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Formation of plateau landscapes on glaciated
continental margins

David L. Egholm™, John D. Jansen'?, Christian F. Braedstrup’, Vivi K. Pedersen?, Jane L. Andersen’,
Sofie V. Ugelvig', Nicolaj K. Larsen' and Mads F. Knudsen'

Low-relief plateaus separated by deeply incised fjords are hallmarks of glaciated, passive continental margins. Spectacular
examples fringe the once ice-covered North Atlantic coasts of Greenland, Norway and Canada, but low-relief plateau
landscapes also underlie present-day ice sheets in Antarctica and Greenland. Dissected plateaus have long been viewed as
the outcome of selective linear erosion by ice sheets that focus incision in glacial troughs, leaving the intervening landscapes
essentially unaffected. According to this hypothesis, the plateaus are remnants of preglacial low-relief topography. However,
here we use computational experiments to show that, like fjords, plateaus are emergent properties of long-term ice-sheet
erosion. Ice sheets can either increase or decrease subglacial relief depending on the wavelength of the underlying topography,
and plateau topography arises dynamically from evolving feedbacks between topography, ice dynamics and erosion over
million-year timescales. This new mechanistic explanation for plateau formation opens the possibility of plateaus contributing
significantly to accelerated sediment flux at the onset of the late Cenozoic glaciations, before becoming stable later in

the Quaternary.

vast ice sheets that blanketed the North Atlantic continental

margins. The resultant insertion of 2-3-km-deep fjords
epitomizes positive feedbacks between bedrock lowering and ice
dynamics that focus incision in fjords"* while limiting the erosive
potential on the high, interfjord plateaus’'>. However, unlike fjords,
which are the unequivocal products of glacial erosion, the enigmatic
origin of the interfjord plateaus has fuelled long and vigorous
debate” . A key point of contention is the role of glaciers as
amplifiers of relief. Glaciers have created some of Earth’s steepest
and highest relief; hence, in keeping with selective linear erosion,
the low, rolling relief of the high plateaus has been regarded
as incompatible with a glacial origin®”'*'°. On the continental
margins where they are well developed, such as eastern Canada®*’,
Greenland® and Norway™" (Fig. 1), plateau landscapes are therefore
assumed to retain the shape of their ‘ancient preglacial’ roots despite
being repeatedly overridden by ice sheets’”'>'°.

Several factors are consistent with the preglacial hypothesis.
Long-term preservation of the plateau surfaces fits with cosmogenic
nuclide abundances indicating that overriding ice in many cases
removed less than a few metres of bedrock over the past few glacia-
tions®*"'*. Accordingly, many summit plateaus host regolith mantles
developed via long-term physical and chemical weathering, with few
signs of recent glacial erosion'*'. In addition, systematic variations
in nuclide abundances with elevation indicate that bedrock erosion
rates generally increase with depth into the glacial troughs® ", con-
sistent with selective linear erosion®’. These observations are widely
explained by the development of non-erosive, frozen-bed patches
under successive ice sheets and have been used to assert that the late
Cenozoic glaciations left the North Atlantic high plateaus largely
undisturbed®”">'*. However, such reasoning implies that recent
ice-sheet behaviour can be extrapolated back across the preceding
glaciations, and overlooks two important aspects of the regional

G lobal cooling in the late Cenozoic caused periodic growth of

landscape evolution: firstly, isostatic uplift associated with erosional
unloading in fjords has gradually increased the elevation of the
plateaus; and secondly, as relief evolves more ice is drained from
the plateaus into the fjords thereby thinning ice at high elevations
and lowering subglacial temperatures">'°. Other studies therefore
question the veracity of the preglacial hypothesis and argue instead
that plateau and fjord landscapes have been continuously eroding,
although at rates that vary through time'*".

