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Sediment Entrainment and Slump Blocks Limit Permafrost
Riverbank Erosion
Madison M. Douglas! 2, Kieran B. J. Dunne!, and Michael P. Lamb!

'Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA

Abstract Climatic warming and permafrost thaw are predicted to increase Arctic riverbank erosion,
threatening communities and accelerating sediment, carbon and nutrient cycling between rivers and floodplains.
Existing theory assumes that pore-ice thaw sets riverbank erosion rates, but overpredicts observed erosion

rates by orders of magnitude. Here, we developed a simple model that predicts more modest rates due to a
sediment-entrainment limitation and riverbank armoring by slump blocks. Results show that during times of
thaw-limited erosion, the river rapidly erodes permafrost and undercuts its banks, consistent with previous
work. However, overhanging banks generate slump blocks that must thaw and erode by sediment entrainment.
Sediment entrainment can limit bank and slump block erosion rates, producing seasonally averaged rates more
consistent with observations. Importantly, entrainment-limited riverbank erosion does not depend on water
temperature, indicating that decadal erosion rates may be less sensitive to warming than predicted previously.

Plain Language Summary Riverbank erosion in the Arctic is a major hazard for riverside
communities and infrastructure. Arctic rivers flow through regions of permanently frozen ground, and this
ground is thawing as the climate warms. Therefore, there is major concern that riverbank erosion will accelerate
in the future because the ground loses its strength when thawed. However, in order for a riverbank to erode, the
river must satisfy two conditions: it must thaw the frozen ground and entrain the thawed sand and mud. Our
model and analyses suggest that riverbank erosion in many Arctic rivers can be limited by the river's ability

to entrain and transport the sand and mud, rather than the canonical view that erosion is limited by the rate of
ground thaw. Applying our model to the Yukon River indicates that thaw rates are so fast that they cannot set
the rate of erosion for the melt season. Instead, bank erosion for part of the time is controlled by the ability of
the river to move the bank sediment, making riverbank erosion less sensitive to warming river waters.

1. Introduction

Major river systems flow through the Arctic, contributing approximately 10% of freshwater and 1% of sediment
flux to Earth's oceans (Gordeev, 2006). These rivers flow through permafrost regions, which contain a seasonally
thawed active layer underlain by frozen ground (Obu et al., 2019). Arctic rivers can migrate rapidly (Rowland
et al., 2019), eroding floodplain material that affects the carbon cycle (Turetsky et al., 2020) and threatens river-
side communities and infrastructure (Bronen & Chapin, 2013; UAF & USACE, 2019).

Riverbank erosion in permafrost is thought to be limited by rates of pore-ice melting, implying that erosion rates
could dramatically increase as the climate warms (Costard et al., 2003). This theory matches observed erosion
rates along the Lena River in Siberia of 2—40 m/yr during the period after river ice break-up (Costard et al., 2014).
However, Costard et al. (2014) only modeled erosion through the end of June, when predicted erosion rates
approached 6 m/day. If the same 6 m/day rate applies until freeze-up in the fall, the model predicts over 500 m/yr
of erosion, an order of magnitude greater than the fastest observed rates. Therefore, there must be a mechanism
that substantially reduces bank erosion rates from the thaw-limited case.

Here we explore two mechanisms that might slow seasonally averaged permafrost bank erosion rates compared
to the thaw-limited end-member. Field studies of permafrost rivers in late summer show that banks have an
order-meter-thick layer of thawed sediment at their surface (Scott, 1978), indicating erosion was limited by
the river's ability to entrain sediment from the bank (i.e., entrainment-limited bank erosion) rather than being
limited by pore-ice thaw. In addition, bank undercutting and slump block generation is common in Arctic rivers
(Figure 1). These blocks can prevent further bank erosion until the fallen material has been entrained and trans-
ported downstream. We incorporate these two mechanisms into a model for riverbank erosion and discuss their
implications for the fate of rivers in a warming Arctic.
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Figure 1. Field photos of the same permafrost river bank near Beaver, AK (66.3316°N, 147.6156°W) taken on different
dates. Bank stands approximately 3.5 m above the water level. The majority of exposed bank face is permafrost with pore ice.
The active layer on top of the bank is between 0.5 and 1 m deep. (a) Flowing water undercut the bank, creating an erosional
niche (07 June 2022). (b) Shear failure and rotational failure-generated slump blocks (09 June 2022). (c) Slump block material
armors the bank and prevents the development of an erosional niche until the material has been eroded away (22 September
2022). Photo Credit: Kieran Dunne (a, c), Michael Lamb (b).

