for a few decades afterwards, snowlines were likely
~100 m lower than today (Figure 1d and Figure S3a in Supporting Information S1), implying that since then,
MAAT has increased by ~0.6°C and isotherms have shifted vertically by +100 m (Kaplan et al., 2013; Putnam
et al., 2012). Net snowline recession is estimated to be ~140 vertical m in the last 500 yr (Putnam et al., 2012),
~420-340 vertical m in 14.5 ka (Kaplan et al., 2013), and ~880 vertical m since the Last Glacial Maximum
(LGM) at 19.8 ka (Tielidze et al., 2022). Climate models based on observed glacial extents suggest that precipita-
tion has probably not changed significantly during the late Holocene (B. Anderson & Mackintosh, 2006; Kaplan
et al., 2013).

3.3. Erosion Rates, Patterns, and Processes

Several methods have been used to estimate erosion rates in the Western Southern Alps. Catchment-averaged
erosion rates inferred from suspended sediment yields, based on measurements between the 1960s and 1990s
(Hicks et al., 2011) are 0.2—-6.7 mm/yr (Table S3 in Supporting Information S1). The few previously published
CRN catchment denudation rates, representative of denudation over the last ~240 yr on average, mostly fall
within this range (Larsen et al., 2014, 2023) (Figure 1c; Table S3 in Supporting Information S1). Of these meas-
urements, three were made in major catchments (Karangarua, Whataroa, and Hokitika), and five in small trib-
utaries, of which two are <2 km? and one is <0.5 km?. CRN-derived soil erosion rates from 13 soil pits in
mountain ridges range between ~0.1 and 1 mm/yr, except for one sample suggesting erosion at 2.5 mm/yr (Larsen
et al., 2014, 2023). In these studies, soil erosion and production were found to be dominantly controlled by catch-
ment denudation rates, which control sediment residence times (Larsen et al., 2014, 2023). Lake sedimentation
rates (Howarth et al., 2014) and coseismic landslide modeling (Robinson et al., 2016) suggest that long-term
erosion rates over a full seismic cycle could be ~40%-50% higher than inter-seismic estimates.

The distribution of erosion across the strike in the Western Southern Alps (NW-SE) is thought to be non-uniform,
but available measurements are insufficient to determine whether erosion rates are highest close to the fault or at
specific elevations (Jiao et al., 2018; Nibourel et al., 2015; Wang et al., 2020), either of which could have implica-
tions for the processes contributing to erosion. The two available Raman spectroscopy-based sediment-provenance
studies suggest different erosion patterns. One study from the Whataroa catchment (Figure 1c) suggests maxi-
mum erosional intensity ~10 km SE of the Alpine Fault, possibly due to localization of inter-seismic strain or
orographic precipitation (Nibourel et al., 2015). The other study, involving analysis of an offshore sediment
core, suggests that enhanced erosion occurs in the upper, recently deglaciated valleys due to paraglacial hillslope
response (Jiao et al., 2018).

The Western Southern Alps were fully glaciated during the LGM, and glacial erosion is still important in the Fox
and Waiho catchments (Herman et al., 2015). Fox glacier currently extends down to 420 masl and Franz Josef

Figure 2. Profiles of the Western Southern Alps along the strike of the Alpine Fault; with (a) elevation swath, denudation rates (+10) and fault throw rates (error

bars represent uncertainties reported in the source publications). Throw rates are from Norris and Cooper (2001) and Langridge et al. (2010, 2017). For details on the
methods, source data, uncertainties and assumptions, see the source papers indicated for each locality in Table S1 in Supporting Information S1, which provides a
summary of these data. X = 0 km is the point where the Alpine Fault intersects the coastline near Mildford Sound. A portion of the '°Be denudation rate uncertainty
for Fox and Waiho is dashed (here and elsewhere) because it is unlikely that these catchments have denudation rates <9 mm/yr (see text). (b) Elevation swath, swath of
glacial extent elevations, and mean catchment k. (c) Elevation swath plotted again for reference, together with a swath of first-order exhumation rates along the range,
produced from the interpolated exhumation map in Figure le. Mean catchment &, plotted against fault throw rates at catchment outlets (d) and catchment-averaged
exhumation rates (e). Throw rates at the catchment outlets have been estimated based on the throw rate curve of (a) and the distance along the Alpine Fault of each
catchment outlet (Table 1). The catchment outlet position was selected because tectonic signals are expected to propagate upstream from this point (e.g., Roda-Boluda
et al., 2019). The uncertainty of each catchment outlet throw rate was estimated based on the average of the relative uncertainties of the nearest throw rate data points
to the SE and NW (Table S1 in Supporting Information S1, Table 1). Some throw rate localities do not have an uncertainty estimate published (Table S1 in Supporting
Information S1); in that case, the relative uncertainty of the following nearest locality was used. The clear outlier in each case (Docherty creek for (d) and Fox Creek
for (e)) was excluded from the regression. The inset in (e) shows a box plot of k, values for binned exhumation rates, extracted for each thermochronological sample
location from the interpolated k,, map in Figure S4 in Supporting Information S1. For more information regarding the uncertainties in exhumation rates, see the
methods section. (f) Catchment-averaged exhumation rates against throw rates at the catchment outlet.
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Table 1

Tectonic, Topographic, and Climate Metrics of the Studied Catchments

Throw rate Catchment-averaged
at catchment exhumation rate, Mean Maximum % Of Mean % Of area in the
Area outlet (mm/ ZFT, ZHe, AFT, AHe elevation elevation  Relief ~ Mean slopes ksn 1,500-2,000 m
Catchment (km?) yr) combined (mm/yr) (m) (m) (m)  slope (°) >32° (m®%) elevation window
Paringa 232.1 7.6+22 1.5 855 2,566 2,539 25.6 31.0 117x7 9.6
Mabhitahi 174.5 7722 1.6 917 2,638 2,623 25.6 316 116+8 13.1
Karangarua ~ 361.1 79+23 2.8 1,159 3,081 3,053 27.3 358 136 +7 19.3
Havelock 13.9 79+23 34 773 1,832 1,782 252 303 13121 3.1
Creek
Cook 128.6 8.0+23 2.7 1,296 3,463 3,346 28.0 402 158 £ 11 19.1
Fox Creek 1.6 84+23 6.3 744 1,201 1,011 28.2 286 104+0 0.0
Fox 91.8 89+24 2.8 1,623 3,413 3,238 229 307 178 +£17 25.6
Docherty 6.4 10.8 +2.9 1.6 399 749 644 15.1 0.0 75 £ 15 0.0
Creek
Waiho 1632  11.2+3.0 1.9 1,513 3,074 2,923 24.7 300 179+ 12 26.0
Gunn Creek 1.5 87+23 2.3 899 1,524 1,200 29.7 34.1 118 +5 1.4
Whataroa 448.2 87+23 2.1 1,213 3,068 2,974 26.0 28.8 160=+5 25.7
Poerua 83.9 7.0+ 19 2.1 1,002 2,362 2,288 25.9 312 131+10 154
Wanganui 341.2 6.3 +0.9 1.5 1,209 2,620 2,529 25.6 278  162+8 25.2
Waitaha 154.7 65+1.0 1.0 851 2,567 2,555 25.5 280 142+8 25.0
Rapid Creek 12.8 6.9+ 1.0 2.1 1,046 1,966 1,834 27.2 264 164 +30 9.2
Hokitika 433.7 69+1.0 1.6 1,015 2,556 2,511 242 23.0 139+6 18.3
Kokatahi 100.8 75+1.1 1.5 1,048 2,027 1,957 26.0 253 1619 19.4
Styx 56.4 7.6 +1.1 14 805 1,883 1,798 24.7 25.1 101 +10 6.2
Arahura 126.0 74+10 1.0 951 1,945 1,799 24.5 202 1177 9.1
Taipo 182.3 55+07 0.9 986 2,144 2,016 244 217 124 +7 12.7
Taramakau 460.1 4.6 +£0.6 0.6 972 2,232 2,064 24.7 254 110+4 9.5
Robinson 453.7 3.1+09 0.7 884 1,794 1,637 23.0 18.8 103 +4 3.1
Blue Grey 97.5 2.4 +0.7 1.0 1,051 1,761 1,342 224 16.7 83+7 4.6
Maruia 218.9 22+0.6 0.6 1,075 2,029 1,572 22.7 15.4 86+5 8.6

Note. Catchments in italics are those sampled by Larsen et al. (2014). Residual values correspond to the observed y minus predicted y of the regression of
10Be denudation rates versus throw rates at catchment outlet in Figure 3a, and versus catchment-averaged exhumation rates in Figure 3b, respectively.