Computational experiments

To investigate how overriding ice sheets may have shaped the
topography of passive continental margins, we used the iSOSIA
ice-sheet model” to perform computational landscape-evolution
experiments (see Methods). The initial topography was designed to
represent a small part of a continental margin prior to glaciation.
For this, we used a modelled non-glacial, fluvial-type landscape
without plateau topography and a starting total relief of 1,000 m
(Fig. 2). The grid was 100km X 50 km, which is large enough to
include several fjords and plateaus, while still allowing ice flow to be
modelled using a grid resolution of only 200 m. The two short-side
boundaries were reflective, meaning that topography and modelled
erosion can be mirrored infinitely in the direction perpendicular to
these two grid boundaries. We simulated glaciation by blanketing
the landscape with an ice sheet where the upper surface was sloping
gently (1.5%) coastward. The ice cover was up to 1,000 m thick,
which was just enough to keep all of the landscape buried in ice
throughout the experiments. The ice was allowed to creep and slide
across the landscape and the rate of subglacial bedrock erosion
was assumed to scale with the square of the sliding rate’™* (see
Methods). The ice surface was allowed to change form in response
to the flow, but remained a smoothly undulating low-relief surface
during the simulation. The model domain was assumed to be
located close to the glacial equilibrium line altitude, with negligible
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Figure 1| Examples of high-elevation plateau landscapes in the

North Atlantic region. a, The Torngat Mountains in eastern Canada.

b, East Greenland coast around Kong Oscar Fjord and Kejser Franz Joseph
Fjord. ¢, Southern Norway around Sognefjorden.

net surface accumulation/ablation; the total ice flux in and out of the
model hence remained constant. The computational experiments
spanned 500 kyr of continuous glaciation; a period approximately
matching that of cumulative Quaternary ice-sheet glaciation along
the now ice-free parts of the Scandinavian Mountains in Norway
(using a benthic foraminifera 8'°O glaciation threshold of 4.2%o,
Fig.2)””. Our computational experiments included flexural isostasy
in response to erosional unloading of the underlying crust and
mantle, but ignored non-glacial erosion mechanisms, such as
fluvial and periglacial erosion. Furthermore, while glaciological
parameters such as ice thickness, ice flux and mass balance clearly
varied through time along real glaciated continental margins, we
deliberately simplified our experiments by keeping such parameters
constant through time to most effectively target the following
questions: how does ice-sheet erosion across different length scales
influence the relief of the underlying landscape, and to what degree
can first-order feedbacks between ice dynamics, glacial erosion and
flexural isostasy explain plateau topography?

To test the robustness of our findings, we conducted additional
experiments with varying ice thickness, initial relief, lithosphere

flexural rigidity, glacial erosion model, ice flux and surface temper-
ature. We return to the outcome of this sensitivity analysis below.

Relief planation by ice sheets

A robust first-order outcome of our computational experiments is
a positive feedback between erosion and topographic relief in the
main valleys: subglacial sliding becomes progressively localized and
the total ice flux evolves from nearly uniform to highly channelized
(Fig. 2b). The channelized flow accelerates valley deepening and
eventually cuts fjords below sea level such that total relief increases
from the initial 1km to >2km (—1,000 to 1,400 m.a.s.l.). This
development and the positive feedback driving it is in close
agreement with previous modelling results"**. However, our higher-
order ice model delivers new insights regarding the evolution of
interfjord uplands (Figs 2 and 3). Here, subglacial erosion reduces
local relief because topography generally fluctuates at length scales
shorter than those occurring within the ice-flow velocity field.

Thick ice cannot readily adapt its flow to the details of
the underlying topography because horizontal stress gradients
counteract velocity variations over short distances”'. The total
velocity (the sum of subglacial sliding and ice creep) is thus relatively
constant across small-scale ridges and valleys, but the accompanying
variations in local ice thickness cause differences in the partitioning
of motion into sliding versus creep. Subglacial sliding is faster over
ridges because thinner ice reduces the contribution of creep to
the total velocity and sliding must accelerate to compensate. Faster
sliding over ridges increases erosion and therefore reduces short-
range topographic relief (Fig. 3).

The resultant flatter surfaces rise in elevation because total ero-
sion (~50-300 m) is exceeded by flexural isostatic uplift (~400 m)
due to erosional unloading caused by fjord incision (Supplementary
Fig. 1). The final overall plateau morphology (Fig. 2b, bottom panel)
is the culmination of reduced short-range (<2 km) relief coupled
with uplift and low-angle flexural isostatic tilting in the direction
opposite to ice flow. The final relief distribution across the modelled
plateaus matches that observed, for example, in southern Norway
(Supplementary Fig. 2).