2. Model Development

We developed a 2D model for permafrost riverbank erosion where erosion rates may be thaw- or sediment
entrainment-limited, and bank erosion only occurs when the permafrost bank is not shielded by slump blocks
(Figure 2). The model was motivated by field observations near Beaver, AK in summer 2022. In the early
summer following ice break-up, we observed that permafrost banks were often undercut by meter-deep

't #2© R

Thaw-limited Entrainment-
Erosion limited Erosion

Figure 2. Illustration of the permafrost riverbank erosion model setup. (a) We define a coordinate system where the bank
erodes horizontally from an initial position of ¥ = 0 m and elevation is measured from the channel thalweg (Z = 0 m) to

the top of the bank (Z = H; m). The riverbank erodes below the water surface at an erosion rate (E,,,,; m/s) equal to the
minimum of the thaw-limited (E,,,; m/s) and entrainment-limited (E,,; m/s) erosion rates. The bank overhang has a total
failure plane length (L;; m) with sections under tension (L,; m) and compression (L_; m); area of the overhang A, ., (m?);
distance L, (m) from the block center of mass at (Y. Zeoy) o the failure plane; and permafrost bulk density (p,; kg/m?),
shear strength (o; Pa), tensile strength (6;; Pa), and compressive strength (6.; Pa). When slump blocks are present, E,,,, =0
and the block is eroded at rate E, |, (m/s), which may be (b) thaw-limited or (c) entrainment-limited. (b) E,,,,, depends on the
river Prandtl number (Pr; dimensionless), Reynolds number (Re; dimensionless), mean flow velocity (U; m/s), temperature
(T,; °C), thermal conductivity (x, ; W/m/K), density (p, ; kg/m?), and temperature of fusion (T; °C); as well as permafrost
temperature (7;; °C), specific heat capacity (cp; J/kg/°C), and latent heat of fusion Ly J/kg). (¢) E,,, depends on the shear
stress on the bank (z,,,,; Pa), which depends on the water depth (H; m) and channel slope (S; m/m); the slump block median
grain size (Ds,; m); and the critical shear stress to entrain bank material (z_,;; Pa).
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erosional niches (Figure la). Rotational and shear failure generated slump blocks approximately 3-7 m
wide along the bank (Figure 1b). Permafrost banks without erosional niches typically showed armoring
from thawed remnants of previous bank failures, suggesting erosion was limited by sediment entrainment
(Figure 1c).

We modeled the instantaneous riverbank erosion rate E,, , (m/s) as the minimum of thaw-limited (E,,,; m/s) and
sediment-entrainment-limited erosion rates (E,,; m/s):
Ehank = min(EIhaw, Eenl) (1)

We calculated E

thaw Using the model of Costard et al. (2003) with thermal properties for saturated permafrost

calculated following Dupeyrat et al. (2011):
APr*Re’x,,(T,, — Ty)

E aw = 2
th Hpy(Ly + ¢, (T — T7)) @

where the numerator is the rate of heat transfer from the river water to the bank and the denominator is the heat
required to thaw the bank. In Equation 2, A, @, and f are empirical coefficients; Pr = v/y is the Prandtl number,
where v (m?%s) is the kinematic viscosity and y is the thermal diffusivity (m?%s) of water; Re = HU/v is the
Reynolds number, where U (m/s) is the mean river flow velocity; «,, (W/m/°C) is water thermal conductivity;
T, is river water temperature (°C); T, (°C) is the freezing point of water; H (m) is the flow depth; p, (kg/m?) is
permafrost bulk density; L, (J/kg) is permafrost latent heat of fusion; ¢, (J/kg/°C) is permafrost heat capacity; and

T, (°C) is the initial temperature of floodplain permafrost. We calculated L, = f, L; ., where f, . (kg/kg) is the mass
fraction of water ice in permafrost and L, . (J/kg) is the water ice latent heat of fusion.
We modeled E., using a threshold-based model after Partheniades (1965),
M ( o !
Een = <Tb—k - 1) 3)
pl)fsed Terit

where M (kg/m?/s) and n (dimensionless) are empirical coefficients, 7, (Pa) is the fluid shear stress on the bank,
7., (Pa) is the critical shear stress to entrain bank sediment, and f,, (kg/kg) is the mass fraction of sediment:
Jfiea =1 = fi.er We do not include detailed calculations on the river bend geometries or hydraulics, which would
modify 7.k for any given bend.