Catchment with no residual value were excluded from the regressions.
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% Of
% Of area glaciated % Of Median area with
if glaciers are catchment Median annual annual Median rainfall a 0-4°C Residual values Residual values
% Of area lowered 100 m area with air temperature, rainfall intensity (mm/ MAAT from regressionin  from regression in
glaciated (~275 years ago) bare bedrock MAAT (°C) (mm) day) (PPEw) Figure 3a (mm/yr)  Figure 3b (mm/yr)
4.1 5.9 34.0 7.4 7,889 37 12.1 —-0.99 -0.73
5.1 8.1 38.4 7.1 8,130 37 15.6 0.23 0.48
12.4 15.8 48.1 6.1 8,608 35 26.2 -1.26 —1.86
0.0 0.0 19.7 7.5 5,614 30 7.3 -1.96 —2.96
19.2 23.0 46.3 5.4 9,545 35 28.9 1.27 0.83
0.0 0.0 0.0 7.8 5,154 28 0.0 - -
49.7 53.1 34.7 3.9 9,429 35 57.9 - -
0.0 0.0 0.0 9.8 4,959 28 0.0 —3.44 —2.05
41.6 423 34.7 44 10,337 36 54.8 - -
0.0 0.0 18.0 8.2 7,093 31 0.0 - -
13.4 17.4 48.0 6.1 8,077 30 34.7 1.21 1.40
2.3 3.0 414 6.5 5,922 27 20.4 0.19 -0.21
13.7 16.3 445 5.6 7,654 30 36.6 1.43 1.20
5.4 7.7 50.2 5.7 7,399 32 343 5.79 5.99
0.0 0.0 36.5 6.5 9,648 32 5.6 0.49 0.08
3.4 4.5 42.0 6.6 6,705 27 23.5 2.53 2.45
0.7 1.4 49.5 6.3 9,019 33 24.7 1.59 1.83
0.0 0.0 22.3 7.4 8,875 33 6.6 —-0.95 —-0.63
0.1 0.1 39.8 6.6 9,610 34 12.0 -1.91 -1.35
0.6 1.2 48.1 6.5 7,730 32 16.7 —-0.19 —-0.30
0.1 0.2 45.8 6.7 4911 26 10.9 —-1.87 —2.04
0.0 0.0 30.0 7.5 3,088 19 0.2 -0.99 —1.85
0.0 0.0 38.4 7.0 3,205 20 0.0 —-0.54 -1.82
0.0 0.0 30.9 7.0 2,628 17 1.7 —-0.78 —-1.90
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glacier (in the Waiho catchment) to 593 masl (Baumann et al., 2021) (Figures 1c and 1d; Table 1). Estimates of
glacial erosion rates in the Waiho catchment based on ice-sliding velocities and suspended sediment load obser-
vations over several months show spatial variations between 0 and 25 mm/yr (Herman et al., 2015). Estimates
of glacier erosion rates are unavailable for other catchments. Equilibrium Line Altitude (ELA) estimates in other
Western Southern Alps “index glaciers,” based on observations of end-of-summer snowline elevations between
1981 and 2010, are on average ~1,780 + 100 masl (Lorrey et al., 2022). Current permafrost is estimated to extend
down to ~2,000 masl on shaded hillslopes, and a few hundred meters higher on sunny hillslopes (S. K. Allen
et al., 2009; Sattler et al., 2016), with degrading permafrost likely occurring 100-150 m below these limits (S.
K. Allen et al., 2009). Compared to the wide glacial valleys on the east side of the range, there is relatively little
moraine material preserved in the narrow, steep-sided valleys of the Western Southern Alps (Barrell, 2011).

Landslides have been highlighted as an important erosion process in the Western Southern Alps. Hovius
etal. (1997) reported landslide erosion rates in the range of 1.8—18 mm/yr for the catchments between Paringa and
Waitaha (Table S3 in Supporting Information S1). This landslide inventory is based on landslide mapping below
the treeline between 1948 and 1986, but it is extrapolated to kiloyear timescales using a frequency-magnitude
relationship. Based on an expansion of this landslide inventory to the period 1935-2014, Emberson et al. (2016)
calculated landslide volumes for the catchments between Paringa and Waitaha using a more refined regional land-
slide area-volume scaling relationship estimated by Larsen et al. (2010). Landslide erosion rates averaged across
the 79-yr observation period amount to 0.15-1.25 mm/yr (Table S3 in Supporting Information S1). Landsliding
is reportedly most frequent just below permafrost elevations, attributed to permafrost degradation and hillslope
adjustment following glacial retreat (S. K. Allen et al., 2009, 2011; Jiao et al., 2018). However, only one land-
slide inventory of limited size (n = 509) and short duration extends above the treeline (~1,400 m) (S. K. Allen
et al., 2011), precluding robust conclusions about erosion patterns just below the permafrost zone (~2,000 m).

Active scree, potentially produced by frost-cracking (Hales & Roering, 2005, 2007, 2009), covers <10% of the
Western Southern Alps hillslopes, increasing up to 20% on the highest ridges. Vegetated scree is rare in the
Western Southern Alps (Hales & Roering, 2005, 2009). On the eastern side of the range, where frost-cracking
has been suggested to be the dominant erosional mechanism, 20%—30% of hillslopes are covered by active scree,
and up to 70% by vegetated scree (Hales & Roering, 2005, 2009). It is unclear if these differences across the
range arise from the Western Southern Alps having less terrain at elevations susceptible to frost-cracking or
higher precipitation rates (Figure 1b) that drive a more efficient removal of scree (Hales & Roering, 2009).
Denudation rates on frost-cracking-dominated hillslopes of the eastern Southern Alps have been estimated to
reach up to 0.30-0.86 mm/yr (Hales & Roering, 2009). Based on a segregation ice model that considers MAAT
and the amplitude of annual temperature fluctuations, maximum depth-integrated frost-cracking intensity in
the Southern Alps is predicted between ~1,550 and 2,000 masl (Hales & Roering, 2007, 2009). This modeled
frost-cracking window is supported by mapping of frost-cracking-derived scree, which is consistently found at
elevations of 1,450 + 250 masl, just beneath the modeled frost-cracking window (Hales & Roering, 2005, 2009).
Given that this published model seems to capture the frost-cracking dynamics of the study area well (Hales &
Roering, 2005, 2009), and in the absence of multi-year rock temperature, snow, or regolith cover constraints for
the study area that would enable updating the model, we assume that frost cracking throughout the Southern Alps
is concentrated between ~1,550 and 2,000 masl.

4. Methods
4.1. 1°Be Sample Collection, Preparation, and Measurement

We collected river sand samples in November 2017 from exposed fluvial bars ~300 m around the sampling
points listed in Table 2. Locations were chosen to be as close as possible downstream from the Alpine Fault, but
not immediately downstream from recent landslides. The 125-710 pm grain size fraction was processed in the
GeoForschungsZentrum (GFZ) Potsdam HELGES laboratory following standard cosmogenic nuclide sample
preparation procedures (Nishiizumi et al., 1989; Von Blanckenburg et al., 2004; Wittmann et al., 2016). Analyt-
ical procedures and treatment of AMS data and uncertainties are detailed in Supporting Information S1, and the
outlines of the catchments and raw CRN data are available in the Zenodo online repository (https://zenodo.org/
record/8385574) and the Octopus CRN data base (https://octopusdata.org/).

Catchment-averaged denudation rates were calculated using the Basinga ArcGIS toolbox (Charreau et al., 2019),
assuming a rock density of 2.7 g cm™3. A SLHL (Seal Level High Latitude) reference production rate of
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3.84 + 0.08 at g~! yr~! has been calibrated locally in the Southern Alps by Putnam et al. (2010) using the Lal/
Stone scaling model. This value was used to calculate catchment-averaged '°Be production from the production
rates of each pixel in the catchment (Table 2). Catchment production rates were calculated assuming that current
glacier cover (Figure 1d) completely shields the bedrock surface from cosmic rays. No topographic shielding
correction was applied following recommendations from DiBiase (2018). Likewise, no snow cover corrections
were applied, given that data on snow pack thickness in the steep terrain of the Western Southern Alps are not
available. Nevertheless, in studies from other locations where snow cover data were available, snow was esti-
mated to reduce the CRN production by <15% (Gosse et al., 1995; Schildgen et al., 2005; Wittmann et al., 2007).
This value is lower or similar to common denudation rate uncertainties in fast-eroding settings. The integration
timescale over which our catchment-averaged denudation rates are representative was calculated based on the
time required to erode one e-folding length, z* = A/p ~ 60 cm of the °Be production profile, where A is the
attenuation length of 160 g cm~2 for spallation production, and p = 2.7 g cm~ is the bedrock density (Lal, 1991,
von Blanckenburg, 2005).

Published catchment-averaged '’Be denudation rates from Larsen et al. (2014, 2023) were recalculated using the
same density, reference production rate, scaling scheme, and ice mask (Table S3 in Supporting Information S1).
We excluded from our analyses the Gunn Ridge north-draining tributary (Larsen et al., 2023), because its drain-
age area of 0.5 km? is four orders of magnitude lower than most of our sampled catchments. We include the other
two bigger tributaries (Table 1), in our plots for reference, but exclude them from our analyses because (a) These
creeks are smaller than our observed ~2 km? drainage area threshold for fluvial channel initiation, thus they
do not meet our criteria for calculating channel steepness index (see Section 4.3 below); (b) In landslide-prone
settings, '’Be denudation rates from such small catchments are unlikely to be representative of long-term denuda-
tion rates (Niemi et al., 2005; Yanites et al., 2009). However, we incorporate Larsen's et al. (2014, 2023) comple-
mentary data set from soils and small tributaries into our discussion later.

