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Chemical weathering influences many aspects of the Earth system, including biogeochemical cycling,
climate, and ecosystem function. Physical erosion influences chemical weathering rates by setting the
supply of fresh minerals to the critical zone. Vegetation also influences chemical weathering rates, both
by physical processes that expose mineral surfaces and via production of acids that contribute to mineral
dissolution. However, the role of vegetation in setting surface process rates in different landscapes is
unclear. Here we use 1°Be and geochemical mass balance to quantify soil production, physical erosion,
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and chemical weathering rates in a landscape where a migrating drainage divide separates catchments
with an order-of magnitude contrast in erosion rates and where vegetation spans temperate rainforest,
tussock grassland, and unvegetated alpine ecosystems in the western Southern Alps of New Zealand.

erosion_ Soil production, physical erosion, and chemical weathering rates are significantly higher on the rapidly

Yggem“o“ eroding versus the slowly eroding side of the drainage divide. However, chemical weathering intensity

NBe Zealand does not vary significantly across the divide or as a function of vegetation type. Soil production rates
ew Zealan

are correlated with ridgetop curvature, and ridgetops are more convex on the rapidly eroding side of the
divide, where soil mineral residence times are lowest. Hence our findings suggest fluvially-driven erosion
rates control soil production and soil chemical weathering rates by influencing the relationship between
hillslope topography and mineral residence times. In the western Southern Alps, soil production and
chemical weathering rates are more strongly mediated by physical rock breakdown driven by landscape
response to tectonics, than by vegetation.

© 2023 Published by Elsevier B.V.

1. Introduction and Chamberlain, 2014). Terrestrial vegetation increases subsur-
face CO, concentrations and releases organic acids, both of which

Plate tectonics and plant evolution both influenced chemical ~ €nhance rates of chemical weathering (e.g., Cochran and Berner,

weathering rates during the Phanerozoic (Berner, 1990). Plate con- 1996; Drever, 1994). Strain ggnerateq by plant roots can also frac-
vergence fractures rock (Molnar et al, 2007) and high rates of ture rock and generate porosity, which allows water to access the
physical erosion (e.g., Hovius et al., 1997; Larsen and Montgomery, subsurface and increases chemical weathering (Hayes et al,, 2019).

2012) in tectonically active landscapes drives chemical weathering
of freshly exposed minerals (Millot et al., 2002; Jacobson and Blum,
2003; Riebe et al., 2004a; West, 2012; Larsen et al., 2014; Maher
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Hence changes in physical erosion rates caused by the uplift of
mountain ranges (Raymo and Ruddiman, 1992) and the evolution
of terrestrial vegetation (Berner, 1990) are both thought to influ-
ence global-scale chemical weathering rates and climate.

At the hillslope scale, mineral residence time in the weathering
zone is set by the physical erosion rate and mobile soil thick-
ness (Almond et al., 2007; Mudd and Yoo, 2010), though saprolite
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weathering can be important in some settings (e.g., Dixon et al.,
2009; Eger et al., 2018). Chemical weathering rates generally in-
crease as physical erosion rates increase (Riebe et al., 2004a) and
remain elevated at high rates of physical erosion (Gabet and Mudd,
2009; Dixon and von Blanckenburg, 2012; West, 2012; Larsen et
al., 2014). In steady-state mountain ranges, physical erosion rates
are a function of rock uplift rates. However, knickpoint propagation
can drive transient erosion, generating spatially variable physical
erosion rates within (e.g., Hurst et al., 2012) or between (e.g., Wil-
lett et al., 2014) catchments, which causes variation in chemical
weathering rates and weathering intensity. For example, in the
rapidly eroding San Gabriel Mountains, chemical weathering in-
tensity in soils is lower downstream from knickpoints relative to
soils on hillslopes upstream from knickpoints where erosion rates
have not yet responded to tectonically-driven increases in fluvial
incision (Dixon et al., 2012). Hence weathering intensity decreases
when soils thin and mineral residence times decline as hillslope
topography responds to knickpoint propagation.

Measurements across altitudinal transects generally show that
chemical weathering intensity and chemical weathering rates de-
cline with increasing elevation, which has been attributed to the
loss of vegetation and development of rocky hillslopes with little
soil mantle (Drever and Zobrist, 1992; Riebe et al., 2004b) and de-
creasing temperature (Norton and von Blanckenburg, 2010; Dixon
et al.,, 2009, 2012). For example, in the Swiss Alps, concentrations
of dissolved cations and silica in surface waters decrease exponen-
tially as vegetation changes from forest to unvegetated rock and
talus (Drever and Zobrist, 1992). Similarly, chemical weathering
rates in soils decline with increasing elevation from 24 tkm—2yr—!
to 0 tkm~2yr~! in the Santa Rosa Mountains, Nevada, with the
lowest rates at high, unvegetated alpine sites (Riebe et al., 2004b).

