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ABSTRACT

Alluvial fans are found across a range of
climates and are built from a combination
of fluvial and debris flow processes. Correct
identification of process is critical to recon-
structing the climate and water histories of
alluvial fans on Earth and Mars. Theory and
data from subaerial Earth fans are often
used to estimate paleoflow discharges and
sediment fluxes for martian fans; however,
most terrestrial work has been conducted on
fans that are in hot, dry climates with runoff
sourced from rainfall. This differs from the
prevailing interpretation that martian fans
were sourced from snowmelt under warming
periglacial conditions. To characterize pro-
cesses and rates of periglacial fan formation,
we conducted a field-based study of the Black
Mountain alluvial fan in the Aklavik Range,
Canada. We observed active fluvial bedload
transport as well as several small debris
flows that had initiated from ice-filled gullies.
Following a runoff event of ~0.005 mm/hr
to ~0.2 mm/hr across the fan, we estimated
sediment fluxes of ~0.04 m¥hr. Under bank-
full conditions, we estimated runoff rates
between ~0.01 mm/hr to ~14 mm/hr and cor-
responding sediment fluxes of ~0.3 m%nhr to
~550 m’/hr. This suggests that moderate flow
events, well below the maximum runoff pro-
duction rates suggested for Mars, are capable
of entraining and transporting appreciable
amounts of sediment by fluvial processes.
However, sedimentological and geomorpho-
logical observations suggest that ~67 % of the
fan was deposited fluvially; the remainder
was deposited by mass flows. Our results em-
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phasize the need to take care in interpreting
martian sedimentary processes and climate
from fan surface morphology alone.

INTRODUCTION

Alluvial fans are semi-conical sedimentary
landforms that develop when channelized sedi-
ment and water exits a steep mountain front
and emerges onto low-lying terrain, causing the
channel to lose competence and capacity due to
both a reduction in slope and lateral flow expan-
sion (Blair and McPherson, 2009). Fans are built
by a combination of fluvial and mass flow pro-
cesses (Whipple and Dunne, 1992; Stock et al.,
2008; Blair and McPherson, 2009; Stock, 2013).
Fluvial flows have high water-to-sediment ratios,
and fluid-particle interactions result in rolling,
saltation, and dilute suspensions of sediment
(Shields, 1936). Mass flows have low water-to-
sediment ratios, and both solid and fluid forces
influence downslope sediment motion (Iverson,
1997). Mapping of individual fan deposits, com-
bined with relative and/or absolute dating tech-
niques, have shown that both the mode and rate of
sediment transport and deposition varies in time
and space, and these factors have been linked to
upslope changes in sediment supply and climate
variations (see review in Stock, 2013).

Subaerial alluvial fans are found across a
broad range of environments on Earth (referred
to herein as “terrestrial fans”) where there is
sufficient topographic relief and high sediment
production, including arid to semi-arid (e.g.,
Whipple and Dunne, 1992; Harvey, 1997; Blair,
1999b, 1999a, 2003), humid (e.g., Ori, 1982;
Kochel and Johnson, 1984; Evans, 1991), alpine
(e.g., Bardou and Delaloye, 2004; Crosta and
Frattini, 2004; Cavalli and Marchi, 2008; Franke
et al., 2015), and periglacial (e.g., Legget et al.,
1966; Catto, 1993; de Haas et al., 2015b; Tom-
czyk and Ewertowski, 2017; Tomczyk et al.,
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2019) regions. They have also been discovered
on Titan (Radebaugh et al., 2013; Birch et al.,
2016), an icy moon of Saturn, and Mars (Moore
and Howard, 2005; Morgan et al., 2018; Morgan
and Wilson, 2019; Wilson et al., 2021). Alluvial
fans on Mars have been of particular interest
as crater statistics reveal that many were active
during the Early Hesperian to Early Amazonian
(ca. 3.4-1 Ga; Grant and Wilson, 2011; Man-
gold et al., 2012; Grant et al., 2014; Morgan
et al., 2014; Holo et al., 2021), periods gener-
ally considered to be cold, dry, and unfavorable
to significant fluvial activity (Carr and Head,
2010; Carr, 2012; Wordsworth, 2016). Detailed
analyses of several individual martian alluvial
fan systems, including estimates of fan volumes,
flow discharges, and sediment concentrations,
suggest that martian fans formed from hundreds
to thousands of flow events over tens to hundreds
of thousands of years and required significant
water volumes (e.g., Morgan et al., 2014; Palucis
et al., 2014; Kite et al., 2017), which is difficult
to reconcile with the young age of these features.
Within Gale crater, the Mars Science Laboratory
Curiosity rover explored the distal end of the
Peace Vallis alluvial fan and imaged fluvial clast-
supported conglomerates with rounded pebbles
(Williams et al., 2013). For these coarse-grained
deposits to be transported, water depths of up to
0.9 m and flow velocities of up to 0.75 m/s would
have been required (Williams et al., 2013; Diet-
rich et al., 2017). Some martian fans appear to
exhibit a change in sedimentation process over
time with a transition from fluvially dominated to
debris flow-dominated processes (Williams et al.,
2011), but it is unclear if this is due to changes in
weathering rates, sediment yield, or the frequency
and/or intensity of runoff-generating events.
Paleo-climate models of Mars during the
Hesperian—-Early Amazonian suggest that
conditions may have been cold, icy, and
snowmelt-dominated (Toon et al., 2010;
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Figure 1. (A) National Air Photo Library (NAPL, Natural Resources Canada) image of the southern Aklavik Range shows the position of the
Black Mountain fan relative to Black Mountain (Mount Goodenough) and the Husky Channel of the Mackenzie River, Northwest Territories,
Canada. The catchment is outlined in white, and the fan deposit is outlined in brown. (B) Compilation of fan area versus catchment area for
433 terrestrial fans (blue); the Aklavik data are orange. Mars data (red) are from Moore and Howard (2005) and Kraal et al. (2008).