4.2. Exhumation Rates

To estimate exhumation rates over the last few Myr, we compiled and reinterpreted 490 published zircon
fission-track (ZFT), zircon (U-Th)/He (ZHe), apatite fission-track (AFT), and apatite (U-Th)/He (AHe) cool-
ing ages (Table S2 in Supporting Information S1). Reported AFT cooling ages of 0 Myr were excluded; these
ages are indicative of fast exhumation but do not provide quantitative constraints on exhumation rates. Cooling
ages were converted to steady-state, vertical exhumation rates using the age2exhume script (van der Beek &
Schildgen, 2023), with an initial geotherm of 25°C/km, a thermal diffusivity of 30 km?/Myr, a model thickness
of 25 km, a temperature at 0 masl elevation of 14°C and a lapse rate of 5°C/km. To correct for local topographic
relief and surface-temperature variations, we follow Willett and Brandon (2013) in considering each sample's
position relative to a smoothed version of the topography, with a smoothing radius defined by 7 X z,, with z_ being
an estimated closure depth. The estimated z, for each system was as follows: 2,000 m (AHe), 3,500 m (AFT),
5,000 m (ZHe), and 6,000 m (ZFT). Details on the model and parameters of each thermochronological system
can be found in van der Beek & Schildgen (2023). Because the model assumes steady rock uplift and constant
topography, it provides only first-order estimates of exhumation rates and regional patterns of exhumation.

We produced an interpolated map of exhumation rates as a reference for long-term rock-uplift rates, combining
samples from the ZFT, ZHe, AFT, and AHe systems to maximize spatial coverage. This interpolation was done
using the IDW tool in ESRI's ArcMap with the inverse distance weighted technique, using a minimum of four data
points within a maximum search radius of 20 km. Catchment-averaged exhumation rates were estimated from
the interpolated map. Interpolated maps using only ZFT or AFT data (the only two thermochronometric systems
with sufficient spatial coverage) produce very similar patterns and rates (Figure S4, Table S3 in Supporting
Information S1). Cooling ages have an associated uncertainty that results in a range of possible exhumation-rate

Figure 3. ''Be catchment-averaged denudation rates compared to: (a) throw rates at the catchment outlet; (b) catchment-averaged throw rates; (c) mean catchment

k

sn?

a proxy for uplift rates; (d) suspended sediment yield-based catchment-averaged erosion rates (Table S3 in Supporting Information S1). These are derived from

a raster that interpolates river suspended sediment yield data, produced by New Zealand's National Institute of Water and Atmospheric Research (NIWA). The raster
is based on sediment-yield data from 233 New Zealand catchments collected between the 1960s and 1990s; for raw data and details on the model construction, see
Hicks et al. (2011). To convert sediment yields (t km~2 yr~!) into erosion-rate estimates (mm yr~"'), we assumed a rock density of 2.7 g cm~3. (e) Long-term estimates
of landslide erosion rates from Hovius et al. (1997); (f) decadal estimates of landslide erosion rates based on landslide volumes and associated uncertainties from
Emberson et al. (2016). 1:1 lines shown for reference. In each panel, the metric integrating over a longer period of time is plotted on the x-axis, and the one integrating

over a shorter timescale on the y-axis.
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estimates (Table S2 in Supporting Information S1); for our analyses, we use the intermediate exhumation-rate
estimate. Systematic uncertainties in exhumation rates relate to the unknown geometry of the Alpine Fault ramp,
but those are difficult to quantify.

4.3. Topographic Analyses

To complement the exhumation-rate estimates, we measured geomorphic variables that can also reflect differ-
ences in rock-uplift rates (Table 1). We used the 90-m resolution SRTM DEM (Van Zyl, 2001) because the 30-m
resolution SRTM and ASTER DEMs have either numerous holes or elevations that do not match the known
elevations of several peaks in the Southern Alps.

For each of the CRN sample collection points, we extracted the DEM of the upstream catchment (Figure Ic,
Table 2). For each catchment, we calculated the elevation distribution, catchment area, topographic relief and
slopes in ESRI's ArcMap 10.7 using the Spatial Analyst toolbox. Using the slope map, we calculated the propor-
tion of catchment areas steeper than the threshold hillslope angle of 32° for the Western Southern Alps (Clarke &
Burbank, 2010). We observe that fluvial processes become dominant in drainage areas >2 km?; for all catchments
larger than this threshold, normalized channel steepness indices, k,, were calculated with the Topographic Analy-
sis Kit, TAK (Forte & Whipple, 2019) for TopoToolbox (Schwanghart & Scherler, 2014), using a channel segment
length of 1 km and a reference concavity value 8 = 0.45 (k,, = A®S, where A is drainage area and S is channel slope).
The average concavity of the rivers in our study area was € = 0.52; however, we opted for using the more widely

used value of 0.45 because this value does not alter the main patterns of k_, and it facilitates comparison with other

sn’
studies. Glaciated parts of the catchment were excluded from catchment mean k, calculations. Uncertainties in the
mean catchment k, values correspond to the standard errors of the mean k_,. We also produced a map with interpo-
lated k , values with TAK, by spatially averaging k , values within a 5-km circular moving window, to explore the

relationship between exhumation rates at their sampling points and k, (Figure S4a in Supporting Information S1).

4.4. Data Plotting, Analyses, and Regressions

Plots, regressions, and calculations of the coefficient of determination (R?) and P-values shown on the plots were
performed using OriginPro 2018. We opted for not using weighted regressions because CRN denudation-rate uncer-
tainties (both absolute and relative) are systematically correlated with the magnitude of the estimated denudation
rate. We found that error-weighted regressions were not a good representation of our entire data set because they
placed disproportionate importance on the lowest denudation rates with low uncertainties and practically ignored
data points with denudation rates >3 mm/yr. For catchments with repeated measurements (Karangarua, Whataroa,
and Hokitika; sampled both in this paper and in Larsen et al., 2014), we proceeded to the analyses using our '’Be
denudation rate value because it was obtained during the same sampling campaign as the rest of our data set.

To explore possible patterns of non-uniform erosion across the range (i.e., perpendicular to the strike of the
Alpine Fault), we searched for the distance-from-fault surface trace or elevation windows that best correlate with
our !°Be denudation rate data set for different combinations of central values and window sizes. This was done in
MATLAB using the binned distribution of elevations or distance-from-fault values of each catchment (using bin
sizes of 100 and 500 m, respectively). To search for the distance-from-fault window that best correlates with 1°Be
denudation rates, a raster with the minimum distance from the fault for each pixel was generated with ArcGIS,
and the distribution of distance-from-fault values was extracted for each catchment. To search for the optimized
elevation windows, we considered the hypsometry of each catchment. The output of the MATLAB script (which
can be found as a file in Supporting Information S1 and in the Zenodo online repository: https://zenodo.org/
record/8385574) is a matrix that shows the goodness-of-fit (R?) that results from comparing '°Be denudation
rates with different elevations and distance-from-fault windows.

We tested for combinations of some independent variables that could predict denudation rate variability better
than a single variable via stepwise regression. For details and results on this method, see the Supporting
Information S1.

5. Results

Our sampled catchments cover a wide range of exhumation rates, uplift rates, and climate conditions, such that
the influence of these parameters on denudation rates can be evaluated via regression analyses (Table 1). In
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this section, we start by presenting and comparing published and new constraints on rock-uplift rates along the
Western Southern Alps. To identify the relative importance of different erosional processes and their potential
climatic and tectonic controls, we compare our new CRN denudation rates to these rock-uplift rate proxies,
published erosion rates, published climate data, and our topographic metrics. We then examine whether erosion
may be enhanced at certain distances from the Alpine Fault or at certain elevations, and we explore the relative
influence of different climate-mediated erosional processes on erosion.

5.1. Published and New Constraints on Rock-Uplift Rates and Topography

Our thermochronology-based exhumation estimates are shown graphically in Figure le. Interpolated exhumation
rates calculated using only ZFT samples are generally greater than those calculated using only AFT samples
(Figures S4b and S4c in Supporting Information S1). Given that most available samples (Table S2 in Supporting
Information S1) are from these thermochronometric systems, Figure 1le essentially represents the average exhu-
mation rates from ZFT and AFT (Figure S4d, Table S3 in Supporting Information S1). The data reveal that along
the Western Southern Alps, exhumation rates are highest between the Karangarua and the Poerua catchments,
locally peaking at ~5—-10 mm/yr around the Fox and Waiho catchments, and decay to the SW and NE (Figures le
and 2c). This pattern generally agrees with published thermochronological studies (Batt et al., 2000; Herman
et al., 2009; Jiao et al., 2018; Little et al., 2005; Tippett & Kamp, 1993a, 1993b). Topographic relief is highest in
this central Western Southern Alps region with the fastest exhumation: mean elevations >1,500 masl and maxi-
mum elevations >2,500 masl only occur in the Fox and Waiho catchments (Figures 1c and 2a). Fault-throw rates
along the Alpine Fault also reach their maximum of ~10 mm/yr around the Fox-Waiho area, and decrease to the
SW and NE, with the sharpest decrease at the intersection of the Hope Fault, the first fault of the Marlborough
Fault System (Figures 1c¢ and 2a). Mean catchment k , values show a similar pattern, with a maximum located
where exhumation rates and fault-throw rates are highest, and decreasing values to the SW and NE, especially
NE from the Hope Fault intersection (Figures 1d and 2b). In particular, mean catchment k , values correlate with
the fault-throw rate at each catchment's outlet (P < 0.001, R* = 0.56; Figure 2d). k,, also shows a general increase
with exhumation rates, both for catchment-averaged values (Figure 2e), and for values extracted from a gridded
k,, map (Figure S4 in Supporting Information S1) for each thermochronology sample point (Figure 2e, inset).
Overall, the available rock-uplift constraints and topographic proxies of rock-uplift (relief, k) show general
agreement. However, fault-throw rates are on average ~4 times higher than the catchment-averaged exhumation
rates (Figure 2f, Table 1).