Although physical erosion rates and the abundance and type of
vegetation have been identified as important controls on chemi-
cal weathering, few studies have examined the relative influence
of these two factors on chemical weathering rates in the same set-
ting. Here we focus on part of the Whataroa River catchment in
the western Southern Alps of New Zealand. At our study site on
Gunn Ridge, dense forest vegetation transitions to grassland, and
then to unvegetated alpine hillslopes with increasing elevation,
but drainage divide migration also drives an order-of-magnitude
variability in catchment-averaged erosion rates. We use the cosmo-
genic nuclide °Be and geochemical mass balance to evaluate soil
production (Heimsath et al., 1997) and chemical weathering rates
(Riebe et al., 2004a) across the vegetation and erosion rate gradi-
ents to determine which of these drivers more strongly influences
chemical weathering.

2. Study site

We collected soil and sediment samples within the Whataroa
River catchment in the Southern Alps of New Zealand (Fig. 1). The
Whataroa River drains the Southern Alps east of the Alpine Fault
in an area where long-term exhumation rates are 8.7+1.3 mmyr~!
(Herman et al., 2010). 1Be concentrations in river sediment indi-
cate the catchment-averaged denudation rate is 6.6£1.7 mmyr~!
(Fig. 1; Larsen et al., 2014). Since the last glacial termination ap-
proximately 17,300 years ago (Barrows et al., 2013), the high rates
of erosion, driven primarily by landsliding (Hovius et al., 1997)
have transformed U-shaped glacier-carved valleys into V-shaped
fluvial valleys (Prasicek et al., 2015).

We collected samples both to the north and south of the
drainage divide on Gunn Ridge, which separates tributaries that
drain to the mainstem Whataroa River (Fig. 1B). Gunn Ridge is
located approximately 10 km south-east of the Alpine fault, in
an area where provenance data based on metamorphic temper-
ature suggest physical erosion rates in the Whataroa catchment
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are highest (Nibourel et al., 2015). The metamorphic grade of the
Rakaia terrane schist at all sites is chlorite greenschist (GNS, 2022).
The bedrock is foliated, which causes lithologic heterogeneity; the
coefficient of variation (standard deviation/mean) in major oxide
concentrations for elements that make up >1% of the rock mass
ranges from 0.06 (SiOy) to 0.36 for CaO, whereas the coefficient of
variation for Zr is 0.15 (Table S1). The presence of large-scale ret-
rogressive tension scarps on the eastern part of Gunn Ridge indi-
cate part of the mountain is undergoing deep-seated gravitational
failure (Korup, 2005), an interpretation supported by our field ob-
servations of slope failures with south-dipping failure planes (Figs.
S1, S2).

Gridded data indicate the mean annual precipitation is
7400 mmyr—! at the sample sites (Ministry for the Environment
and Statistics New Zealand, 2017). All the study sites are within
the same 0.5 km resolution precipitation grid cell, but the dis-
tribution of vegetation on Gunn Ridge indicates the sites span
strong environmental gradients. Vegetation type varies with ele-
vation, with dense montane forests at low elevation, and tussock
grassland vegetation that transitions to unvegetated rocky slopes
at higher elevations (Fig. 2). Holocene vegetation in the western
Southern Alps is thought to have responded to steady increases in
summer temperature, with forests reaching their current elevation
~2500 yr BP (McGlone and Basher, 2012). Our samples from for-
est, tussock, and alpine ecosystems range in elevation from 550 to
910 m, 1440 to 1530 m, and 1740 to 1840 m, respectively. Be-
low tree line, the mean forest biomass in the western Southern
Alps is 3.5 x 10* Mgkm~—2, which declines to zero for unvegetated,
high-elevation sites (Hilton et al., 2011).

3. Methods
3.1. 19Be and elemental geochemistry

We described soils, collected samples, and measured soil thick-
ness at eight high-elevation soil pits located on ridgelines or on
local-scale topographic convexities (Fig. 1C). Five of the sites were
characterized by tussock grassland vegetation (pits 16-18, 20, 21).
The three alpine sites had little to no vegetation (pits 8-10). Three
of the sites were located on the north side of the drainage divide
where the topography is low gradient (pits 8, 10, 18). Two of the
sites north of the drainage divide were from the alpine ecosystem
and were located close to the drainage divide (pits 8, 10), whereas
the third site was from an area with tussock vegetation on the part
of Gunn Ridge that displays evidence of deep-seated gravitational
failure (pit 18). The other five sites were located on steep ridges to
the south of the drainage divide; one in the alpine ecosystem (pit
9) and four in the tussock grassland (pits 16, 17, 20, 21) (Fig. 1C).
The soils directly overlie fractured bedrock with minimal saprolite
development (Eger et al., 2018). Sediment was collected for 9Be
analysis from a stream that drains the low-gradient area and flows
north from the drainage divide to the mainstem Whataroa River.
We also incorporated and re-analyzed published '°Be data from
seven soil pits south of the drainage divide, located in dense forest
(pits 1-7), and one sediment sample from a watershed that drains
southward to the mainstem Whataroa River (Larsen et al., 2014).

