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Erosion by an Alpine glacier
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Assessing the impact of glaciation on Earth’s surface requires understanding glacial
erosion processes. Developing erosion theories is challenging because of the complex
nature of the erosion processes and the difficulty of examining the ice/bedrock
interface of contemporary glaciers. We demonstrate that the glacial erosion rate is
proportional to the ice-sliding velocity squared, by quantifying spatial variations in
ice-sliding velocity and the erosion rate of a fast-flowing Alpine glacier. The nonlinear
behavior implies a high erosion sensitivity to small variations in topographic slope and
precipitation. A nonlinear rate law suggests that abrasion may dominate over other erosion
processes in fast-flowing glaciers. It may also explain the wide range of observed glacial
erosion rates and, in part, the impact of glaciation on mountainous landscapes during the
past few million years.

G

laciers and icecaps played a major role in
shaping the morphology of mid- to highlatitude mountain ranges during the Quaternary period, spanning the past 2.6 million
years of Earth’s history. Observations suggest that they have also played a fundamental role
in the evolution of Earth’s climate through a system
of positive feedbacks that involves climate, tectonics, and erosion (1–4). Glaciers erode their
underlying bedrock mainly through abrasion and
quarrying, which theories predict to be proportional to ice-sliding velocity raised to some power
(5–7). Numerical models reproduce typical glacial
landscape features, such as U-shaped valleys (3, 8),
hanging valleys (9, 10), glacial cirques (10, 11), or
fjords (12, 13), by implementing these relation1
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ships. Despite great advances in the sophistication of these models through the inclusion of
high-order ice dynamics (10), subglacial hydrology
(10, 11, 13–15), or thermodynamics of water flow
(14, 16), they also include poorly constrained
parameters. Erosion laws’ proportionality constants and velocity exponents are particularly
uncertain (5–8, 11, 13).
Estimates of glacial erosion rates ranging from
annual to million-year time scales come from
monitoring the sediment yield from glacial streams
(17–21) and using geochronometric methods (4, 18),
respectively. Despite providing key information
about the pace at which glaciers may shape mountainous landscapes, these studies have not established an accurate law for glacial erosion.
Furthermore, estimates of glacial erosion rates vary
by four orders of magnitude from polar to temperate regions on Earth (4, 17, 18). Existing theories
do not reproduce such variations. Therefore, our
current understanding of the link between climate
and glacial erosion suffers from poor constraints
on what controls spatial and temporal erosion variability in response to global changes in precipitation and temperature.
We designed this study to specifically constrain
how glacial erosion relates to ice-sliding velocity.
We simultaneously quantified erosion rates and
sliding velocity during a 5-month period, from
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November 2013 to April 2014, over the entire Franz
Josef Glacier, New Zealand. This glacier exhibits
surface velocities that are largely dominated by
high sliding velocities on the bedrock (22), up to
about 3 m/day. We measured these high velocities
accurately from remote sensing and expected to
find large erosion rates. The analysis of continuous suspended sediment load indicated very high
erosion rates (about 10 mm/year), whereas glacial
sediment production remained lower than the
transport capacity of the glacial system (23). We
also found that the glacial sediments come predominantly from under the glacier, based on the
mineralogy, fossil organic carbon, and the very
low fraction of modern organic carbon found in
the glacial stream (23). These observations imply
that sediments collected at the glacier front can
be used to constrain the glacial erosion law.
We introduce here a method to measure surface displacement in three dimensions at a 1-m
ground resolution and centimetric accuracy, using
DigitalGlobe Worldview stereopair images (23).
The results confirm fast velocities for most parts
of the glacier (Fig. 1) dominated by sliding (22, 23).
In addition, we observed similar velocity patterns
during the austral summers 2012–2013 and 2013–
2014, indicating steady spatial patterns of sliding.
Extremely high snow accumulation rates of 4 to
8 m/year (water equivalent) (24) and steep topography account for such high velocities (22).
We exploited the geology of the Southern Alps
of New Zealand to determine how erosion varies
spatially. This small mountain range resulted from
the continental collision between the Australian
and Pacific Plates, along a major plate boundary
named the Alpine Fault (25), which led to a sharp
metamorphic gradient within a 15-km distance
(Fig. 2). Rocks adjacent to the Alpine Fault have
experienced peak metamorphic temperatures up
to about 650°C, whereas rocks about 15 km farther southeast have only experienced 300°C. The
Franz Josef Glacier flows almost parallel to this
temperature gradient. The rocks are highly fractured but have uniform, steep bedding and foliation
(60° to 80°) without kilometer-scale variations in
strength or erodability across the catchment. The
rocks also contain fossil organic carbon (26), which
can quantify the peak metamorphic temperature
conditions based on Raman spectroscopy of carbonaceous material (RSCM) (27). By comparing
RSCM temperature data in samples collected from