We implemented the erosion equations for a 2-D cross-sectional elevation profile of a riverbank, tracking the
water depth, H, throughout an annual hydrograph (see Section 3). The river has a bankfull depth of H,; (m), and
we defined a vertical coordinate system with the river thalweg at Z = 0 and the top of the bank at Z = H,,. At each
time step, the bank was eroded horizontally (in the positive Y direction) at the rate E,, (Equation 1) using finite
differences everywhere on the submerged portion of the bank (Z < H) (Figure 2).

As the bank erodes during falling water level, the model generates overhangs that fail, producing slump
blocks. We assessed bank failure following Patsinghasanee et al. (2018), which allows for rotational and
shear failure of overhangs along a vertical plane (Figures 2b and 2c). We calculated the factor of safety (F))
as the maximum of the factor of safety for rotational failure (F; dimensionless) and shear failure (F .
dimensionless):

Fy = maX(Fs,rot, Fs,shcar) (4)

where F > 1 indicates that the driving forces exceed the bank strength and failure occurs. For rotational failure,

2058 Ablock Lo
Fspo = —m—————
ot GcL% + GTLr2 (5)

where g is gravitational acceleration (9.81 m/s?); o, (Pa) and o, (Pa) are the compressive and tensile strengths
of permafrost, respectfully; L. (m) and L, (m) are the lengths of the failure plane under compressive stress and
tensile stress, respectfully; and L, (m) is the horizontal distance from the slump block's center of mass (Y
m) to the failure plane. We assumed that the failure plane is vertical and occurs in the subaerial portion of the
overhanging bank, such that L., = H,; — H at the time of failure (Figure 2a). Thus, L, = H; — Z,,,, Where
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Zcoy (m) is the height of the slump block's center of mass, and L, = Ly, — L,. The factor of safety for shear
failure was calculated from the weight of the block divided by block shear strength (c; Pa) along the failure
plane:

Abloc
Fseshear = PbE Avlock . (6)
05 Liail

The cross-sectional area of the failed block, A, . was found by integrating the bank profile elevation above the
water line to the failure plane (Figure 2a).

To implement bank failures in our model, at each timestep, we evaluated if bank failure occurred using Equa-
tions 4-6. If failure occurred (F; > 1), the overhanging material was removed from the bank cross-sectional
profile, a slump block was generated, and the slump block was assumed to armor the bank and protect it from
erosion (E,,, = 0 when E,_, > 0). Slump block material was tracked separately from the bank and eroded at a

rate E,; , (m/s), which was either thaw- or entrainment-limited such that
Enock = min(ElhaW9 Eem) (7)

withE,
from an initial area A, , atrate E,; , H. After the slump block was eroded away, E,, , =0, and £, was assessed
again using Equation 1. We calculated the mean annual erosion rate E, , (m/yr) as the total area of bank and block

material eroded over the year normalized by H,.

and £

ent

evaluated using Equations 2 and 3. We assumed that the block was fully submerged and eroded

3. Model Implementation

We used input values for the model based on the Yukon River between Stevens Village, AK and Beaver, AK
as an example case (Table S1 in Supporting Information S1). Here the river traverses discontinuous perma-
frost and transitions from an anabranching to single-threaded channel morphology. The channel is gravel-bedded
(Dsy ~ 10 mm) with slope S = 1.6 x 10~* (Clement, 1999). However, not all model parameters are known for
this site, nor was the model locally calibrated. Our goal is to show an illustrative example of model behavior, not
predictive results for any given river bend.