At sites with tussock vegetation, where soils are characterized
by clast-rich AC and CR horizons (Table S2), we collected a com-
posite sample that extended from the ground surface to the base
of the soil, including large rock fragments within the soil. We also
sampled fractured bedrock at the base of soil pits. The soil mor-
phology of the alpine sites differed from the tussock sites and were
characterized by a layer of tabular clasts of schist bedrock that cov-
ered the soil surface above a cumulate A-horizon, with a Bw hori-
zon beneath (Table S2). The surface clasts most likely accumulated
due to heave from below or frost cracking and spalling of nearby
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Fig. 1. Study site and sample locations. A) Hillshade map showing the location of the study site within the Whataroa River catchment on the South Island of New Zealand
(inset). B) Digital elevation model showing the drainage divide (thick black line) and drainage network (blue lines) on Gunn Ridge. The thick blue line shows the A-B-C
profile shown in Fig. 7. All the streams on Gunn Ridge drain to a common junction that we used for x analysis, shown by the gray circle. The locations of sediment samples
collected for watershed-scale '°Be analysis are shown in brown circles and the watersheds are delineated with thin black lines. C) Aerial images (courtesy Land Information
New Zealand) showing the locations of soil samples with respect to the drainage divide (thick black line) and vegetation type. Soil pit symbols with dots are north of the
drainage divide, whereas those without dots are south of the divide. Boxes group samples collected from areas with similar vegetation. Soil pit numbers and soil production
rates, with units of mmyr—', are shown separated by a semicolon adjacent to each sample location. Denudation rates measured for the two catchments (delineated with
thin black lines) draining each side of the divide are shown in boxes with a solid white fill.

rock outcrops, which are more common in the alpine area than at
lower elevation. A frost-related origin of the alpine soils is consis-
tent with their ~1750-1850 m elevation range, which is within
the altitudinal zone where temperatures in the Southern Alps are
most conducive to frost cracking (Hales and Roering, 2005). Be-
neath this layer the cumulate A-horizon has most likely formed
by infiltration of finer spalled material from above and from dis-
integration of the surface clasts, akin to the process described for
Antarctic soils by Scarrow et al. (2014) (Fig. S3). The horizonation
was most distinct at the two highest elevation alpine sites (pits
8 and 9) where we sampled the surficial clasts, each soil horizon,
including rock fragments, and rock at the base of the pit. The hori-
zonation was not as distinct at the lower elevation alpine site (pit

10), and we sampled the 40 cm-thick profile in two 20 cm inter-
vals, in addition to rock on the ground surface and at the base
of the soil. At all sites, we collected 500 mL of soil by driving a
rectangular steel box into the pit walls and used the dry mass to
determine bulk density.

We split dry soil samples using a riffle splitter with 1-cm open-
ings. Rock fragments too large to pass through the splitter were
reserved for separate analysis. We wet-sieved the soils to isolate
the 250-850 pm grain-size fraction for '°Be analysis. For the alpine
soils, we also analyzed 1°Be in the surficial rock and the rock frag-
ments within the soil and for two of the alpine sites (pits 8 and
9), we measured '°Be in the rock from the base of the soil pit.
We used standard methods to purify quartz (Kohl and Nishiizumi,
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Fig. 2. Field photographs of the three ecosystems we sampled: A) largely unvege-
tated alpine, B) tussock grassland, C) temperate forest.

1992) and to dissolve the quartz and extract °Be (see Supplemen-
tary material for analytical details). 1°Be/°Be ratios were measured
at the Center for Accelerator Mass Spectrometry at Lawrence Liv-
ermore National Laboratory. Based on prior work (Larsen et al.,
2014), we assume soils are vertically mixed, and that the surface
10Be production rate is appropriate for calculating denudation, or
soil production rates (Granger and Riebe, 2014). Soil production
rates calculated from lower soil horizons and bedrock at the base
of pits 8, 9, and 10 use a shielding correction based on the den-
sity and thickness of overlying soil (e.g., Heimsath et al., 1997). We
do not correct for shielding by snow. We use a topographic shield-
ing correction for each soil pit location but assume no topographic
shielding when interpreting '°Be concentrations in sediment col-
lected from the watersheds (DiBiase, 2018). Production rate pa-
rameters were calculated for each soil pit and watershed using a
15 m digital elevation model (DEM) (Columbus et al., 2011) fol-
lowing Mudd et al. (2016). We used version 3 of the Balco et al.
(2008) online calculator to determine denudation rates from the
10Be concentrations (Table S3) and report internal 1 standard error
(S.E.) uncertainties based on ‘St’ (Lal, 1991; Stone, 2000) produc-
tion rate scaling. We calculated mineral residence time by dividing
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soil thickness by the denudation rate. In well-mixed soils such
as those in the Southern Alps (Larsen et al., 2014), mineral resi-
dence times are equivalent to soil turnover-times, which describe
the timescale of mineral depletion within the soil (Mudd and Yoo,
2010).

Major and trace element concentrations were measured on
splits of soil samples, including both fine-grained material and
coarse rock fragments (defined by material passing and not passing
through the splitter, respectively), bedrock at the base of each pit,
and, for the alpine sites, surficial rock clasts. The average dry sam-
ple weight was ~10 kg, and to obtain a representative sample, we
typically processed one-eighth of the material for XRF measure-
ments. The coarse and fine fractions of the one-eighth splits were
separately pulverized in a jaw crusher and split again to generate
~100 g of representative material. The ~100 g splits were then
milled to 100-200 mesh in a tungsten carbide shatterbox. Loss-on-
ignition (LOI) was determined by heating ~2 g of sample to 850°C
for 10 min.