Fig. 1. Franz Josef Glacier surface velocity. The
Franz Josef Glacier (Ka Roimata o Hinehukatere in
Māori) is located in Westland Tai Poutini National
Park on the west coast of New Zealand's South
Island. (A) Surface velocity measured in summer
2013 (integrated over 10 days). (B) Surface velocity measured in summer 2014 (integrated over
12 days). The three-dimensional (3D) velocities were
derived from the measurements of the 3D displacement derived from Worldview stereo images (23).
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Fig. 2. Bedrock metamorphism and RSCM temperature data in the Southern Alps of New Zealand (table
S2). A metamorphic map (25) and RSCM temperature
data (23) are shown. Both metamorphism and RSCM
temperature data show a sharp gradient in the hanging
wall of the Alpine Fault. The inset is the location of the
Franz Josef Glacier shown in fig. S5, which shows the
bedrock temperature model used for the provenance
analysis.
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the glacial stream, we determined the provenance
of the particulate load found in the glacial stream
(23). We were then able to reconstruct the magnitude and patterns of erosion.
Our results show erosion patterns closely mimicking the velocity patterns over the 5-month period
(fig. S2). Maximum erosion rates occurred around
the steeper, faster parts of the glacier. Low erosion
rates correspond either to the slowly moving accumulation area or the glacier front. Analysis of
the temporal evolution of glacial erosion reveals
that instantaneous erosion rates varied by several
orders of magnitude over the 5-month period
(from about 1 to 500 mm/year; movie S1). Erosion
rates were highest in response to large rain events.
During that time, water easily reached the ice/
bedrock interface to induce an increase of water
pressure, glacier sliding velocity, and erosion rates
(13, 15, 20, 28, 29). The water discharge data we
collected confirm a study showing that the subglacial drainage system does not evolve from a
cavity-driven to a channelized system through
time (23, 29). These observations explain why we
continuously observed such a high sensitivity to
water inputs. Furthermore, the integrated erosion
rates over the 5-month period compare well to
rates integrated over geological time scales (30).
This suggests the potential to extrapolate the processes driving erosion during our observations to
longer time scales.
We combined the integrated erosion rates with
the provenance and remote sensing data to constrain the parameters in an erosion law (Fig. 3A).
194
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We assume that the erosion rate is proportional
to the sliding velocity raised to some power (i.e.,
ė ¼ Kg jus jl , where ė is the erosion rate, Kg is an
erodability constant, us is the sliding velocity, and
l is an exponent). We constrained Kg and l using
two independent methods. The first one is based
on the nonlinear least-squares method, and the
second is based on Bayesian inversion that enables us to construct the probability density function of the constrained parameters (23). Both
approaches lead to a nonlinear relationship, with
an exponent l close to 2 (Fig. 3, A, B, and D). This
relationship agrees with theoretical predictions
for glacial abrasion (5). Abrasion is proportional to the product of the viscous drag force
of the ice as it moves on the bedrock and the
rate at which debris contained in the ice is dragged
against the bed, which both depend on the sliding velocity.
Theoretical models for abrasion and quarrying
assume basal sliding to be the primary driver of
erosion (5–7). Discriminating which of these two
processes dominates is known to be difficult. This
is in part because other variables than sliding play
a role, including lithological variations or subglacial fluvial activity. One quarrying model (7)
accounts for the effect of bedrock strength heterogeneities and variations in water pressure at the
ice/bedrock interface. It predicts an erosion exponent l < 1 for weak bedrock strength such as that
in the Southern Alps. The model also implies
decreasing or relatively steady erosion rates with
increasing water pressure (7), in contrast to our
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observations of a different relationship (movie
S1). This relationship, along with our sliding velocity exponent of about 2, may imply an abrasiondominated process in the Franz Josef Glacier,
although quarrying is required to produce rock
fragments that abrade the bedrock.
Existing field estimates in Alaska (19), the European Alps (19), and the Patagonian Andes (18)
all suggested an exponent l of 1 and a dimensionless Kg around 10−4. Most landscape evolution
models use these values. We observed similar
values when spatially integrating erosion rates
and sliding velocities for the Franz Josef Glacier.
Unfortunately, spatially integrated erosion rates
and velocities (19, 20) cannot rigorously constrain
Kg and l independently because of the trade-off
between the erosion constant Kg and the exponent l (Fig. 3B).
Our observations establish that glacial abrasion
is a nonlinear function of ice-sliding velocity. Icesliding velocity is to a first order nonlinearly proportional to ice thickness and ice surface slope
[eq. 9 in (23, 31)], which are both set by the balance between the glacier mass balance and the
divergence of the ice flux [eq. 8 in (23, 31)]. As a
result, an increase of ice flux induced by climate
change, or increased surface slope, will be accommodated by faster sliding velocities in a nonlinear
way. An additional nonlinearity on the sliding exponent in the erosion law (i.e., l > 1) thus implies a
very high sensitivity of erosion rates to changes in
ice flux (23). Therefore, fast-flowing glaciers are
likely to be particularly effective at erosion, and
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abrasion might become the dominating process
over quarrying for fast-flowing glaciers over weak
rocks, such as the Franz Josef Glacier.
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Several observations suggest that they migrate
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