We used water discharge and temperature data from USGS gage 15453500 near Stevens Village. The daily
discharge timeseries spans 1976—present and water temperature data exist intermittently from 1970 to 2005.
We produced a representative annual timeseries of water velocity and depth from the discharge timeseries
using power law fits to available paired measurements (Figure S1 in Supporting Information S1). An aver-
age annual daily water temperature timeseries was found by combining sparse water temperature measure-
ments from Steven's Village (n = 214) with daily water temperature measurements from nearly Pilot Station,
AK (USGS gage 15565447). We computed the median water temperature for each day of the year where
data are available then smoothed the data using a Savitzky-Golay filter. Water temperature was set to 0°C
for days in the spring with no available measurements, likely during ice breakup (Figure S1 in Supporting
Information S1).

We assumed bankfull depth equals the median annual maximum flow depth of 9.8 m. The shear stress on the bank
(Tpani) Was calculated as 7, = 7, /(1 + €), with £ = 0.2 (Parker, 1978). We assumed normal flow conditions, so
that 7,,, = p,gHS, where p, (kg/m?) is the density of water.

We modeled a representative sandy permafrost riverbank (D, = 1 mm). The initial condition was a vertical
cutbank. We followed Costard et al. (2014) and used empirical coefficients of A = 0.0078, @ = 0.3333, = 0.9270
(Equation 2) from experiments by Lunardini (1986), and set Pr = 10. Using values typical for permafrost, we
set T, = 0°C, 6, = 11.2 & 4.1 MPa (+1SD) and 6, = 2.4 + 0.2 MPa (+1SD) for frozen silt and sand (Bragg &
Andersland, 1981; Wolfe & Thieme, 1964), and 6, = 5 X 10*Pa (Arenson & Springman, 2005). We used measured
values of p, = 861 kg/m? and f,,, = 0.2362 for soils in the study region (Lininger et al., 2019). Background perma-
frost temperature, T; = —1°C, was determined from borehole data for Stevens Village at 3 m depth (Biskaborn
etal., 2015). For sediment entrainment, we used n = 1 (Partheniades, 1965) and M = 2.5 x 107> kg/m?/s to repre-
sent river sediment with some cohesion (Winterwerp et al., 2012). We calculated 7z_; = 0.28 Pa for Dy, = 1 mm

crit
(Parker et al., 2003).
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Figure 3. Riverbank erosion over the course of an annual hydrograph for sandy permafrost near Stevens Village along the
Yukon River. (a) Median daily water discharge (Q, ; m%s) with the 25th to 75th percentiles shaded in gray (days since 01

w?

January). (b) Median daily water temperature (7, ; °C) for Stevens Village and Pilot Station. (c) Riverbank erosion rate (£
m/day), with E_ and E,

thaw

ank;
shown in orange and blue, respectively. Bank erosion is zero when a slump block shields the bank.
(d) Model of slump block erosion rate (Ey, ,; m/day), E,, and E, versus day of the year. (e) Eroding riverbank profiles

ent” thaw
shaded light to dark gray through time with water level shown as a blue dash on each profile.

4. Results
4.1. Yukon River Example Case

High water discharge for a typical hydrograph on the Yukon River near Stevens Village begins following ice
breakup (day 120) and peaks around day 150 (since 01 January), before slowly declining to freeze-up around day
300 (Figure 3a). The water temperature gradually increases after ice breakup, peaking at a value of approximately
18°C in mid-summer (around day 200) before declining back to 0°C in the winter (Figure 3b). With these inputs,
the model produces daily riverbank erosion rates (E,,;
and the earliest part of the melt season (approximately 5 days) when the river water is cold (7, < 0.1°C). After
day 125, the thaw rate accelerates as the water warms, making bank erosion limited by sediment entrainment,

Figure 3c) that are thaw-limited throughout the winter

rather than thaw, despite the rise in water discharge and the increase in entrainment rate. The bank remains
entrainment-limited until day 300, shortly before freeze-up. Erosion rates closely track water discharge, and are
relatively insensitive to water temperature during summer months when rates are set by sediment entrainment.
While a small fraction of bank erosion occurs under thaw-limited conditions (<1%), permafrost still plays a
crucial role in preventing erosion from occurring during winter months when 7, = 0°C. During this time, the river
would entrain sediment if it was thawed, but temperatures are too low to permit thaw.