Aliquots of the powdered sample were analyzed by X-ray flu-
orescence (XRF) spectroscopy. Major elements (Si, Ti, Al, Fe, Mg,
Ca, Na, K, P) were measured as oxides on duplicate fused glass
discs, prepared by fusing 0.6 g of sample with 6 g of a pre-fused
Claisse Li-borate flux in an Eagon-2 automated fusion furnace. Prior
to fusion the powders were pre-ignited at 850 °C for several hours
to remove volatiles (H,0, CO5, S, etc.) and oxidize iron to Fe3*.
Analyses were conducted using a Panalytical Zetium spectrometer
using Panalytical’s WROXI synthetic standards and software. The
standards are prepared from high purity chemicals and cover a
wide range of compositions and are supplemented with a few ex-
treme rock and mineral standards (e.g., Dunite (DTS-1); K- Feldspar
(NBS-70a)). The predominant use of synthetic standards essen-
tially makes these category-2 solution-based analyses (Jochum et
al., 2015).

Trace elements (Rb, Sr, Nb, Zr, Y, U, Th, Pb, Zn, Ga, Ni, Cr, V)
were measured on a Panalytical PW2400 spectrometer. The pellets
were prepared from 10 g of un-ignited powders, mixed with a few
drops of poly-vinyl alcohol solution, and pressed at 7 tons on a
Spex hydraulic press. These pellets are of infinite thickness for the
X-ray wavelengths of interest. The measured intensities were cor-
rected for non-linear background, X-ray tube, and inter-element
interferences, and variations in mass absorption coefficients of
samples and standards, using methods modified from Norrish and
Chappell (1967) and Chappell (1991). The principal difference is in
the determination of mass absorption coefficients. Mass absorption
coefficients for elements with measured characteristic wavelengths
shorter than the Fe absorption edge (Ni, Zn, Ga, Pb, Th, Rb, Sr,
Zr, Nb) are estimated from the inverse intensity of the Compton
scattered radiation of the Rhodium X-ray tube (Reynolds, 1967;
Willis, 1991). Mass absorption coefficients of elements with longer
characteristic radiation than the Fe absorption edge (Cr, V) were
calculated from the Rh Compton-derived mass absorption coeffi-
cients and intensities for Fe (Cr) and Ti (V) (Walker, 1973). Major
element and Zr concentrations for samples first reported by Larsen
et al. (2014) were measured via XRF by ALS Minerals, Vancouver,
Canada (Table S4).

Replicate trace element measurements on three samples indi-
cate the coefficient of variation in Zr concentrations ranged from
0.012 to 0.038 (Table S5). Since the uncertainty in the Zr concen-
trations is low and sample-dependent, likely due to variability in
Zr content among samples (see Supplementary material), we do
not propagate uncertainty in Zr concentrations into further analy-
ses.
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3.2. Analysis of 1°Be and geochemical data

10Be concentrations reflect the denudation rate D, which is
equivalent to the bedrock-to-mobile regolith, or soil production
rate (SPR) if the soil thickness is constant in time (Heimsath et
al,, 1997):

SPR=D=W+E (1)

where D reflects the sum of mass loss due to chemical weathering
W and physical erosion E (Riebe et al., 2004a). D, W and E have
units of M L2 T~!, and we convert the units to L T~!, based on
a measured bedrock density of 2.65 g cm~3 (Larsen et al., 2014).
We calculated the chemical depletion fraction CDF, by assuming
Zr is a chemically immobile element:

CDF = (1 = [Zr]ock / [Zr]soil) @)

where the terms in brackets are Zr concentrations measured in
rock and soil. The CDF is equal to W /D, hence:

W=D-. (1 = [Zr]roek / lzr]soil) . 3)

By substituting eq. (3) into eq. (1) to solve for E, values of D, W,
and E were determined for each soil sample.

Zr concentrations can be non-uniform in the Alpine Schist
(Larsen et al., 2014). Some of the bedrock at the base of the pits
had Zr concentrations that exceeded that in the soil (Table S1),
which was inconsistent with our field-based observations of the
degree of weathering. Hence, we assumed that large rock frag-
ments (those not passing through the riffle splitter), which on
average, made up one-third of the mass of each soil sample, better
characterize the parent material and use measurements in those
clasts to characterize [Zr],,. We used the masses of the coarse
rock fragments and the fine soil material, and their respective Zr
concentrations to determine a weighted mean Zr concentration
for the entire mobile regolith (fine and coarse soil fractions) at
each site. The soil samples in the tussock and forest vegetated
areas were organic-rich. To remove the effect of dilution by or-
ganic matter on measured concentrations, and hence calculate Zr
concentrations in mineral soil only, we corrected all measured con-
centrations:

[Zr] = [ZTmeqsured * (100/(100 — LOT)) (4)

where [Zr]measured 1S the measured Zr concentration in the unig-
nited pressed pellet. Experiments conducted on three samples (see
Supplementary material for details) indicate Zr concentrations cal-
culated via eq. (4) are statistically indistinct from those measured
in samples that were ignited prior to pressing the pellets (Table
S5).