Wordsworth, 2016; Turbet et al., 2017; Weiss
and Head, 2017), akin to periglacial environ-
ments on Earth, and possibly punctuated with
periods of warming due to volcanic activity
(e.g., Craddock and Greeley, 2009), impact
events (Segura et al., 2008), methane release
(Kite et al., 2017), or obliquity shifts (Laskar
et al., 2004; Holo et al., 2018). However, almost
all quantitative estimates of hydrologic condi-
tions for fan formation are based on conceptual
models and theory developed from Pleistocene—
Holocene terrestrial fan systems in arid to semi-
arid and temperate climates (e.g., Blissenbach,
1954; Whipple and Dunne, 1992; Blair, 1999a;
Harvey, 1999; Stock et al., 2008; Stock, 2013);
thus, there is a lack of data and theory on the
rates and processes controlling periglacial allu-
vial fan formation, and it is not clear whether
current models (e.g., Stock et al., 2008) are
applicable. The few previous studies that have
been conducted on periglacial fans on Earth sug-
gest that mass flow processes may dominate flu-
vial processes in building these deposits (Legget
et al., 1966; Catto, 1993; de Haas et al., 2015a),
but this has not been quantitatively assessed in
terms of sediment transport rates or the actual
volumes of sediment emplaced by fluvial, mass
flow, or periglacial processes.

To determine how sediment production mecha-
nisms and associated sediment transport rates and

processes are reflected in alluvial fan morphol-
ogy and sedimentology under a warming peri-
glacial climate, we conducted field work on an
alluvial fan underlain by continuous permafrost
in the Northwest Territories (NWT) of Canada
(Fig. 1A). Here, we (1) qualitatively describe the
range of geomorphic processes occurring on this
periglacial alluvial fan and its upslope watershed
and compare them to prior observations and sedi-
mentary deposits, (2) report flow discharges and
runoff rates across the fan that occurred during
an observed summer storm event, (3) estimate
fluvial sediment fluxes using sediment transport
theory for runoff rates comparable to those sug-
gested for Mars, and (4) use field mapping and
remote sensing analysis to determine the relative
role and intermittency of fluvial versus debris flow
processes in building a periglacial fan. Together,
these data have important implications for water
budget estimates and paleo-climate reconstruc-
tions on Mars as well as on Earth.

FIELD SETTING AND PREVIOUS
WORK

Our study was conducted on the Black
Mountain alluvial fan (67°55'09.37"N,
135°23/22.19”"W) within the Aklavik Range,
northeastern Richardson Mountains (Northwest
Territories, Canada; Fig. 1A). Black Mountain
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is the Gwich’in name for what is referred to as
Mount Goodenough on Canadian topographic
maps. The fan emanates from a watershed along
the eastern escarpment of the N-S-trending
Aklavik Range (Fig. 1A). It was chosen due
to its (1) position within a zone of continuous
permafrost, (2) proximity to the local Arctic
communities of Inuvik and Aklavik, (3) well-
characterized geological setting, (4) prior geo-
morphic work conducted in the region in the
1960s—1980s (Legget et al., 1966; Catto, 1993),
and (5) morphologic similarity to martian allu-
vial fans (Fig. 1B).