Rising and falling water levels form an overhang in the permafrost which collapses to form a slump block whose
geometry is visible in plots of the riverbank profile through time (Figure 3e). The model produces bank profiles
with a curved overhang reaching to the recent high-water level, similar to natural overhangs (Figure 1). Over the
melt season, the model predicts one bank collapse event due to shear failure with a 10-m top length, consistent
in scale with observed slump blocks. The slump block causes E,, to vanish and E,, , to abruptly increase while
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Figure 4. Contour plots of mean annual erosion rate E,, (m/yr) smoothed with a 2-D Gaussian filter with 1SD = 0.05 and

the modeled example case displayed as a star (¥). (a) E,  contours for changing sediment entrainment coefficient M and 7,

avg critt
(b) E,,, contours for changes in the magnitude of water temperature and discharge. (¢) E,,, contours for the ratio of block
versus bank M and bank shear strength. (d) The number of slump blocks (black squares) and slump block area (white circles
with 1SD error bars) as a function of bank shear strength.

bank material is protected by the slump block (Figures 3c and 3d). The slump block shields the bank from direct
erosion for 39 days, persisting because water levels are decreasing, which makes block erosion less efficient. The
block has a large area because Ly, is set by the subaerially exposed portion of the bank that generates failures.
Block erosion is limited by the rate of sediment entrainment because it occurred as the hydrograph is declining
and water temperatures are warm, so permafrost thaw rates are rapid (Figure 3d).

For our example scenario, the thaw-limited model (Equation 2) alone produces a mean annual bank erosion rate
greater than 8 X 103 m/yr, which is not realistic. Allowing both thaw- and entrainment-limited erosion and slump
block armoring of the bank predicts 10 m/yr of riverbank erosion. For comparison, reach-averaged values derived
from Landsat imagery indicate erosion rates of 1.48 + 2.73 m/yr (mean + 1SD) and a maximum of 36.04 m/
yr for the Yukon River between Beaver and Stevens Village (Rowland et al., 2019). Thus, the example scenario
produces erosion rates that fall within the range of observed rates and represent an improvement by multiple
orders of magnitude compared to assuming thaw-limited conditions. The exact erosion rates are sensitive to
model input parameters, which we explore next.

4.2. Model Sensitivity Analysis

We systematically changed the thaw and entrainment-limited erosion rate coefficients while holding all other
parameters constant. Entrainment rates are highly variable (de Leeuw et al., 2020) and depend on the particle
size, sediment cohesion, and vegetation that can bind sediment. The Yukon River floodplain is poorly sorted,
~ 10 Pa) to cohesive silt and clay (z,; ~ 0.01 Pa), so we varied M
and 7, over a wide range of values that are representative of the natural variability for these materials (Parker
et al., 2003; Winterwerp et al., 2012). When entrainment rates are very low, the river rapidly switches from
thaw- to entrainment-limited erosion and the number of days with thaw-limited erosion decreases (Figure 4a).

with grain size ranging from pebbles (z_;,

In contrast, when sediment is easily entrained, the number of days with thaw-limited bank erosion increases and

E,, increases. The £, contours are not linear in log-log space because changing E, also changes the number

avg
of days when thaw-limited erosion occurs. The interplay between rates of thaw- and entrainment-limited erosion

nt

and number of days in each state provides a negative feedback on E,, that limits runaway permafrost thaw or
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sediment entrainment. Overall, these results suggest that the model produces erosion rates consistent with the

observations (2-3 m/yr) depending on the values of M and z_., which are poorly constrained. Changing coeffi-

crit?
cients A and 3 in the permafrost thaw model, or permafrost temperature, over a range of reasonable values had
little effect on the model results for this scenario since the thaw-limited conditions were brief (Figures S2 and S3

in Supporting Information S1).

Water discharge and temperature are increasing as the climate warms (Docherty et al., 2019; Peterson et al., 2002).
To investigate potential climatic changes, we ran model scenarios multiplying the Stevens Village water discharge
timeseries (Q,, gy) and the water temperature timeseries (7, y) by a dimensionless scalar ranging from 0.5-1.5 to
0.7-1.3, respectively (Figure 4b). These ranges exceed observed variations in Arctic river discharge over the last
7 kyr (Wagner et al., 2011) and span modern river water temperatures for Arctic and temperate climates (Wanders
et al., 2019). Model results indicate bank erosion rates increase with greater water discharge but are insensitive to
water temperature. These trends emerge because permafrost riverbank erosion is only thaw-limited during summer
months for a short period immediately after ice break-up, and otherwise bank erosion is entrainment-limited
(Figure 4b). Bank and slump block erosion rates increase rapidly with respect to water discharge because both
thaw- and entrainment-limited erosion rates depend on discharge (Figure 4b). Thaw-limited erosion rates are
proportional to flow velocity (Equation 2) while entrainment-limited erosion rates are proportional to flow depth
via shear stress (Equation 3), which both increase with discharge. In addition, more of the bank is exposed to
erosion at higher water depths.