5.2. New Catchment-Averaged Denudation Rates and Comparison With Rock-Uplift Rates, Their
Geomorphic Expression, and Published Erosion Rates

Our new CRN denudation rates for the 19 major catchments between the Paringa and Maruia rivers and for one
small frontal catchment mostly range between ~0.6 and 9 mm/yr (Figure 1c). Only the Fox and Waiho catch-
ments, with very low '“Be concentrations (Table 2), may be denuding faster, but rate estimates for these catch-
ments have very large uncertainties. Two other samples, our sample from the Waitaha and Larsen et al.'s (2014)
Hokitika sample yielded denudation rates of ~9 mm/yr from higher '°Be concentrations, while having much
lower uncertainties (Table 2 and Table S3 in Supporting Information S1). Hence, we infer that it is unlikely that
denudation rates for the Fox and Waiho catchments are <9 mm/yr. Because uncertainties on the Fox and Waiho
rates are too large to help constrain correlations with potential controlling parameters, they are excluded from any
calculations but included in our plots for reference.

Our CRN denudation rates integrate over the last 275 yr on average, ranging from 67 yr for the Waitaha catch-
ment to 958 yr for the Taramakau catchment (Table 1). Because enhanced sediment fluxes after major Alpine
Fault earthquakes have been independently estimated to persist for ~50-60 yr, and the last such earthquake was
in 1717 CE (Howarth et al., 2014), our CRN denudation rates mostly represent inter-seismic erosion, except in
catchments with relatively low denudation rates. The rates vary independently of catchment area (Figure S6a in
Supporting Information S1, P = 0.88), indicating no systematic bias due to individual landslides or insufficient
sediment mixing (Niemi et al., 2005; Yanites et al., 2009). Combining our data with published CRN concentra-
tions from seven catchments (Larsen et al., 2014) yields a data set of 19 major catchments, with three repeated
measurements that show good reproducibility. The data also include five tributary or small frontal catchments, of
which the three catchments >2 km? are included in our analyses, and the two <2 km? are plotted only for refer-
ence (Figures 1c and 2a, Table S3 in Supporting Information S1).
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CRN denudation rates, peaking in the central western Southern Alps and tapering to the NE and SW, with a sharp
decline north of the intersection with the Hope Fault, follow the general pattern of exhumation rates, late Quater-
nary Alpine Fault throw rates, and catchment mean k , (Figures 2a—2c). CRN denudation rates show a good
agreement with catchment mean k_, (P < 0.001, R? = 0.49, Figure 3c), a proxy for rock uplift (Figures 2d and 2e)
(Whipple et al., 1999). However, when compared directly, neither the fault-throw rates at the catchment outlets
(P =0.03, R? = 0.25; Figure 3a) nor the catchment-averaged exhumation rates (P = 0.41, R? = 0.04; Figure 3b)
correlate well with the observed variability in CRN denudation rates. CRN denudation rates are generally lower
than fault-throw rates (Figure 3a) and higher than catchment-averaged exhumation estimates (Figure 3b), but
are generally within £50% of these rock-uplift rate constraints (Table 1). Moreover, they are poorly correlated
with other tectonic-influenced geomorphic variables, such as catchment relief or mean/maximum elevations
(P = 0.007-0.24, R?> ~ 0.08-0.34, Figures S5a-S5c in Supporting Information S1), mean slope (P = 0.054,
R? = 0.19, Figures S5d and S5e in Supporting Information S1) or the proportion of catchment area steeper
than the threshold hillslope angle of 32° for the Western Southern Alps (Clarke & Burbank, 2010) (P = 0.06,
R?=0.19, Figure S5f in Supporting Information S1).

To test whether suggested rock-uplift rate gradients perpendicular to the strike of the range influence CRN denu-
dation rates, we examined whether erosion is enhanced at any distance from the Alpine Fault. We perform this
test with the assumption that if rock-uplift rates were substantially greater either closer to the fault, at the main
drainage divide, or halfway across the range, then catchments with a larger proportion of their drainage area
within that particular distance-from-fault window (Figure S7a in Supporting Information S1) would experience
faster denudation. A distance-from-fault window centered at ~11.5 km east of the fault, with a window size of
~12 km (i.e., ~6 to ~17 km east of the fault), is the one that best correlates with denudation rates (Figure S7b
in Supporting Information S1). However, it only explains ~16% of the variability in our data set, and at a signif-
icance level of 1%, the null hypothesis that distance from the fault does not influence denudation rates cannot
be rejected (P = 0.075, R? = 0.16, Figure S7¢ in Supporting Information S1). This finding further implies that
the decrease in the metamorphic grade with distance from the Alpine Fault into the hanging wall also does not
explain the variability in denudation rates well (Figure S1 in Supporting Information S1).

CRN denudation rates are ~25%—80% higher than erosion rates based on suspended sediment yields (Hicks
etal., 2011), with which they show a somewhat systematic agreement (P < 0.001, R? = 0.47, Figure 3d, Table S3
in Supporting Information S1). Long-term landslide erosion rates below the tree line (Hovius et al., 1997) range
from 5x higher to having values similar to our CRN denudation rates, with a median of 60% higher values for
the long-term landslide erosion (Figure 3e, Table S3 in Supporting Information S1). However, landslide erosion
rates averaged over 79 years (1935-2014) (Emberson et al., 2016) suggest that mass wasting below the treeline
only accounts on average for ~10%—15% of the catchment-averaged '°Be denudation rates over this time period
(Figure 3f, Table S3 in Supporting Information S1). For the catchments that overlap with the landslide database
(Paringa to Waitaha, Table S3 in Supporting Information S1), the mean integration timescale of the CRN data is
~128 years. While this longer timescale does not preclude the possibility that larger, less frequent landslides that
occurred before 1935 add to the erosion captured by CRN data, the discrepancy between erosion estimates likely
signals significant erosion by other processes, or at locations above the tree line.

5.3. Comparison of Catchment-Averaged Denudation Rates With Climate and Climate- Mediated
Erosional Processes

We first compare our CRN denudation rates against the main climate and climate-mediated variables suggested
to control erosion in the Western Southern Alps: precipitation and glacial cover. Differences in catchment-median
annual precipitation (P = 0.02, R?> = 0.26, Figure 4a) and median rainfall intensity (Figure S6¢ in Supporting
Information S1), do not show significant corelations with CRN denudation rates. Only in three catchments do
glaciers currently cover >15% of the catchment area, two of which are Fox and Waiho (excluded from our regres-
sions) with 50% and 40% glacial coverage, respectively. Excluding Fox and Waiho, the average glacial cover for
our studied catchments is <4% (including them, 7%), with more than half of the catchments having <1% glacial
cover (Figures 1d and 2b, Table 1). We found a weak correlation between current glacial extent and CRN denu-
dation rates (P = 0.004, R? = 0.22, Figure 4b). Glacier extents could have been ~100 m lower at the beginning
of our average CRN integration timescale, ~275 years ago (Putnam et al., 2012) (see Study Area section, Figure
S3a in Supporting Information S1). In that case, the average proportion of catchment area covered by glaciers
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Figure 4. (a) Denudation rates against catchment-averaged median annual precipitation (MAP), derived from the 500 m X 500 m resolution rasters of MAP from
NIWA, based on data from the period 1981-2010 (Figure S2 in Supporting Information S1). Details on the raw data acquisition and interpolation can be found in Tait
et al. (2012). (b) Denudation rates against the proportion of catchment area currently covered by glaciers, and in the inset, the proportion of catchment area covered by
glaciers if glaciers are lowered by 100 m elevation (i.e., their likely position at the beginning of the '°Be average integration timescale). (c) Color map plot of the R?
values that result from plotting denudation rates against elevation bins with different sizes (y) and central values (x). Hashed pattern represents combinations of (x) and
(y) that are not possible given the catchment hypsometries. (d) Denudation rates versus % of catchment area in the 1,500-2,000 m elevation window.

would increase to 5% excluding Fox and Waiho, and 8% including them (Table 1). Glacial coverage per catch-
ment would have been 0%—88% greater than current extents, with an average increase of 26% (Table 1). This
extended glacier coverage affects the relationship between glacier coverage and denudation rates only marginally
(P =0.03, R? = 0.24, Figure 4b inset).