For all samples, we assessed relationships between soil produc-
tion rate and soil thickness, CDF and soil thickness, CDF and soil
production rate, and CDF and residence time (Table S6). We also
tested for differences in soil production rate, chemical weathering
rate, physical erosion rate, and CDF as a function of location with
respect to the drainage divide (north versus south) and vegetation
type. A Shapiro-Wilks test indicated that some of the data classi-
fied by location with respect to the drainage divide were normally
distributed, whereas others were not (Table S7). Hence, we used
a t-test and a non-parametric Mann-Whitney U test to evaluate
cross-divide differences. Since both tests yielded consistent results
as to whether there were significant differences (using a p-value of
0.05), we report the t-test results here and the results of both tests
in Table S7. The Shapiro-Wilks test indicated most datasets classi-
fied by vegetation type were normally distributed (Table S8), hence
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we used a one-way ANOVA to evaluate whether values differed as
a function of the three vegetation types and the post-hoc Tukey
HSD test to assess pairwise differences. The challenging nature of
fieldwork in the Southern Alps limited the number of samples we
collected. Though assessment of statistical power is typically done
a priori, rather than post-hoc, we estimate that the statistical power
of the comparisons of soil production rate, chemical weathering
rate, physical erosion rates, and CDF across vegetation and with
respect to the drainage divide are on the order of 0.48-0.65 and
0.38-0.51, respectively (see Supplementary material for details).

3.3. Topographic analysis

We conducted several analyses on DEMs with different resolu-
tions to place the geochemical measurements within their geomor-
phic context. We used LSDTopoTools (Mudd et al., 2014) to analyze
river long profiles using the integral method (Perron and Royden,
2013) to measure x and used the gradient in x to assess chan-
nel steepness. Cross-divide differences in river profile metrics were
used to assess drainage divide migration potential (e.g., Willett et
al., 2014).

We also measured valley convexity to assess whether the valley
north of the divide retains relict glacial topography that has not yet
responded to tectonically-driven changes in base level. Normalized
cross-sectional curvature values for valley bottom DEM grid cells
measured over multiple spatial scales quantify differences in val-
ley concavity (Prasicek et al., 2014). Minima in the absolute value
of curvature, which occur in the most concave portions of valley
cross-section profiles, occur at smaller spatial scales for V-shaped
cross-sections, relative to U-shaped cross-sections (Prasicek et al.,
2014). The spatial scale at which minima in the absolute value of
curvature occurs therefore provides a relative metric that can be
used to assess whether a valley has a fluvial V-shape, or a glacial
U-shape. We calculated multi-scale curvature for two adjacent val-
leys on each side of the drainage divide and use the minimum
curvature scale to differentiate between fluvial and glacial valley
shapes. We used a 15 m resolution DEM (Columbus et al., 2011) to
calculate channel and valley metrics, which is a suitable resolution
(e.g., Wobus et al., 2006; Prasicek et al., 2014).

We generated a structure-from-motion (SfM) DEM with 0.5 m
grid cell resolution using historical aerial photographs and Agisoft
Metashape for the part of Gunn Ridge we sampled. We used the
SfM-derived DEM to calculate slope angles and local relief using
a moving circle with a 50-cell radius. We calculated mean slope
and relief for 250 m wide buffer on either side of the drainage
divide (Fig. S4) to assess potential for divide mobility (e.g., Forte
and Whipple, 2018).

We smoothed the SfM-generated DEM with a two-dimensional
gaussian filter with a full-width, half-maximum window size of 5
m, equivalent to 10 grid cells (Price-Whelan et al., 2018) and cal-
culated curvature C (m~') using a second-order central difference
approximation of the second derivative of elevation z (m):

Zit1,j =22 +2Zi-1,j | Zij+1 — 2242
Ax2 Ay?

C= (5)
where i and j are indices, AX and Ay are grid cell sizes. Curva-
ture was calculated for a surface constructed over a 5-cell window.
However, we also tested different combinations of smoothing win-
dows ranging from O to 12.5 m and curvature constructed over
surfaces of 3, 5, 7, and 9 cells; results from those combinations are
shown in Table S9. We used regression to assess the correlation
between curvature and soil production rate and the correlation
between curvature and soil thickness. The correlation between cur-
vature and soil production rate and curvature and soil thickness is
relatively similar for smoothing windows between 4 and 7.5 m,
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Fig. 3. The soil production function for Gunn Ridge. An exponential fit to the
data with soil thickness >9 cm (i.e, excluding the data from Gunn Pit 18)
with the form y=a*exp(—b*x) yields parameters a=2.15+1.09 mmyr~' and b=-
0.0644:0.021, with R? = 0.51 and p=0.004.

hence we adopted a 5 m window size, as the correlation degrades
for both larger and smaller smoothing windows due to scale ef-
fects (Fig. S5). Only the alpine and tussock samples were used for
the curvature analysis because the SfM-derived DEM captures the
tree canopy surface, rather than the ground surface, in the forested
portion of the study area. Due to imperfect orthorectification of
the SfM-derived DEM, GPS coordinates of some sample locations
did not align exactly upon the ridgeline from which they were
collected, and we manually adjusted the points to the correct lo-
cations. Because the data from pit 18 do not conform to the soil
production function defined by data from all of the other sites, we
omitted those data from the curvature analysis.