Tectonic and Geologic Setting

The Aklavik Range’s eastern slope is a steep,
locally fault-bounded escarpment that rises
~360-760 m above the western edge of the
Mackenzie River floodplain. Uplift of the range
is associated with Cordilleran orogenesis that
likely initiated in the Paleocene—Eocene (65—
50 Ma), with renewed regional exhumation in
the late Eocene—early Oligocene (ca. 40-30 Ma)
and the late Neogene (<8 Ma; O’Sullivan and
Lane, 1997; Lane and Issler, 2011; McKay et al.,
2021). Local to the field site, the Bug Creek fault
(a strike-slip fault) has been mapped crossing the
upper Black Mountain fan (Lane, 2005; Okulitch
and Irwin, 2014; Fig. 2). The Richardson



Mountains are seismically active, with recorded
M6-M7 earthquakes and frequent M3 tremors
(Cassidy and Bent, 1993; Hyndman et al., 2005;
Cassidy et al., 2005). Within the Aklavik Range,
the seismicity is mainly driven by its localized
strike-slip kinematics, with lateral deformation
rates of ~2.1 mm/yr (Leonard et al., 2008).

The regional bedrock geology of the Aklavik
Range consists predominantly of Upper Juras-
sic to Lower Cretaceous, siliciclastic-dominated
marine strata (Dixon et al., 1992, 2019; Dixon,
1986; Dixon et al., 2008; Lane, 2005), as well as
rare middle to late Paleozoic carbonate and silic-
iclastic rocks (Lane, 2005). The Black Mountain
watershed drains sandstone- and shale-dom-
inated strata of the Lower Cretaceous Martin
Creek, McGuire, Kamik, Husky, Mount Good-
enough, and Rat River Formations (Lane, 2005).

The Laurentide Ice Sheet reached its maximum
extent on the eastern slopes of the Richardson
Mountains at ca. 18 ka (Duk-Rodkin et al., 2004;
Lacelle et al., 2013), but by ca. 13 ka, the Lau-
rentide Ice Sheet most likely retreated completely
from the Richardson Mountains region (Lacelle
et al., 2013). Despite evidence for glaciation in
the greater Richardson Mountains, the evidence
is ambiguous in the foothills (Lacelle et al.,
2013); most recent reconstructions suggest that
the Aklavik Range remained unglaciated (Duk-
Rodkin and Hughes, 1991; French, 2016; Lacelle
et al., 2013). Regardless, the Black Mountain fan
has likely been forming under a periglacial climate
over the last ~13,000 yr (Legget et al., 1966).

Periglacial alluvial fan formation

Faults

==== Levees

Climate

The climate of the Aklavik Range is char-
acterized by long winters with relatively little
precipitation, mostly occurring as snow, with
a Koppen climate classification of Dfc (conti-
nental subarctic climate). The summers (June—
August) are generally short and mild, with
frontal precipitation associated with maritime
tropical cyclones (Bonsal and Kochtubajda,
2009). Climate data from Inuvik Airport show
that annual rainfall is ~130 mm, most of which
falls in July and August, and annual snowfall is
~136 mm (water equivalent; Hutchinson et al.,
2009). Mean monthly temperatures are below
freezing for six to eight months with only 50-90
frost-free days per year (Hutchinson et al., 2009).
These data show that mean annual temperature
has increased from ~—10.5 °C in the 1960s to
~—6 °C currently, with winter increases of up
to 4 °C. Temperature amplitudes have decreased
from ~36 °C in the 1960s to ~29 °C today.