Using stepwise regression, we find that no combination of the variables examined so far explains denudation
rates better than k, alone (Tables S5-S7, see Methods and extended methods in Supporting Information S1).
Next, we examine whether erosion may be locally enhanced within the catchments at a certain elevation due to
non-uniform precipitation or temperature. A potential for such enhancement is suggested by provenance studies
(Jiao et al., 2018; Nibourel et al., 2015) and mapping of landslides (S. K. Allen et al., 2011) and scree distribu-
tions (Hales & Roering, 2005, 2009). In that case, we would expect that catchments with a larger proportion of
their drainage area within a certain elevation window experience faster denudation. Three elevation windows
correlate with denudation-rate variability substantially better than k_: Two with R? = 0.66 and P < 0.001, for
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1,750 + 150 masl and 1,850 + 150 masl; and one with R? = 0.64 and P < 0.001, for 1,750 + 250 masl (i.e.,
1,500-2,000 masl) (Figure 4c and Figures S3c and S3d, Table S4 in Supporting Information S1). We note that
the first two combinations are embedded in the latter, and the difference in the goodness-of-fit of the correlations
are minimal, so we proceed with 1,500-2,000 masl as the preferred optimized elevation window (Figure 4d).

The 1,500-2,000 masl elevation window mostly coincides with the catchment and interfluve drainage divides and
represents only 16% of the study area (Figures 5a and 5e). Although k_, values are slightly higher for the 1,500-2,000
masl elevation range than lower-elevation windows (Figure 5b), only ~1% of the Western Southern Alps drainage
network (considering a minimum flow accumulation threshold for fluvial channels of 2 km?) is located at these
elevations, comprising steep channel heads (Figures 1d, 5a, and 5b inset). Exhumation rates do not appear to be
greater in this elevation range (Figure Sc), although to confirm this, a higher density of samples from high eleva-
tions would be needed (Figure Sc, inset). The 1,500-2,000 masl elevation window encompasses a wide range of
distances from the Alpine Fault (Figure 5a, Figure S8 in Supporting Information S1), and is not characterized by
a particular lithology, steeper slopes, or higher median annual precipitation (MAP) or rainfall intensity than the
average for the Western Southern Alps (Figure S9 in Supporting Information S1). It is, however, characterized by a
colder and narrower MAAT range compared to the whole study area (Figure S9d in Supporting Information S1).

While the majority of the Western Southern Alps is covered by forest (Figure 5d), in the 1,500-2,000 masl
elevation range, 22% of the area is covered by glaciers, 77.4% by bare bedrock, and 0.5% by scrub vegetation
(Figures 5d and 5f). Extending the currently mapped glaciers down by 100 m in elevation (assuming a +100 m
isotherm shift in the last ~275 years, see Section 3.2) at the beginning of our average CRN integration timescale,
glaciers would have covered 28.1% of the 1,500-2,000 masl elevation range (Figure S3a in Supporting Informa-
tion S1, Figure 5f). The 1,500-2,000 masl elevation range is located between the hypsometric maxima of bare
bedrock and glaciers (i.e., between the elevations with maximum bare bedrock and maximum glacial coverage),
and just below the lowest estimated permafrost limit for the study area (Figure 5e). Thirty percent of the area in
the 1,500-2,000 masl elevation window is within 100 horizontal meters of the nearest glacier, 50% within 300 m,
and 80% within 1 km (Figure 6a). Although most of this elevation window is bare bedrock, the proportion of
catchment area with bare bedrock does not correlate with denudation rate variability as well as the proportion of
catchment area at 1,500-2,000 masl (P = 0.02, R? = 0.26, Figure 6a, inset).

5.4. The Interplay of Rock Uplift, Elevation, Climate, and Erosion

We next test if the elevation dependence of denudation rates reflects temperature dependence. To first order,
frost-cracking is controlled by MAAT and annual temperature fluctuations (Andersen et al., 2015; R. S. Anderson
et al., 2013; Hales & Roering, 2007; Rempel et al., 2016; Rengers et al., 2020), whereas deglaciation (and hence
paraglacial erosion) is largely controlled by MAAT (Gridmiger et al., 2017, 2020; Hugentobler et al., 2022). These
climate-mediated erosional processes are also controlled by bedrock characteristics (R. S. Anderson et al., 2013;
Hales & Roering, 2007; Hugentobler et al., 2022; Rempel et al., 2016). Since lithology and annual temperature
fluctuations are relatively uniform across the Western Southern Alps (Figure S1a in Supporting Information S1,
Hales & Roering, 2005, 2007, 2009), MAAT should be the main common parameter controlling variations in
both peri- and paraglacial erosion.

We examined the potential influence of temperature-controlled erosional processes by plotting the distribution of
MAAT values within each catchment, color-coded by the catchment-averaged denudation rate (Figure 6b). We
consider the 0—4°C MAAT range as the most likely to host the frost-cracking and paraglacial adjustment window
for the Western Southern Alps, based on published estimates (Hales & Roering, 2007, 2009). We find that catch-
ments with MAAT distributions skewed toward lower temperatures, that is, with a greater proportion of their
areas within the 0—4°C MAAT range, denude faster than those with MAAT distributions skewed toward higher
temperatures (Figure 6b). The correlation of CRN denudation rates with the proportion of catchment area with
0-4°C MAAT (P < 0.001, R? = 0.63, Figure 6b inset) is much stronger than with the catchment-mean MAAT
(P =0.007, R? = 0.34, Figure S6b in Supporting Information S1).

To further test if elevation-dependent erosional processes play an important role in modulating denudation rates in
the Western Southern Alps, we check if the residuals of the regressions of CRN denudation rates versus fault-throw
rates (Figure 3a) and exhumation rates (Figure 3b) are well explained by the proportion of catchment area in the
1,500-2,000 masl window. We find that the proportion of catchment area in the peri- and paraglacial erosional
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window explains >60% of the scatter in the relation between denudation rates and throw rates (P < 0.001, R?> = 0.66;
Figure 6¢) and exhumation rates (P < 0.001, R? = 0.60; Figure 6d). This result suggests that processes occurring
at these elevations modulate the tectonic control on denudation and can amplify or reduce denudation rates by a
few mm/yr (Figures 6a and 6b, Table 1). We find an almost identical result if the proportion of catchment area
with 0-4°C MAAT is used instead of the 1,500-2,000 masl window (Figure S10 in Supporting Information S1).

In all mountain regions, MAAT is dictated by elevation, so it is at least partially controlled by rock-uplift rates.

We find that as rock-uplift rates (here represented by k_, as it scales both with throw rates and exhumation rates,

sn’
Figures 2d and 2¢) increase, the proportion of the catchment area within the elevation window that hosts peri- and
paraglacial erosion (below referred to as the PPPEw) increases, resulting in faster catchment-averaged denuda-
tion (Figure 7). Stepwise regression analyses reveal that a linear model including only PPPEw as an independent
variable performs as well as a model including both k, and PPPEw as independent variables (see Methods and
Table S6 in Supporting Information S1). In other words, k, (i.e., tectonics) becomes redundant when combined

with PPPEw, probably because PPPEw already embeds an underlying tectonic control (Figure 7).

6. Discussion
6.1. Insights Into Rock-Uplift Distribution

CRN denudation rates are within the same order of magnitude, and generally within +50%, of fault-throw
rates (Figures 2a and 3a) and thermochronology-derived exhumation rates (Figures le, 2c, and 3b) and show
a reasonably good correlation with k, (Figure 3c). This finding suggests that tectonics is the first-order control
on denudation, and that the Western Southern Alps landscape is close to an erosional steady state, as first
suggested by Adams (1980). Our CRN denudation rates are generally lower than Holocene Alpine Fault throw
rates (Figures 2a and 3a), probably because our data mainly capture inter-seismic erosion, while throw rates
integrate over several seismic cycles (Norris & Cooper, 2001). Fault-throw rates that capture rock-uplift at the
fault are greater than catchment-averaged exhumation rates (Figure 2f, Table 1), possibly because exhumation is
likely fastest close to the Alpine Fault (Figure 1e), and hence exhumation averaged over entire catchments may
be inherently lower.

Our analyses also provide insights into the spatial distribution of rock-uplift rates along the range. Our denuda-
tion rates show that the zone of extremely fast erosion (>9 mm/yr) is limited to the Fox and Waiho catchments
(Figure 2a), supporting the conclusions of a thermochronological study that infers that this narrow sector is
affected by a restraining bend that locally generates extremely fast rock uplift (Little et al., 2005) (Figures le
and 2c). The distribution of CRN denudation rates and k , values along the Alpine Fault (Figures 2a and 2b) also
support previous observations, based on late Quaternary throw rates, of a sharp decrease in rock-uplift rates
north of the intersection of the Hope Fault, likely due to slip redistribution onto the Marlborough Fault System
(Figure 1c) (Norris & Cooper, 2001).