4. Results

Soil production rates on Gunn Ridge range from 0.110+0.004
to 1.0440.07 mmyr~' (Fig. 3; Table S6). Soil production rates de-
cline exponentially as soils thicken (Fig. 3). Data from pit 18, where
the soil thickness is 9 cm, do not follow the trend defined by the
other sites. Pit 18 is on a large rock block within the area un-
dergoing deep-seated gravitational failure, and is possible that the
soil thickness and the soil production rates are out of equilibrium
due to movement of the block. '°Be concentrations indicate the
alpine soils are vertically mixed and that soil production rates are
uniform across grain sizes (Fig. S6). The CDF increases with soil
thickness, generally declines as soil production rates increase, and
increases with mineral residence time (Fig. 4).

The mean soil production, chemical weathering, and physical
erosion rates are 2-3 times higher on the south versus the north
side of the drainage divide and the differences between the two
groups are significant (p=0.003 to 0.006) (Fig. 5; Tables 1, S7, S10).
Mean CDF values are 0.14 north of the divide and 0.13 south of the
divide, and these values are not significantly different (p=0.51).

When grouped by vegetation, soil production, chemical weath-
ering, and physical erosion rates are always highest for the tussock
grassland, relative to the forest and alpine ecosystems (Fig. 6; Ta-
bles 1, S8, S11). ANOVA analysis indicated there are significant
differences in soil production, chemical weathering, and physical
erosion rates as a function of vegetation type, but the post-hoc
comparison indicates this is always due to differences between
the tussock and another vegetation type (Table S12). The post-hoc
analysis indicates there are not significant differences in soil pro-
duction, chemical weathering, or physical erosion rates between
the alpine and forest ecosystems, where the differences in biomass
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are greatest. Mean CDF values for the forest, tussock, and alpine
ecosystems do not differ as a function of vegetation type (p=0.28).

10Be concentrations indicate the denudation rate for the catch-
ment draining south from the divide is 7.54+1.7 mmyr—'; the de-
nudation rate of 0.89+0.05 mmyr~! for the north-draining catch-
ment is nearly an order of magnitude lower (Figs. 1C, 7D). Chan-
nel steepness data indicate that near the drainage divide, south-
draining channels are steeper than those that drain to the north
(Fig. 7A). A plot of elevation versus x for streams draining each
side of the drainage divide indicates yx values at the divide are
greater on the north versus south draining streams (Fig. 7F). Hill-
slope angles and local relief in the south-draining tributary are
greater than in the north-draining tributary (Figs. 7B, S4). How-
ever, the distribution of steep versus more gentle topography does
not coincide exactly with the drainage divide, as there are areas
with low slope and relief directly adjacent to the south side of the
divide (Fig. 7B, S4). The valley shape analysis indicates minimum
normalized curvature window size is elevated, relative to adjacent
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valley segments, over a ~1 km-long portion of the north drain-
ing valley adjacent to the drainage divide (Fig. 7E), which indicates
there is a U-shaped glacial valley segment in the headwaters of the
north-draining tributary (Prasicek et al., 2014).

Ridgetops are generally more convex (curvature values are more
negative) to the south versus the north of the migrating divide
(Figs. 7C, S4). For the alpine and tussock sites (excluding data
from pit 18), soil thickness declines as ridges become more convex
(Fig. 8A). For the same sites, soil production rates increase as topo-
graphic convexity increases (Fig. 8B). Our results from Gunn Ridge
follow the same trend defined by a compilation of catchment-
averaged '9Be and ridgeline curvature data from across the United
States (Gabet et al., 2021). There is an approximately square-root
relationship between denudation rate and curvature (Fig. 8C; Ga-
bet et al., 2021), although the specific square-root relationship may
be a scaling artefact caused by under-estimation of curvature in
highly convex terrain (Strubble and Roering, 2021).

5. Discussion
5.1. Evidence for drainage divide migration at Gunn Ridge

The higher channel steepness, greater hillslope angles and lo-
cal relief, and lower yx values to the south versus the north of the
drainage divide are topographic signatures of northward drainage
divide migration on Gunn Ridge (e.g., Willett et al., 2014; Forte
and Whipple, 2018) and are consistent with the near order-of-
magnitude difference in cross-divide catchment-averaged denuda-
tion rates. Valley shape analysis and field observations (Fig. S7)
indicate divide migration is occurring by headward fluvial incision
into the remnant topography of a glacially carved landscape that
has lower erosion rates. The field observations, catchment-scale
denudation rates, and topographic analyses hence demonstrate
some of our soil samples are from a relict glacially carved land-
scape that has yet to respond to base-level change, whereas others
are from hillslopes that have responded to base-level change and
are eroding at higher rates.
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5.2. The relative influences of erosion and vegetation on soil production
and weathering rates

The high soil production rates on Gunn Ridge, relative to other
landscapes (e.g., Larsen et al., 2014), may arise largely due to
the exceptional convexity of ridgetops in the western Southern
Alps relative to other settings (Fig. 8C). Measurements of ridgetop
curvature provide a mechanistic link between the observed spa-
tial pattern of fluvial incision and soil production rates. Ridgetops
are more convex in the rapidly eroding landscape south of the
drainage divide than in the more slowly eroding landscape to
the north. Soil production rates increase as ridgetop convexity in-
creases, indicating soil production rates are responding to fluvial
incision rates. These findings are consistent with the conclusion of
Heimsath et al. (2012), who indicated that soil production rates
increase with catchment scale denudation rates. However, we note
that the maximum soil production rate measured in the western
Southern Alps is much lower than catchment-averaged denudation