Slump block material may be more or less erodible relative to the underlying bank (Parker et al., 2011). For
instance, slump blocks could be easier to erode because they have more surface area exposed to flow, they are
comprised of weaker material, or the blocks break apart during failure. In contrast, slump blocks might be more
difficult to erode than their underlying bank because they contain finer, more cohesive sediment and organics
such as tree roots from the upper floodplain. To understand these effects, we multiplied entrainment-limited
erosion rates by a dimensionless scalar from 0.1 to 10 (simulating blocks that range from 10% to 10-fold the
strength of the bank material) and examined how bank erosion rates varied with block erodibility and bank shear

strength (Figure 4c). Intuitively, E,  increased when slump blocks were easier to erode than their underlying

av;
material and decreased when slump gblocks were more difficult to erode (Figure 4c). Therefore, the presence of
cohesive materials, such as mud and plant roots, within slump blocks provides an additional mechanism to slow
bank erosion rates, consistent with non-permafrost rivers (Parker et al., 2011). In our modeled scenarios, most
slump blocks were eroded under entrainment-limited conditions, thus the results are not strongly affected by

whether or not the slump block was initially frozen.

Since bank failures in our modeled scenarios were due to shear rather than rotational failure, we explored the
effect of changing shear strength on model results. We examined a broad range of strengths (g = 1-1,000 kPa):
laboratory values give a range over multiple orders of magnitude for frozen sand with varying ice content and
temperature (Arenson & Springman, 2005), and observations of overhanging, vertical, and low-angle banks
imply bank strength spans a wide range of values. Overall, higher o¢ decreases the number of slump blocks and
increases their size (Figure 4d). This occurs because a weaker bank requires less of an overhang to form before it
fails, producing numerous small collapses over the course of the summer, while stronger banks need large over-
hangs to form before bank shear strength is exceeded. Despite shear strength strongly affecting the number of
slump blocks and their residence time, it has a small effect on mean annual erosion rates when blocks have similar
erodibility as the banks (Figure 4c). Slump blocks instead modulate the instantaneous rate of bank erosion, rather
than the mean annual bank erosion rate. However, when blocks are resistant to entrainment, erosion rates first
increase then decrease as shear strength increases. In contrast, for blocks that are highly erodible, average bank
erosion rates first decrease then increase as shear strength increases. This occurs because increasing bank strength
makes slump block failures occur later in the summer, and slump blocks that cover the bank when erosion rates
peak during in early summer will most significantly increase (for weak blocks) or decrease (for strong blocks)
annual erosion rates.

5. Discussion

Our model indicates slump blocks and entrainment-limited conditions can help to explain overestimates of
permafrost riverbank erosion by thaw-limited theory. Using simple block collapse and sediment entrainment
formulations, the model produces erosion rates similar to observations along the Yukon River. The model is
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simple by design to illustrate the important role that sediment entrainment and slump blocks play in modulating
thaw-induced bank erosion rates. A predictive model may require additional physical processes, for instance,
bank gouging by ice jams (Vandermause et al., 2021). In addition, our model does not track heat transferred to the
bank during periods of entrainment-limited erosion. This may be important because sustained low flows could
thaw the bank, allowing for rapid erosion during late-summer floods (McNamara et al., 2008). In addition, bank
thaw may cause permafrost with very high pore-ice content to collapse, increasing erosion rates compared to our
model. We also neglected form drag from slump blocks and fallen trees (Figure 1), which could slow near-bank
flow, reducing bank shear stresses and erosion rates (Kean & Smith, 2004). Finally, our model neglects chan-
nel bend, bed, and bar morphodynamics, which can change bank stresses and modulate bank erosion rates on
seasonal and inter-annual timescales (Naito & Parker, 2019, 2020).