Short-range smoothing of topography under ice sheets hence
occurs due to fundamental ice dynamics related to horizontal stress
gradients that arise because ice is a viscous material. Horizontal
stress gradients are not included in standard shallow-ice models"**;
their effects can be simulated only via full-Stokes or higher-order ice
models such as the one used here. To explore how horizontal stress
gradients affect subglacial erosion in a more conceptual manner, we
performed a set of even simpler experiments in which an ice sheet
flows across sinusoidal topography. We found that where a 1,000-m-
thick ice sheet flows parallel to uniformly spaced valleys and ridges
in a setting of homogeneous bedrock, relief is likely to decrease for
valley spacings <2 km (Supplementary Fig. 3).

Because planation is an inherent result of viscous ice flow
across undulating bed topography, it is not sensitive to the detailed
choice of model parameterization of, for example, basal sliding
or subglacial erosion. Variations in parameters such as erosion-
law scaling constants and boundary ice flux work only to increase
or decrease the pace at which planation works, while the spatial
patterns of erosion remain the same. Ice thickness, mass balance
and ice-surface temperature influence the thermal conditions of the
ice bed. Hence, thin ice, high rates of ice accumulation, and low
surface temperature promote non-erosive cold-based conditions on
plateaus more quickly (Supplementary Fig. 4). The resulting level
of plateau planation thus depends on these parameters, but the
overall tendency is the same: short-range relief decreases as long as
warm-based erosive conditions are maintained at the bed. Likewise,
the tendency for plateau planation is independent of initial relief
(Supplementary Fig. 5), lithosphere flexural rigidity (Supplementary
Fig. 1) or choice of erosion law (Supplementary Fig. 6), confirming
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Figure 2 | Modelled evolution of a continental margin landscape undergoing ice-sheet erosion and flexural isostasy. a, The assumed glaciation history
illustrated using the benthic foraminifera 8'®0 record?’. The glacial periods (in total 500 kyr) are blue. b, Left-side panels show the topographic evolution
of the subglacial landscape over time (completely ice-covered throughout the simulation). Upper to lower panels: the initial non-glacial landscape, then
after 250 and 500 kyr of glaciation, respectively. Initial landscape relief is Tkm (from O to 1,000 m.a.s.l.). Right-side panels show the corresponding
distribution of sliding velocity; frozen-bed patches with neither sliding nor erosion are shown as light grey areas.

that, although variation in parameters may affect its efficiency, the
plateau-forming mechanism is a predictable consequence of deep
erosion by ice sheets along continental margins.

While the resolution of our model (200 m) cannot fully resolve
the fine-scale morphology of real plateau landscapes, our results
suggest that large-scale (>1km) preglacial drainage patterns are
largely preserved, albeit in a subdued form (Figs 2 and 3).
Widespread ice-sheet erosion is therefore compatible with sur-
vival of landforms as described in previously glaciated ‘palaeic’
terrain”'®*>. We note, however, that by focusing solely on ice-sheet
erosion our experiments neglect other erosion processes that may
have influenced relief development, particularly between glacia-
tions. For example, small valley glaciers may counteract plateau
development by increasing local relief between glacial valleys and

unglaciated ridges'®”. This point is relevant for higher massifs,
such as Jotunheimen in southern Norway (Supplementary Fig. 2),
which intersect the snowline altitude during interglacial periods.
In lower areas or those lacking the ridges required to host alpine
glaciers, periglacial surface processes, including frost cracking of
bedrock and frost creep of soil, probably dominated the interglacials.
Such processes are known to reduce local relief and hence further
promote plateau development™°.

The pace of erosion evolves over time

Several first-order feedbacks contribute to the evolution of patterns
and rates of erosion as fjords progressively deepen and plateaus
are hoisted to higher elevations by flexural isostasy. Whereas
erosion accelerates in fjord troughs, as shown previously by others',
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Figure 3 | Evolution of local topographic relief in response to ice-sheet erosion. Local relief was measured in the computational experiments as the
difference between maximum and minimum elevation in 2 by 2 km square windows centred in each 200 m grid cell. a, Final topography (upper panel) and
change in local relief due to glacial erosion (lower panel). b, Frequency distribution of local relief before and after glacial erosion. Note that local relief
increased in specific areas (adjacent to emerging fjords), but glacial erosion diminished local relief over most areas. ¢,d, Detailed topography before and

after glacial erosion; black box in a indicates the location of ¢ and d.