Our findings of a lack of a strong distance-from-fault control on denudation rates (Figure S7 in Supporting Infor-
mation S1) are not consistent with studies suggesting that rock uplift is fastest either at the main drainage divide
(Beavan et al., 2010), halfway across the range (Adams, 1980), or closer to the Alpine Fault (Batt et al., 2000;
Herman et al., 2009; Little et al., 2005; Tippett & Kamp, 1993a, 1993b). Our results also differ from a prove-
nance study suggesting enhanced erosion ~11 km SE of the Alpine Fault (Nibourel et al., 2015). The apparent
disagreements may arise because: (a) across-range rock-uplift patterns may not be uniform along the length
of the Western Southern Alps, and the studies were conducted in different sectors along strike; (b) the studies
integrate over different timescales (e.g., <10! yr for the GPS-based study, Beavan et al., 2010); ~102 yr for our
CRN study; >10° yr for the terrace-based study (Adams, 1980); 108 yr for the thermochronological studies (Batt

Figure 5. (a) Location in the map of the 1,500-2,000 masl elevation window. (b) Distribution of k , values of channel segments for different elevation bands, extracted
from Figure 1d. The inset shows the proportion of the total drainage network that falls in each elevation band. (c) Distribution of exhumation rate values for different
elevation bands, extracted from Figure le. The inset shows the number of thermochronological samples (Figure 1e) that are located in each elevation band. (d)
Distribution of current land cover types from the EcoSat landcover map derived from Landsat 15 m X 15 m resolution imagery by New Zealand Landcare Research.
Details on the methods applied to Landsat imagery to classify land cover can be found in Dymond and Shepherd (2004a, 2004b). (e) Hypsometry of different types of
land cover for the Western Southern Alps study area. The dashed vertical dark blue line marks the lower limit of permafrost on the study area (S. K. Allen et al., 2009;
Sattler et al., 2016), with the blue arrow pointing at the elevation range likely affected by permafrost. (f) Distribution of types of land cover in the 1,500-2,000 masl
elevation window, for the current cover extents, and for the scenario with 100 m lower glaciers (likely conditions at the beginning of our average '°Be integration

timescale ~275 years ago).
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Figure 6. (a) Distribution of horizontal distance to nearest glacier for the area within the 1,500-2,000 masl elevation window. The inset shows °Be denudation
rates plotted against the proportion of catchment area with bare bedrock (Table 1). (b) Distribution of median annual air temperatures (MAAT) for each catchment,
color-coded by catchment-averaged denudation rate. MAAT is derived from the 500 m X 500 m resolution rasters of median annual temperature from NIWA,
based on data from the period 1981-2010 (Figure S2 in Supporting Information S1). Details on the raw data acquisition and interpolation can be found in Tait and

Macara (2014). The inset shows denudation rates versus the proportion of catchment area with MAAT between 0 and 4°C (the window of peri- and paraglacial erosion

for the study area). The thick black line corresponds to the elevation distribution of all Western Southern Alps catchments combined. Residuals from the regressions

of '"Be denudation rates versus throw rates at catchment outlets (Figure 3a) and versus catchment-averaged exhumation rates (Figure 3b) plotted against the proportion
of catchment area at 1,500-2,000 masl, in (c) and (d), respectively. Equivalent graphs plotted against the proportion of catchment area with MAAT between 0 and 4°C

are shown in Figure S10 in Supporting Information S1.

et al., 2000; Herman et al., 2009; Little et al., 2005; Tippett & Kamp, 1993a, 1993b), and different rock-uplift
patterns may dominate over different timescales; and/or (c) the spatial patterns of denudation and rock uplift may
be decoupled if variables other than rock uplift modulate the connection between tectonics and erosion. Indeed,
the relatively good correlation between denudation rates and &, (Figure 3c) but weaker correlation with throw
rates (Figure 3a), exhumation rates (Figure 3b), relief and mean/maximum elevation (Figure S5 in Supporting
Information S1), may indicate that processes other than tectonics also influence erosion and mountain topography

in the Western Southern Alps.

RODA-BOLUDA ET AL.

21 of 31

858017 SUOWILIOD BATes1D 8 qeot dde aup Aq pausenob a1e 3o e YO ‘SN JO Ss|ni oy A%eiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUe-SWLSI WD A3 1M AeIq 1 BUI|UO//SANY) SUORIPUOD pUe SWie 1 84} 83S *[£202/2T/80] Uo ARIqIT8UIUO 8|1 ‘Z4D Wepsiod winiuszZ-zoyweH Aq T/220040€202/620T 0T/10p/L0o 48| im Areiqijeul|uo'sgndnBe//sdny wouy pspeojumoq ‘TT ‘€202 ‘TT0669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface

10.1029/2023JF007271

R e e——————— -
= . Be denudat \ |
o I g ‘
i ) —_— L T i
o 3¢ '—H! -
- 50 — i’ 8 /»—-4’_H s
< $e . ] g
<§E i P P<.001 1
@ Ny R?=0.53
c 40 E4 4 y=23.8(+1549) | -
= £ T +55.2(x11.6)x =
2 10 O 1
© 80 160 120 140 160 180 200 220 P
© 30 Mean catchment k,(m®®) o |
® | o - |
-E 7z 00—
£ 20 - — 8 i
5 | g =-39.9(+9.0)+0.46(+0.07)x
- 7’ P<.001, R?=0.70
e ;
O 10 4 T |
Y 7
o T = ! - ‘
- | > | o b
o~ s
0—+=—a— - —> Faster uplift
e
I I T I T I I T I T
80 100 120 140 160 180 200

Mean catchment k,(m®®)

Figure 7. Proportion of catchment area with median annual air temperatures (MAAT) between 0 and 4°C, and catchment
median annual precipitation (MAP, inset) plotted against k_, proxy for uplift rates, color-coded by catchment denudation rate.
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6.2. Erosional Processes Driving Elevation-Dependent Denudation and Their Links to Tectonics

Our findings suggest that catchment-averaged denudation rates are modulated by elevation-dependent erosional
processes (Figures 4c and 4d), preferentially occurring at bare bedrock slopes and ridges in the 1,500-2,000
masl elevation range (Figures 5 and 6a), and potentially influenced by temperature (Figure 6b). We suggest
that the proportion of catchment area at 1,500-2,000 masl is the variable that best correlates with denudation
rates because this variable partially embeds tectonic information (Figure 7): rock uplift is the main mechanism
creating mountain relief that can reach elevations >1,500 masl (Figures 2a—2c), and hence it exerts an underlying
primary control on denudation rates. Moreover, bedrock in ridges (where most of the 1,500-2,000 masl window
is located, Figure 5a) has been subjected to uplift for longer than bedrock in valleys, and has less confining
support, possibly facilitating other erosional processes. However, this tectonic control appears modulated by
elevation-dependent, likely temperature-mediated, erosional processes, which explain denudation-rate variability
(Figures 4c, 4d, and 6b) and the residuals in denudation versus rock-uplift regressions (Figures 6¢ and 6d) better
than any other variable (Table S6 in Supporting Information S1), and 15% better than k. There is no evidence
for rock-uplift rates being greater at the 1,500-2,000 masl elevation range, although more thermochronological
data from high elevations are needed to test this hypothesis (Figure 5c). Likewise, the potential contribution of
advection to enhanced erosion on bedrock ridges, and the role that increased ridge erosion may play in drainage
divide mobility (Castelltort et al., 2012) should be investigated in the future.

The Fox and Waiho catchments are still clearly dominated by glacial erosional processes (Table 1, Figures 1d,
2b, and 4b). But for other catchments, and in the 1,500-2,000 masl elevation window, glacier coverage is low
(Table 1, Figures 1d, 2b, and 4b). Hence, we infer that glacial scour is unlikely to be the main erosional process
behind the observed elevation/temperature dependent erosional patterns. Instead, our data suggest that the local-
ized zone of enhanced erosion coincides with the elevation range that has recently experienced or is currently
experiencing glacier retreat (S. K. Allen et al., 2009, 2011; Sattler et al., 2016), with most of the 1,500-2,000
masl window being within 1 km of the nearest receding glacier (Figures 5d—5f and 6a). This is the elevation
range where paraglacial erosional processes are expected to be most active. In the Western Southern Alps, these
elevations also correspond to locations that could have experienced permafrost thawing since the LIA or that
host currently degrading permafrost (S. K. Allen et al., 2009, 2011; Sattler et al., 2016). Indeed, enhanced land-

RODA-BOLUDA ET AL.

22 of 31

858017 SUOWILIOD BATes1D 8 qeot dde aup Aq pausenob a1e 3o e YO ‘SN JO Ss|ni oy A%eiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUe-SWLSI WD A3 1M AeIq 1 BUI|UO//SANY) SUORIPUOD pUe SWie 1 84} 83S *[£202/2T/80] Uo ARIqIT8UIUO 8|1 ‘Z4D Wepsiod winiuszZ-zoyweH Aq T/220040€202/620T 0T/10p/L0o 48| im Areiqijeul|uo'sgndnBe//sdny wouy pspeojumoq ‘TT ‘€202 ‘TT0669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2023JF007271

sliding has been reported at these elevations and is attributed to paraglacial hillslope adjustment and permafrost
degradation (S. K. Allen et al., 2009, 2011). In landslide-prone settings such as the Western Southern Alps, rapid
rock uplift is always necessary to maintain steep slopes and continued landsliding, and it can be challenging
to unambiguously attribute landsliding to paraglacial erosion. However, the spatial and temporal patterns of
landsliding with respect to retreating glaciers link landslide activity to paraglacial adjustment (S. K. Allen
et al., 2009, 2011; Cody et al., 2020). Erosion peaking at 1,500-2,000 masl is also consistent with a provenance
study that found that during the Holocene, most sediment is sourced from high-elevation, recently deglaciated
areas (Jiao et al., 2018). Given that the 1,500-2,000 m elevation window mostly contains bare bedrock ridges and
hillslopes (Figure 5a), and that the Western Southern Alps have little moraine material preserved (Barrell, 2011)
relative to its high sediment fluxes, paraglacial sediment evacuation from moraines is unlikely to be a significant
contributor to our estimated catchment denudation rates.