rates, implying other mechanisms of denudation, such as landslid-
ing, also initiate in response to increased relief generation.
Relative rates of fluvial incision control the distribution of soil
production and weathering rates on Gunn Ridge, but bedrock
strength may also influence the overall magnitude of the soil pro-
duction rates we measure. Rock fracturing influences the extent of
soil cover (Neely et al., 2019). Near-surface bedrock in the South-
ern Alps is extensively fractured due to tectonics (Clarke and Bur-
bank, 2011), which may explain why the western Southern Alps
maintain a soil mantle despite high erosion rates (Neely et al.,
2019). Rock damage due to topographic stresses is predicted to in-
crease with topographic convexity (Moon et al., 2017), which may
further weaken bedrock on ridgetops. Given that bedrock is con-
verted to soil by abiotic and biotic disturbances at the soil-bedrock
interface (e.g., Heimsath et al., 1997), such as frost cracking (e.g.,
Hales and Roering, 2005) or root growth (e.g., Larsen et al., 2014),
soil production rates may be faster where rock is fractured if the
weaker rock permits a greater degree of soil production per distur-
bance. Bedrock fracturing may also explain why chemical weather-
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ing rates in the alpine ecosystem are relatively high, even in the
absence of vegetation, as fracturing may permit extensive contact
between fresh minerals and rapidly flushed fluids (e.g., Maher and
Chamberlain, 2014) in this high-rainfall environment.

The CDF values for the forest and alpine ecosystems, where the
differences in vegetation biomass and productivity are expected to
generate the strongest contrast in weathering intensity, are not sig-
nificantly different. Additionally, the highest soil production rates
on Gunn Ridge occur in the tussock grassland ecosystem, rather
than the forest, which indicates plant biomass is not the dominant
driver of soil production in this setting. Most of the tussock grass-
land sites are located just in the wake of the migrating drainage
divide. Qualitative field observations indicate the ridges at the tus-
sock sites are more convex than the forested ridges we sampled
and that the drainage density is greater in the tussock ecosys-

tem. The reasons for these observations are unclear, but the higher
drainage density may be influenced by increased surface runoff
above treeline and the lack of cohesive strength imparted by tree
roots. It is also possible that the lower convexity of hilltops in
the forest reflects adjustment to the passage of a knickzone (e.g.,
Hurst et al., 2013) and that the highest rates of fluvial incision are
currently focused near the divide at the elevation of the tussock
grassland. Regardless of the cause of the differences in curvature
between the tussock and forest sites, the high convexity of the
ridges for both the tussock and alpine sites south of the drainage
divide, relative to the lower convexity ridges to the north, indicate
the topography, and hence soil thickness, soil production rates, and
mineral residence times, are responding to high rates of fluvial in-
cision. Hence the higher soil production and chemical weathering
rates in the tussock ecosystem relative to the forest ecosystem are
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primarily driven by hillslope response to base level fall, rather than
differences in vegetation. However, we do not suggest that veg-
etation plays no role in the physical and chemical conversion of
bedrock to soil in the Southern Alps. Unlike the soils in the alpine
and tussock ecosystems, the forest soils we sampled often exhib-
ited incipient podsolization (Table S2), suggesting that the forest
favors increased chemical differentiation beyond that simply re-
lated to soil residence time. Observations of tree root growth in
fractures also suggests vegetation plays a role in the conversion
of soil to bedrock (Larsen et al., 2014). However, the influence
of vegetation on soil production and chemical weathering rates
is apparently overwhelmed by the order of magnitude variabil-
ity in landscape-scale erosion rates that control topography, soil
thickness, and mineral residence times in this setting. Even if our
sample size is too small to detect a statistically significant influ-
ence of vegetation, if such an influence exists, our results suggest
it is relatively small.

There is an expectation that rock damage by frost, roots, topo-
graphic stresses, and other factors contribute to soil production.
However, it is difficult to empirically untangle the relative con-
tributions of these factors. Though development of models that
simulate the influence of tree throw (e.g., Gabet and Mudd, 2010)
and frost cracking (e.g., Anderson et al., 2013) have advanced un-
derstanding of the conversion of bedrock to soil, more work is
needed to elucidate the mechanistic details of soil production.
Whereas some studies show clear vegetative or altitudinal controls
on chemical weathering (Drever and Zobrist, 1992; Riebe et al,,
2004b), our work, and other recent studies based on samples that
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span larger environmental gradients have drawn more nuanced
conclusions. For example, measurements from soils across an en-
vironmental gradient in Chile show that chemical weathering rates
first increase and then decline as vegetation increases (Schaller and
Ehlers, 2022). Further, at three sites spanning a wide range of ero-
sion rates, chemical weathering rates are not controlled by biomass
growth, but weathering intensity is instead a function of soil or
regolith residence time (von Blanckenburg et al., 2021). With in-
creasing vegetation, nutrient recycling and secondary mineral for-
mation can lead to a reduction in regolith weathering (Oeser and
von Blanckenburg, 2020). Hence, there may be a variety of reasons
that explain why chemical weathering rates do not scale monoton-
ically with vegetation abundance in some settings.