Prior Geomorphic and Sedimentologic
Observations

The Black Mountain fan and watershed were
studied by Catto (1993) in the 1980s, and neigh-
boring fan systems to the north (i.e., the Wil-
low and Spruce alluvial fans) were studied by
Legget et al. (1966) in the 1960s. Catto (1993)
mapped a 3-m-deep main channel that extended
down-fan to ~1.1 km from the Black Mountain
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Figure 2. (A) Esri basemap of
the site highlights the location of
vegetation and recent mudflow
activity as well as drone flight
survey footprints (orange out-
lines). The elevation and slope
longitudinal profiles in Figure 3
are shown in yellow. The inset
outlined in green shows an ex-
ample of the vegetated hillslopes
connecting the catchment bed-
rock walls to the depositional
fan, and the purple-outlined
inset shows the steep catchment
headwall, the 2016 landslide
head, and the upper portion of
the landslide deposit. (B) Mod-
ern-day geomorphic map of the
Black Mountain fan overlies a
hillshade image of the site de-
rived from ArcticDEM data.
White arrows point out the loca-
tion of the slope break between
the upper and lower portion of
the fan.

fan apex, where it transitioned into mostly inac-
tive, vegetation-covered, ~0.5-m-deep distrib-
utary channels. He observed active sediment
transport within these ephemeral channels and
noted that recent fluvial deposits were exten-
sively modified by frost shattering, as well as
occasional debris flow and mudflow activity.
Regions between ephemeral stream channels
had undulating topography, and occasionally
there were subparallel ridges or stepped ter-
racettes perpendicular to fan slope between
0.5 m and 1.5 m high. Catto (1993) interpreted
these features to be the result of gelifluction
or retrogressive thaw flow. He also observed
spatulate projections of sediment 20-60 m
long and 5-20 m wide on the southern margin
of the fan, which were interpreted to be debris
flow deposits. Interspersed between regions of
debris flow and retrogressive thaw flow depos-
its were 0.3-1.5 m tundra polygons bordered
by 5-cm-wide and 60-cm-deep ice wedges. At
18 locations on the upper fan, mid-fan, and fan
toe zones, Catto (1993) described sedimentary
successions exposed in cutbanks and hand-dug
pits. On the upper fan, deposits were interpreted
to be from debris flows triggered by snowmelt
and slush avalanches. The sedimentary assem-
blages observed on the mid-fan were interpreted
to be the result of both debris flow activity and
low-velocity gelifluction. Along the fan toe,
Catto (1993) interpreted the sedimentary assem-
blages to be the result of gelifluction. From his
combined geomorphic and sedimentological



analysis, Catto (1993) concluded that the Black
Mountain fan, as well as the other Aklavik
Range fans, were formed predominately from
debris flow and gelifluction events, which occur
largely during spring snowmelt, with fluvial
processes playing a minor role.

In contrast, observations by Legget et al.
(1966) led them to suggest a fluvial fan forma-
tion mechanism for two fans ~15 km north of
the Black Mountain fan, the Willow fan, and
the Spruce fan. Their laboratory experiments
showed that freeze-thaw processes could gen-
erate appreciable amounts of fine-grained
sediment from sandstone and shale samples
collected from the Willow fan watershed, and
they inferred that these sediments could easily
be transported during the summer from mod-
erate, sustained snowmelt. Legget et al. (1966)
observed a lack of fluvial incision ~1 km past
the fan apex and irregular bedload deposition
outside of defined channels, which they hypoth-
esized to be the result of snowmelt debouching
onto a frozen fan, leading to rapid spreading
and thinning of streamflow and the deposition
of sheets of sediment. To explain the abundance
of silt within the boreholes that they drilled
(~12 m deep), they suggested that post-dep-
ositional sediment breakdown must occur and
must be associated with organic material inputs
from sedge and grass growth during the sum-
mer months.

METHODS

This study builds on the work of Catto (1993)
and Legget et al. (1966) and is based upon a
combination of geomorphic and sedimento-
logical fieldwork, high-resolution unmanned
aerial vehicle (UAV)-derived topographic data,
and sediment transport analysis. Field mapping
and surveys (Fig. 2) were conducted over the
course of three weeks in August 2019 following
a summer storm event. Subsequent topographic
and sediment transport analysis was performed
using a combination of ArcticDEM data (2 m
horizontal resolution with internal vertical accu-
racy of 0.2 m; Noh and Howat, 2015; Center
et al., 2018) as well as new data provided by
UAV-derived imagery.