The 1,500-2,000 masl elevation window of maximum denudation in the Western Southern Alps is strikingly
similar to the 1,550-2,000 masl elevation window suggested to host the most intense frost-cracking on the range
(Hales & Roering, 2007). Therefore, we infer that periglacial erosional processes may be an important contributor
to denudation by modulating physical erosion rates on both sides of the Southern Alps. In support of this interpre-
tation, denudation rates seem controlled by a narrow range of elevations (Figures 4c and 4d), and thus temperatures
(Figure 6b) rather than simply scaling with mean/maximum elevations (Figures S5b and S5c¢ in Supporting Infor-
mation S1) or with catchment-mean MAAT (Figures S6b in Supporting Information S1). If denudation rates
increased (Draebing et al., 2022) or decreased (Lehmann et al., 2020) monotonically with elevation, as reported in
the European Alps, the correlation between denudation rate and catchment mean and maximum elevations should
be stronger than in our findings (Figures S5a-S5c¢ in Supporting Information S1). Our observations are in agree-
ment with findings from Rengers et al. (2020), who measured greater frost-cracking-derived sediment production
at times of lower Mean Air Temperatures, which coincided with times where rock surfaces spent more hours in
the frost-cracking window, and with greater depth-integrated frost-cracking intensities. Low scree coverage in
the Western Southern Alps compared to the eastern Southern Alps was thought to indicate that frost-cracking is
less important than landsliding as an erosional process (Hales & Roering, 2005, 2009). However, differences in
mapped scree between the eastern and western Southern Alps could relate to differences in preservation potential
of the scree, considering the contrasting MAP across the range (Figure 1b and Figure S32b in Supporting Infor-
mation S1). Nevertheless, abundant scree, potentially frost-cracking-derived, can be observed in many parts of
the Western Southern Alps at 1,500-2,000 masl (Figure S12 in Supporting Information S1). Landslides sourced
from hilltops can also be commonly found at these elevations (Figure S12 in Supporting Information S1). These
observations document intense peri- and paraglacial processes occurring in the 1,500-2,000 masl elevation
window, although in detail the exact elevation range of enhanced erosion may vary throughout the study area due
to factors such as hillslope aspect or slope, which affect snow and regolith cover and insulation.

Headwall-denudation rates on frost-cracking-dominated hillslopes of the eastern Southern Alps have been esti-
mated to be <1 mm/yr (Hales & Roering, 2009). In contrast, in the Western Southern Alps: (a) faster rock uplift
supplies fresh bedrock at a faster rate; (b) bedrock is more pervasively fractured (Clarke & Burbank, 2010), poten-
tially enhancing frost-cracking activity; and (c) steeper slopes (Clarke & Burbank, 2010) and greater MAP could
facilitate a more efficient removal of scree, minimizing the accumulation of insulating regolith and efficiently
connecting zones of scree production with the fluvial system. Consequently, frost cracking in the Western South-
ern Alps may facilitate faster denudation compared with the eastern Southern Alps. Moreover, due to the paucity
of insulating scree, frost cracking in the Western Southern Alps could penetrate to depths up to ~2.2 m (Hales
& Roering, 2007), conditioning the bedrock for mass wasting and potentially enhancing paraglacial landsliding.
The presence of bare bedrock in itself correlates only weakly with denudation rates (Figure 6a, inset), indicat-
ing that bedrock exposure and lack of vegetation cohesion are, on their own, insufficient to drive the observed
enhanced erosion. Instead, the lack of vegetation at these elevations (Figures 5d and 5f) likely amplifies thermal
stresses and further facilitates frost cracking (Andersen et al., 2015; Collins & Stock, 2016). Pervasive bedrock
fracturing on its own is also unlikely to generate rapid erosion: although available bedrock fracturing surveys
(Clarke & Burbank, 2010) do not have the resolution to resolve fracture gradients across the Western Southern
Alps, bedrock is expected to be more fractured closer to the Alpine Fault, where our data do not support enhanced
erosion (Figure S7 in Supporting Information S1). Moreover, if slopes are adjusted to differences in erodibility,
we would not necessarily expect bedrock fracturing differences to result in differences in erosion rate.
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We also note that temperature-dependent processes that are effective at 1,500-2,000 masl are not sufficient
on their own to drive enhanced erosion. Steep slopes and rapid rock uplift, both generated by tectonic activ-
ity, are required to facilitate sediment evacuation and ensure continuous bedrock exposure. This interpretation
is supported by the lower denudation rates in the Eastern Southern Alps (despite having more surface area
located at 1,500-2,000 masl; Hales & Roering, 2005, 2009), and by '°Be denudation rates from the Gunn Ridge
north-draining tributary (Larsen et al., 2023). This small tributary (<0.5 km?) of the Whataroa catchment has
52% of its drainage area at 1,500-2,000 masl (Figure S13 in Supporting Information S1, not included in Figure 1
given its very small size), but a '’Be denudation rate of only 0.89 mm/yr (as reported by Larsen et al., 2023;
equivalent to 0.80 mm/yr using the same parameters as for our samples). This rate is more in line with the '°Be
denudation rates from frost-cracking-dominated hillslopes of the Eastern Southern Alps (0.30-0.86 mm/yr; Hales
& Roering, 2009), and with soil denudation rates from the Western Southern Alps (Larsen et al., 2014, 2023). We
propose that the low '’Be denudation rate of the Gunn ridge north-draining tributary could be due to its relatively
low mean slope (mean slope of 23°, in contrast with 29° for the 1,500-2,000 mas] window throughout the study
region), low relief (338 m), very small drainage area, and disconnection from the fluvial system (it is a relict
glacial hanging valley), which mean that scree is not efficiently evacuated. Inefficient scree removal is consistent
with aerial imagery observations, which show abundant vegetated scree on the hillslopes of this tributary (Figure
S13 in Supporting Information S1).

To summarize, our results suggest that elevation-dependent erosion in the Western Southern Alps, with a maxi-
mum at 1,500-2,000 masl, is probably driven by the combined action of temperature-controlled peri- and parag-
lacial erosional processes, superimposed on the primary tectonic control that generates relief at these elevations,
steep slopes, and ensures rapid supply of bedrock. Ultimately, this interpretation should be verified by collect-
ing '“Be catchment-averaged denudation rate samples for nested catchments at different elevations and for catch-
ments with different mean slopes. Although rock uplift is the primary variable controlling erosion, it is not an
erosional process per se; it requires the intervention of erosional processes to exert its control. In doing so, other
factors, such as climate, may become secondary modulators of erosion over <10 yr timescales by amplifying or
decreasing the rates dictated by rock uplift through different erosional processes that are active at particular times
of glacial-interglacial cycles.

Over the last 10'-10? years captured by our CRN data, the link between rock uplift and erosion in the West-
ern Southern Alps seems to be mediated by temperature-controlled processes, which modulate the underlying
tectonic control on erosion (Figures 6¢ and 6d) and explain denudation-rate variability better than rock-uplift
alone (Figures 4c, 4d, and 6b; Table S7 in Supporting Information S1). We propose that the proportion of catch-
ment area at 1,500-2,000 masl explains denudation rate variability 15% better than k , (Figures 3c and 4d) because
this first variable embeds both tectonic information (like k , does), and the influence of temperature-controlled
erosional processes. Surprisingly, we find that temperature seems to be a more important climate variable in
explaining denudation rate variability than precipitation in the Western Southern Alps (Figures 4a and 6b),
and it has a clearer link with tectonics than precipitation (Figure 7), contrasting with common assumptions
(Whipple, 2009). The dominant role of temperature is likely enabled in the Western Southern Alps by the high
precipitation rates throughout the landscape, which mean that most sediment produced is efficiently transported,
producing a dominantly detachment-limited landscape (i.e., bedrock-dominated).

6.3. Implications of Fast Denudation Rates Facilitated by Peri- and Paraglacial Processes, and the Role
of Temperature Modulating Erosion

Both trends in Figures 6¢ and 6d suggest that catchments with <13% of their areas in the 1,500-2,000 masl eleva-
tion range have lower denudation rates than would be expected given their rock-uplift rates, while catchments
with >13% of their areas in that elevation range have higher denudation rates than predicted by rock-uplift, by a
range of values of more than +3 mm/yr (Table 1). Therefore, our data suggest that peri- and paraglacial processes
can significantly modulate catchment-averaged denudation rates and induce erosion rates of >2 mm/yr, balancing
some of the highest sustained rock-uplift rates on Earth (Figures le, 2a, and 2c). To our knowledge, previous
catchment-averaged denudation rates attributed to peri- or paraglacial bedrock erosion are <2 mm/yr, with spatial
or temporal denudation-rate differences within a factor of 3 (Delunel et al., 2010; Marshall et al., 2015). Most
rockwall erosion-rate estimates related to peri- and paraglacial erosion are also <2 mm/yr (Draebing et al., 2022;
Elkadi et al., 2022; Hartmeyer et al., 2020b). The only exceptions are a few faster estimates derived from single
rockwalls over periods of a few years (Draebing et al., 2022), which may not be representative of landscape-scale
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erosion over longer timescales. Hence, our data substantially expand the observed range of the rates that these
erosional processes can attain at catchment and orogen scales (Delunel et al., 2010; Draebing et al., 2022;
Hartmeyer, et al., 2020b; Marshall et al., 2015). Moreover, the decrease or increase in denudation rates that could
be attributed to climate (i.e., the values of the residuals from rock-uplift metrics plotted in Figures 6¢ and 6d)
represents on average ~70%—-80% (median of ~40%) of the denudation rate values. This implies that over 10'-102
timescales, the link between erosion and rock uplift can be modulated by the climate by ~40%—80%.