erosion rates decrease across the high plateaus for two reasons:
as troughs deepen, progressively more ice is funnelled through
them rather than over plateaus; and as plateaus are isostatically
raised, the overriding ice thins, which in turn drives down basal ice
temperature while simultaneously increasing the pressure-melting
point. With time, this leads to widespread development of frozen-
bed patches (Fig. 2), which impedes subglacial sliding and hence
preserves rather than erodes bedrock. In other words, owing to
the topographic evolution, the interfjord uplands experience a
major switch from warm-based, erosive conditions before fjord
incision to cold-based, non-erosive conditions after fjord incision®.
Accordingly, the spatial distribution of subglacial sliding and
erosion rate changes dramatically over time (Fig. 2). Early in our
simulations, shortly after the onset of glaciation, erosion rates are
nearly uniform across the landscape (100 to 300 mmkyr™"), but
this evolves into a highly bimodal array spanning three orders
of magnitude from <Immkyr™ to >2,000mmkyr™" (Fig. 4).
The stark contrast in final erosion rates results from the dynamic
decoupling of fast-flowing ice in fjords from slowly flowing cold-
based ice covers on the emergent plateaus. The modelled rates of
erosion are in general agreement with rates estimated from glacial
sediment yields and cosmogenic nuclide analysis®™***.

Predictions of erosion rates that were orders-of-magnitude
faster during early glaciations invite us to speculate that interfjord
plateaus were a major source of erosional flux that coincided
with intensified cooling in the late Cenozoic® (Fig. 4c). In our
experiments, roughly one-third of the total sediment yield is
sourced from plateaus between 500 and 1,000 m elevation (Fig. 4c).
Even modest depths of plateau erosion, such as the 100-400 m
estimated for interfjord landscapes in Norway", translate to globally
significant sediment volumes when projected to other glaciated
passive margins.

Empirical constraints from cosmogenic nuclides
An important upshot of the evolving erosion patterns is that
recent ice-sheet behaviour, inferred from present-day observations

and measurements, cannot be extrapolated reliably back to ear-
lier glaciations. This is especially pertinent to extensive cosmo-
genic nuclide data indicating very low erosion rates on the high
plateaus®®'>***_ As the production of cosmogenic nuclides is
mainly restricted to the upper few metres of the surface, even
apparent exposure ages >100 kyr do not necessarily preclude several
hundred metres of plateau erosion during early glaciations*'. To
predict the cosmogenic nuclide concentrations resulting from the
modelled erosion history (Figs 2 and 3), we punctuated the modelled
500 kyr erosion history with non-erosive ice-free periods inferred
from a glaciation 8'*O threshold of 4.2%o (Fig. 2 and Supplementary
Fig. 7). We then integrated the cosmogenic nuclide production and
decay in every point of the modelled landscape (see Supplemen-
tary Fig. 7 and Methods). The resulting cosmogenic nuclide inven-
tory replicates first-order patterns of '*Be abundances on plateau
landscapes in Canada®"?, Greenland’ and Norway” (Fig. 4d and
Supplementary Fig. 7). Predicted apparent exposure ages range
from the last deglaciation ~12kyr ago to >150kyr at high ele-
vations (Fig. 4d), while *Al/°Be ratios vary from the production
ratio of 6.75 down to 5.75 (Supplementary Fig. 7). The ratio falls
below 6.75 when the landscape is buried for long intervals by thick
non-erosive ice; hence, we anticipate even lower ratios in cases
where ice sheets formed at an earlier time (that is, pre-Quaternary)
than in our experiments. Lengthy glacial burial is particularly rele-
vant for the polar regions of Canada®'®", Greenland””, Svalbard*
and Antarctica®.