5.3. Implications for silicate weathering in the western Southern Alps

The load of the Whataroa River and other rivers draining the
western Southern Alps is dominated by suspended sediment (Ja-
cobson et al,, 2003; Jacobson and Blum, 2003), which indicates
the catchment-averaged denudation rates we measure primarily
reflect physical erosion. Landsliding is the dominant agent of hill-
slope erosion in the western Southern Alps (Hovius et al., 1997),
as soil production rates are <10% of landslide erosion rates and
catchment-averaged denudation rates (Larsen et al., 2014). Despite
the high ratio of physical erosion to chemical weathering, the flux
of dissolved solids from these rivers is exceptionally high rela-
tive to rivers worldwide. The high solute export from the western
Southern Alps is driven predominantly by Ca derived from car-
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Table 1

Mean and standard deviation of soil production rates, chemical weathering rates,
physical erosion rates, and chemical depletion fractions as a function of location
relative to the drainage divide and vegetation type.

Mean Standard deviation
(mmyr~1) (mmyr~1)
Location relative to drainage divide
North of divide
Soil production rate 0.12 0.01
Chemical weathering rate 0.017 0.005
Physical erosion rate 0.10 0.01
Chemical depletion fraction 0.14 0.01
South of divide
Soil production rate 0.41 0.27
Chemical weathering rate 0.043 0.021
Physical erosion rate 0.36 0.26
Chemical depletion fraction 0.13 0.05
Vegetation type
Forest
Soil production rate 0.26 0.08
Chemical weathering rate 0.04 0.01
Physical erosion rate 0.22 0.08
Chemical depletion fraction 0.15 0.06
Tussock
Soil production rate 0.60 0.33
Chemical weathering rate 0.052 0.026
Physical erosion rate 0.55 0.30
Chemical depletion fraction 0.10 0.03
Alpine
Soil production rate 0.14 0.05
Chemical weathering rate 0.017 0.005
Physical erosion rate 013 0.04
Chemical depletion fraction 0.13 0.01

bonate weathering, but silicate chemical weathering rates inferred
from solute flux data are still ~1.5 times greater than the global
average (Jacobson and Blum, 2003).

Chemical weathering of landslide deposits is an important
source of solutes delivered to rivers in the western Southern Alps,
and this is primarily due to chemical weathering of trace amounts
of carbonate within landslide deposits (Emberson et al., 2016).
Bedrock in the western Southern Alps contains a small fraction
(~0.002) of highly reactive hydrothermal calcite (Jacobson et al.,
2003). Given that the CDF values we measure are orders of mag-
nitude higher than the carbonate fraction, the chemical weather-
ing that occurs when bedrock is converted to soil is dominated
by dissolution of silicate minerals (e.g., Dixon and von Blancken-
burg, 2012). Therefore, whereas landslide deposits are the source
of the high carbonate-derived Ca weathering flux, soils are likely
the locus of silicate weathering reactions in the Whataroa River
catchment. Hence, although the potential for interaction between
uplift rates and silicate weathering in the western Southern Alps
is limited (e.g., Jacobson and Blum, 2003), soil-mantled hillslopes
constitute the portion of the landscape where chemical weather-
ing influences CO, drawdown. Our findings demonstrate that the
soil mantle in the western Southern Alps is extensive and ex-
tends above treeline into the alpine zone. If generalizable to other
uplifting mountain ranges, the finding that silicate weathering is
focused on soil-mantled hillslopes highlights the importance of un-
derstanding how climate, vegetation, topography, and erosion rates
interact to influence the distribution and persistence of soils, and
of quantifying the chemical weathering rates from those soils, to
constrain long-term silicate weathering rates.

6. Conclusions

Concentration of in situ-produced °Be and geochemical mass
balance measurements for soils collected on Gunn Ridge in the
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Southern Alps of New Zealand indicate soil production and chem-
ical weathering rates are controlled primarily by landscape-scale
erosion rates, rather than vegetation. Topographic analyses and
catchment-averaged '9Be data indicate differential erosion is driv-
ing drainage divide migration on Gunn Ridge. Northward migra-
tion of the drainage divide is eroding a relict glacial valley that
has not fully responded to base-level driven incision. Chemical
depletion fractions are not significantly different for the rapidly-
eroding landscape south of the divide and the slowly eroding
landscape north of the divide, but soil production rates and chem-
ical weathering rates are significantly higher within the rapidly
eroding landscape. Soil production rates increase, and soil thick-
ness decreases with increasing ridgetop convexity, and ridges are
more convex south of the drainage divide where erosion rates
are high. Our findings indicate that base-level driven fluvial inci-
sion propagates up hillslopes, leading to adjustments in ridgetop
curvature, soil thickness, and soil production rates. Although the
samples also span a vegetation gradient that includes temperate
rainforest, tussock grassland, and unvegetated alpine ecosystems,
chemical weathering intensity does not differ significantly as a
function of vegetation. Nor does the forest ecosystem have the
highest chemical weathering rates, as would be expected based
on differences in ecosystem productivity. Hence chemical weath-
ering rates at Gunn Ridge are controlled primarily by soil mineral
residence times, which are in turn governed by physical erosion
rates. The influence of vegetation on chemical weathering rates
is overwhelmed by the role of erosion, such that a signature of
vegetation on chemical weathering is not readily detectable in the
rapidly eroding landscape of the western Southern Alps.
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