Model results qualitatively match field observations, producing rapid, thaw-limited erosion in early summer and
slower, entrainment-limited erosion with a large slump block as river discharge declines in mid- to late summer
(Figure 1). Importantly, entrainment-limited erosion slows bank erosion by two orders of magnitude, while slump
block armoring changes erosion rates when slumped material is more or less resistant to entrainment than the
underlying bank. Erosion was entrainment-limited for 7,, > 0.1°C, indicating that even catchments in continu-
ous permafrost could be entrainment-limited for summer months. Since entrainment is important in setting the
erosion rate, permafrost bank erosion in some rivers may behave more similarly to rivers in non-permafrost
settings than previously thought.

Previous efforts to understand the effects of permafrost on channel mobility indicate that rivers are capable of
rapidly eroding banks locally (Fuchs et al., 2020; Kanevskiy et al., 2016) yet erode more slowly when averaged
spatially over river reaches and temporally over decadal timescales (Rowland et al., 2019). Spatial heterogeneity
in riverbank and slump block strength and erodibility as well as channel hydraulics and curvature may account for
some of these differences (Sylvester et al., 2019). Unfortunately, many of these parameters are poorly constrained
for permafrost and non-permafrost rivers alike (Arenson & Springman, 2005; Bragg & Andersland, 1981; Wolfe
& Thieme, 1964). For example, entrainment relations in non-permafrost settings commonly overpredict erosion
rates, leading to proposals that plants, cohesive mud, or muddy slump blocks play important roles in throttling
bank erosion rates (Parker et al., 2011). In addition, the interplay of thaw- and entrainment-limited erosion and
the number of days per year that each process dominates may produce localized, rapid erosion over a few days
following ice break-up but little to no erosion over the rest of the year, potentially reconciling fast short-term and
slow long-term erosion rates along Arctic rivers. Thus, by allowing mixed entrainment-limited and thaw-limited
behavior over the melt season, our model might help to reconcile observations of thaw-limited behavior (e.g.,
erosion rates depend on water temperature or pore ice content) with much slower averaged rates than predicted
by purely thaw-limited conditions.

Arctic warming is increasing surface water temperatures (Docherty et al., 2019) and changing riverine hydro-
graphs (Peterson et al., 2002). Our results show that, where partially entrainment limited, river morphodynamics
may be less sensitive to warming of river water if thaw-limited conditions only persist for a few days after ice
break-up, as in our modeled scenario. Moreover, thaw rates should increase with warming water temperature,
which would result in them outpacing entrainment rates more often, further limiting the days in which erosion
is thaw-limited. However, even if bank erosion rates are set by sediment entrainment, Arctic rivers will still
respond to climate change through changing hydrographs. Increases in discharge and the size and frequency of
late-summer storms, when riverbanks are thawed, can increase erosion rates (McNamara et al., 2008). Permafrost
riverbanks also differ from non-permafrost banks because thaw rates are negligible during winter months, since
water temperatures remain close to 0°C. As ice breakup occurs earlier in the year (Beltaos & Burrell, 2021), we
expect that the number of days with non-zero erosion will increase, raising average annual erosion rates even if
daily rates remain similar. Finally, regional permafrost thaw should reduce riverbank strength, resulting in smaller
and more frequent slump blocks. Taken together, these changes may increase bank erosion hazards and change
that cadence of cycling of floodplain materials including sediment, carbon, and pollutants.

6. Conclusions

Arctic rivers can erode rapidly, damaging infrastructure and forcing some communities to relocate. Understand-
ing the physical processes that govern permafrost bank erosion is a crucial step toward predicting and mitigating
hazards from climate change. Here, we introduced a model that includes thaw-limited permafrost erosion as well
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as limits on erosion rates through slump block failure and sediment entrainment. The purely thaw-limited model
produces unrealistically large erosion rates. However, simple representations of sediment entrainment and slump
blocks reduce these rates by orders of magnitude, making predictions more comparable to observations. We also
found that entrainment-limited conditions can occur over most of the summer in some cases, such that perma-
frost riverbank erosion can be sensitive to changes in water discharge but not water temperature. However, even
in these scenarios, riverbank erosion may still accelerate if a warming climate leads to larger floods, potentially
increasing hazards to riverside communities and the release of carbon currently stored in permafrost.
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