The apparent importance of peri- and paraglacial erosion in a rapidly uplifting area implies that these processes
could be as effective as glaciers or coupled river incision and landsliding as erosional agents, and thus contribute
to limiting mountain elevations, supporting the “periglacial buzzsaw” hypothesis (Egholm et al., 2015; Hales
& Roering, 2009). The hypsometric maximum of the Western Southern Alps, with a wide peak between 900
and 1,400 masl, is located between the estimated Equilibrium Line Altitude at the LGM at ~900 masl (Tielidze
etal., 2022) and the current lower limit of the peri- and paraglacial erosion window (1,500-2,000 masl) (Figure Se).
The concentration of intense para- and periglacial erosion at 1,500-2,000 m during the Holocene, and likely at
lower elevations during glacial periods, could have contributed to sustaining modal elevations <1,400 m, well
below current snowlines (Figures 5a, 5d, and 5e), even in one of the fastest-uplifting mountain ranges on Earth.
Future studies could test this hypothesis using a landscape evolution model. When integrated over the past 25 kyr
based on climate records, maximum cumulative frost-cracking intensity for the Southern Alps was estimated to
be between 2000 and 2,500 masl (Hales & Roering, 2007). This finding was used by Hales and Roering (2007)
to support the periglacial buzzsaw hypothesis on the eastern Southern Alps, where peak elevations are relatively
constant at ~2,000 m. However, these authors argued that close to the main drainage divide, periglacial erosion
rates are not sufficient to balance rapid rock-uplift. Our new data suggest that this inefficiency may only be the
case for the narrow central sector of the range where rock-uplift rates exceed 9 mm/yr. Elsewhere in the Western
Southern Alps, peri-, and paraglacial erosion appear to modulate erosion rates by up to 2-3 mm/yr (~40%—-80%
of the total denudation rate). Hence, these processes could contribute to limiting mountain elevations during
times when their window of activity covers a significant surface area on the range.

6.4. Implications for the Timescale of Erosional Adjustment in Response to Changing Temperatures

Both ice segregation modeling, based on modern temperature records (20—100 years; Hales & Roering, 2007),
and our CRN data indicate enhanced denudation at ~1,500-2,000 masl (i.e., 1,750 + 250 m) in the Southern
Alps. The likely vertical isotherm shift of +100 m during the ~275 yr average integration timescale of our denu-
dation rates (Kaplan et al., 2013; Putnam et al., 2012) (see Study Area section in Supporting Information S1)
represents only 20% of the 500-m-wide window of enhanced denudation. Lowering the elevation window by
100 m to reproduce the colder conditions ~275 years ago (and using the same bin window sizes that provided best
fits in Figure 4c, of +£150 and +£250 m, Table S4 in Supporting Information S1) yields worse, but still reasonable
correlations with denudation rates: R? = 0.59 and P < 0.001 for 1,500—1,800 masl (1,650 + 150 m); R? = 0.52
and P < 0.001 for 1,400-1,900 masl (1,650 + 250 m) (Figure 4c, Figures S14a and S14b, Table S4 in Supporting
Information S1). Moreover, the relative temperature differences across catchments (Figure 6b) likely remained
similar during the CRN integration timescale. These findings suggest that the most intense erosion may have
occurred within a similar (+100 m) elevation window for the last ~275 years.

Our CRN data mostly cover the time period after the LIA. Lowering the central value of our enhanced denu-
dation window by 200 m to simulate LIA conditions produces substantially worse fits to our data (R> = 0.32
and P = 0.009 for a window at 1,300-1,800 masl, i.e., 1,550 + 250 masl; and R? = 0.35 and P = 0.006 for
1,400-1,700 m, i.e., 1,550 + 150 masl; Figure 4c, Figures S14c and S14d, Table S4 in Supporting Informa-
tion S1). Thus, our CRN data appear to reflect a fast denudational response, on a decadal to centennial timescale,
to warming following the end of the LIA peak, and a slower upward migration of the enhanced erosional window
for the last ~275 years. This fast erosional response is consistent with recent work in Fox valley that shows slope
failures starting during the last stages of glacier retreat or very shortly after (within years) (Cody et al., 2020).
This rapid hillslope response is in agreement with recent data from Alaska (Williams & Koppes, 2019) and from
the European Alps (Draebing et al., 2022) that suggest adjustment on decadal timescales. However, it differs from
the earlier notion that paraglacial adjustment occurs on millennial timescales (Gramiger et al., 2017).

For the Western Southern Alps, a fast erosional response is likely due to efficient peri- and paraglacial erosion
facilitated by rapid rock-uplift rates (Figures le, 2a, and 2c), the lack of vegetation at relevant elevations
(Figures 5d-5f), and efficient removal of eroded material driven by high precipitation rates (Figure S2b in
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Supporting Information S1). This apparent fast response of the Western Southern Alps to climatic perturbations
(Prasicek et al., 2015) may presage an upward shift in the elevation distribution of erosion in response to ongoing
rapid warming in other alpine landscapes worldwide. For orogens with less surface area at elevations higher than
the current peri- and paraglacial erosional windows, this may result in a decrease in catchment denudation rates.

6.5. Implications of Enhanced Erosion Above the Tree Line

Our results imply that previous studies focusing on erosion below the tree line (~1,400 m; Hovius et al., 1997;
Emberson et al., 2016; Wang et al., 2020) may only capture a limited proportion of total erosion in the Western
Southern Alps. Landslide erosion rates averaged over decadal timescales (1935-2014, 79 years) from below the
tree line (Emberson et al., 2016) are substantially lower than our catchment-averaged CRN denudation rates,
allowing for 85%—90% of the total erosion to occur above the treeline on this time scale (Table S3 in Support-
ing Information S1). Moreover, our rates and inferred locus of erosion are inconsistent with estimated long-
term landslide erosion rates below the treeline (Hovius et al., 1997), which are ~60% higher than our CRN
catchment-averaged denudation rates. Although the long-term landslide-erosion estimates could change if the
longer observation interval of 1935-2014 from Emberson et al. (2016), and a regional area-volume scaling would
be considered, the inconsistency is likely linked to the differing averaging timescales of these two approaches.
Long-term landslide erosion rates include rare, very large events, which, according to observed area-volume and
size-frequency scaling of landslides, dominate the erosion budget (cf. Marc et al., 2019). In the Western South-
ern Alps, the return time of such landslides exceeds the integration time of CRN denudation rates, causing a
decoupling of CRN rates from the process that may determine erosion rates on millennial time scales. Hence, we
posit that enhanced erosion at 1,500-2,000 masl does not reflect the long-term erosional pattern, but it is likely a
transient feature that is dictated by changing climate and glacial retreat. Even if peri- and paraglacial erosion have
strongly modulated denudation rates over the last several decades to centuries, with climate cycles continuously
shifting the zones of enhanced erosion, on million-year timescales, assuming no major changes in topography,
catchment-averaged denudation rates are expected to match catchment-averaged rock-uplift rates.

7. Conclusions

We present 20 new °Be catchment-averaged denudation rates from all major catchments of the Western Southern Alps
of New Zealand. Denudation rates are generally between 0.6 and 9 mm/yr, and within the same order of magnitude as
rock-uplift rates. This similarity between denudation and rock-uplift rates, together with denudation rates showing a
reasonable correlation with k_, reflects the dominant control of tectonics on erosion rates. However, we find that the
proportion of catchment area in the 1,500-2,000 masl elevation range correlates with denudation rates better than any
other variable, and 15% better than the correlation with k_,, while also explaining ~60% of the deviation of denudation
rates from rock-uplift rates. We propose that this strong predictive power arises because the proportion of catchment
area at 1,500-2,000 masl embeds both tectonic information (necessary to create relief at those elevations in the first
place), and the influence of temperature-controlled erosional processes. We infer that temperature-controlled perigla-
cial and paraglacial erosional processes are acting as important modulators of denudation over 10'-102 yr timescales,
transiently enhancing erosion in the 1,500-2,000 masl elevation range and amplifying or decreasing the erosion rates
dictated by rock uplift by up to +3 mm/yr. Efficient periglacial and paraglacial erosion likely relies on steep slopes
and high precipitation rates that ensure effective sediment evacuation. We find that the relationships among temper-
ature, rock uplift, and erosion are stronger than those among precipitation, rock uplift, and erosion, indicating that
links between tectonics and climate are in some cases dominated by temperature- rather than rainfall-driven erosion.
This finding brings into question the common assumption, typically incorporated into landscape-evolution models,
that tectonic-climate-topographic interactions only occur through erosion driven by precipitation or glaciation. The
importance of temperature-dependent erosional processes in rapidly uplifting mountain belts could have implications
for physico-chemical erosional feedbacks, and raise crucial questions regarding changes in the pattern and rates of
erosion in warming/cooling climates and their feedback with atmospheric CO, concentrations.
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