The final stages of our computational experiments echo the
essential relationship observed today between erosion rate and ele-
vation (that s, erosion rates decrease with increasing elevation)®'"'?,
and the preservation of plateau landscapes via frozen-bed patches
is shown to be the predictable outcome of long-term topographic
feedbacks associated with fjord incision (Fig. 2). Indeed, our results
are fully consistent with the hypothesis of selective linear ero-
sion***'¢, except regarding the origin and evolution of the plateaus.
Rather than being remnants from preglacial times, we propose that
the plateau landscapes reflect glacial and periglacial smoothing of
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terrain that was already high prior to the inception of glaciers and
was raised higher by isostatic uplift in response to deep fjord erosion.
This does not exclude the possibility that long-term chemical and
physical weathering was already actively shaping low-relief regolith-
covered landscapes in the old Palacozoic mountain ranges flanking
the North Atlantic'>'***, but we propose that widespread erosion
by early ice sheets played a major role in forming the current
plateau topography.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Experimental design. The computational landscape-evolution model was designed
to study patterns of subglacial erosion when a small portion of an ice sheet creeps
and slides across a fully submerged bedrock landscape. Interglacial periods and
intervals with variable ice cover were not included in the simulation. Likewise,
while we acknowledge the influence of rock type and bedrock fracture density on
subglacial erosion*** as shown for example by lithologically controlled steps at the
Norway and Greenland margins*®”, we did not include such complexities here
because we aimed to most effectively focus on large-scale feedbacks between
topography, ice flow, glacial erosion and flexural isostatic adjustments.

The experimental set-up used initial topography generated by a fluvial
landscape-evolution model. The fluvial topography could for example represent a
slowly decaying remnant of the Caledonian mountains flanking parts of the North
Atlantic, or it could be the remains of a rift flank formed prior to breakup of the
Atlantic. To form such fluvial topography, an initially flat landscape (a 50 X 100 km
rectangular grid) at sea level was uplifted at a constant rate, while keeping grid cells
at sea level along one grid boundary. Channels were allowed to incise the rising
landscape with rates scaled by the stream-power equation® until a steady-state
balance between uplift and erosion was met at every point of the grid. Total relief
was at this stage 1,000 m, from sea level to maximum elevation (Fig. 2).

The fluvial-type landscape was then transferred to the glacial
landscape-evolution model and used as the starting point for our computational
experiments. The initial landscape was covered by an ice sheet with a gently sloping
surface ranging from 1,000 m to 2,000 m in elevation, parallel to the regional bed
slope (Fig. 2). In the model, total ice flux was kept constant through both grid
boundaries perpendicular to ice flow. The boundary flux was fixed at
7 x 10° m® yr', which resulted in realistic levels of both sliding and creep velocities
(Fig. 2). A zero-flux free-slip condition was imposed on grid boundaries parallel to
ice flow (the short 50 km boundaries). The elevation of the ice surface away from
the grid boundaries was allowed to freely adjust as ice flow reorganized in response
to the changing bed topography. The entire model grid remained fully ice-covered
during the model simulation.

Ice-sheet modelling. Ice flow was simulated using the iSOSIA ice model®. iSOSIA
is a higher-order ice model that includes horizontal stress gradients, which are
especially important for this study as they provide local coupling of ice flow and
impede short-range gradients in ice velocity. iSOSIA is a two-dimensional,
depth-integrated model. The depth integration increases the computational
efficiency to allow simulations over 10°~10° yr timescales. The depth-averaged
ice-creep velocities were computed from Glen’s flow law for ice:

e =AT!'s;
where &; and s; are the deviatoric components of the strain rate and stress tensors
respectively; 7, is effective stress; and n and A are ice-creep parameters
(Supplementary Table 1). The rate of subglacial sliding, u,, was computed from the
following empirical sliding law":

where 7, and N are shear stress and effective pressure at the ice bed, respectively;
and B, and m are sliding parameters.

We used a hydrological model in which the subglacial drainage system is
described by conduits that can represent both channels and cavities®. Owing to the
long timescale of the simulations, we ignored diurnal and seasonal pressure
variations and used a steady-state version™ of the hydrological model to estimate
long-term average effective hydraulic pressure:

N= k,Qy + uyh v
- kzk;”qu/WII/’”‘Z“’

Here Q is water flux; ¥ is the hydraulic pressure gradient; u, is subglacial sliding
rate, while k,, k,, ks, o and h are constants (Supplementary Table 1). Because water
and ice both flow through the grid, across the up-flow and down-flow grid
boundaries, we simply assumed that water flux Q was everywhere 10% of the local
ice flux. This assumption does not, however, affect the outcome of the experiments.
The hydrological head in the ice remained above sea level during the experiments.
The ice was allowed to slide only where the basal ice temperature was at the
pressure-melting point. Where ice was colder, sliding and erosion were prohibited.
The temperature of the ice was computed using the three-dimensional transient
heat equation:

aT
ch =kV’T —pcu-VT +A

where T is temperature; u is the three-component vector of ice velocity; A is heat
produced by friction; p is ice density; c is specific heat; and k is heat conductivity
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(Supplementary Table 1). The heat equation was solved over every time step using a
semi-implicit thermal model®'. This model involves one-dimensional vertical grid
profiles through the ice in every grid cell of the two-dimensional iSOSIA grid.
When combined, the vertical profiles form a three-dimensional grid structure in
which vertical heat transport is updated using an implicit finite-element solver.
Heat exchange due to horizontal conduction and advection is handled by explicit
time integration®'. As boundary conditions for the thermal model we used a
constant heat flow, g, from Earth’s crust into the ice, a fixed ice-accumulation rate,
M,, and ice-surface temperature computed from sea-level temperature, T, and
atmospheric lapse rate, dT), (Supplementary Table 1). The sea-level temperature
and the lapse rate did not change through time.

Glacial erosion. The rate of glacial erosion was assumed to scale with the
ice-sliding rate squared:

. 2
e, =K.uy

The basis for this erosion model is rooted in theoretical models for subglacial
abrasion® and is also supported by empirical studies™*°. We tested the
robustness of our findings by exploring two other erosion laws™
(Supplementary Fig. 5).

Flexural isostasy. The computational experiments included flexural isostasy in
response to erosional unloading of the underlying crust and mantle. We used a
two-dimensional uniform thin elastic plate model to account for the horizontal
strength of the lithosphere:

’*w L

"W "'w
ox* ax?oy? oyt )

where W is isostatic deflection of the plate; L= p,gE — p,gW is the vertical load on
the plate (positive upwards); E is cumulative bedrock erosion in every grid cell; p,
and p, are densities of the eroded bedrock and the isostatically compensating
asthenosphere, respectively; g is acceleration of gravity; D= YT>/[12 (1—1?)] is
flexural rigidity where Y is Young’s modulus, and v is Poisson’s ratio; and T, is
elastic lithosphere thickness (Supplementary Table 1).

Cosmogenic nuclides. From the erosion histories of the computational experiment
presented in Figs 2-4 we computed the abundances of cosmogenic '*Be and * Al
within the surface rocks. The 500 kyr history of glacial erosion (using a 8O
glaciation threshold of 4.2) (refs 7,27) was punctuated by periods of interglacial
exposure extending the full model period to 2.6 million years (Supplementary
Fig. 7). We assumed zero production of cosmogenic nuclides during glaciations
and zero erosion during interglacials.

Nuclide abundances were hence integrated through time according to:

N(t+At)=N(t)e

N P(z;t)) (1= e

where A is the nuclide decay constant and At is the time-step length. P(z (¢)) is the
production rate at depth z below the bedrock surface. We used a Lagrangian
approach in which the burial depth of rocks at the surface is traced back in time™.
We included production by neutron spallation (P,,), fast muons (P,), and
slow/negative muons (P, ):

P(z (1)

Py, (2 (1) 4Py (z (£) + P (2 (1))
— Psvpefmzm//\,p _'_P‘lzje*p:zu)//xuf +pliine*pr2(l)/A,m

where P’ is the production rate at the surface (z=0), p, is bedrock density, and A
is the attenuation length.

The elevation of grid cells changed trough time in response to erosion and
isostatic uplift. The surface production constants (P, P and P} ) were thus
corrected for altitude by:

PO(h)= pilepurti/a

where P* is the production constants at sea level, / is elevation above sea level, and
Pair 18 air density (Supplementary Table 1). Production parameters are from
refs 54-56 and are also listed in Supplementary Table 1.

Code availability. All computer codes used are available on request to the
corresponding author.

Data availability. The authors declare that data, in the form of computational
results, supporting the findings of this study are available within the paper and its
Supplementary Information.
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