Geomorphic and Sedimentologic
Measurements

At 20 locations (stars in Fig. 2B) between the
fan toe and ~0.5 km upstream of the fan apex (or
head), defined as the location where the single-
thread channel first bifurcates down-fan (Stock
et al., 2008), we measured cross-sectional chan-
nel geometry, post-storm flow properties, and
channel bed grain size distributions. These loca-
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tions were predominately straight sections where
bank formation was not controlled by vegetation
or woody debris. At each location, we measured
bankfull depth (H), active flow depth (%), bank-
full width (W), active width (w), surface flow
velocity (u,), and bed grain size distribution, and
identified bankfull geometry using criteria simi-
lar to that of Stock et al. (2008) (i.e., identifying
the highest banks with recent activity, such as
slackwater fines, matted vegetation, or gravel
deposits, and avoiding cut banks, which might
reflect historic incision). We measured surface
flow velocity by noting the time taken for a float
to travel over a 5 m downstream section of the
channel. We measured the in-channel grain size
distribution using a random walk technique simi-
lar to that of Stock et al. (2008). All grains were
selected using the point of a mechanical pencil
to prevent bias toward larger grains. The b-axes
(intermediate axes) of at least 100 grains at all
locations were measured to obtain statistically
robust samples (Bunte and Abt, 2001). Within
the active channel, we also noted the presence
or absence of bedforms (e.g., step-pool, alternate
bar, plane bed, etc.) and whether we observed
active sediment transport of the coarse-grained
load (i.e., bedload).

To determine whether ancient flow events
were predominantly deposited as debris or flu-
vial flows (and to what extent they had been or
were being modified by periglacial processes),
we recorded sedimentological observations at
14 locations along the main incised distributary
channel (Sites 2-15; Fig. 2B). At each station
we documented grain size, sorting, and particle
shape/fabric, as well as the absence or pres-
ence of sedimentary structures. We also noted
sediment provenance, as well as occurrences of
entrained vegetative debris and zones of bio- or
cryoturbation.

Topographic Surveys and Derived Models

To capture high-resolution topography of the
fan surface, we flew 16 UAV surveys using a
DJI Phantom 4 Pro quadcopter. Each survey was
flown at an altitude of ~50 m and covered an
area ranging from 0.04 km? to 0.22 km? (mean
0.09 km?), with a total coverage area of 1.09
km? (see extent in Fig. 2A; orange boxes). For
each survey we generated 3-D point clouds using
structure-from-motion in Agisoft Metashape and
tied the 3-D model to ground control points col-
lected with a Trimble R10 differential global
navigation satellite systems receiver (DGNSS;
horizontal accuracy of 0.6 cm and a vertical
accuracy of 1 cm). Point clouds were then con-
verted into ~2.5 cm/pixel resolution rectangular
grid digital elevation models (DEMs). We con-
verted the DEM raster into a slope map using
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the slope tool within ArcGIS Pro, which uses a
3 x 3 moving window of cells.

Process Domains and Sediment Budget

We identified process domains (i.e., steep
uplands/sediment source region, colluvial, hill-
slopes, fluvial channels, and depositional fan)
using a combination of imagery, topography,
and field observations (Fig. 2). We used the
World Imagery basemap in ArcGIS Pro for
initial geomorphic mapping, which provides
sub-meter imagery at our field site, and then
ground-truthed (when possible) smaller-scale
features such as fluvial channels. The Black
Mountain watershed (white dashed outline in
Figs. 1-2) is the upslope area that contributes
sediment and water to the fan and was delin-
eated using ArcticDEM topography (2 m/pixel)
and the hydrology toolset (i.e., the Fill, Flow
Direction, Flow Accumulation, and Watershed
tools) within ArcGIS Pro. Flow direction was
computed using the D-infinity algorithm (Tar-
boton, 1997). The hillslopes, which connect
the steep bedrock walls to the alluvial fan, are
mostly covered with tundra vegetation and
were mapped based on a combination of visual
and topographic data (green stippled region in
Fig. 2B). The fan was mapped using topogra-
phy (brown outline), where the fan is denoted
by convex, 2 m interval contours, and recently
active fluvial channels were mapped in regions
of topographic convergence (i.e., concave-up in
cross-section) and from imagery (aqua lines).
We also mapped the extent of a landslide that
occurred in 2016 (magenta hashed region) as
well as recent (based on color and lack of veg-
etation) mudflow deposits and splays.

Fan volume was estimated in three different
ways. The first used the geometric model of
Giles (2010). The second assumed that the fan
was at least as deep as the Willow fan to the north
(~12 m deep; Legget et al., 1966), so we sim-
ply multiplied that depth by the fan area. The
third method used the surrounding topography
to reconstruct the contours underneath the fan
to estimate the pre-fan surface (Palucis et al.,
2014). The reconstructed pre-fan surface was
then subtracted from the modern-day topogra-
phy to determine the fan volume. We obtained
the total sediment volume within the fan by tak-
ing the fan/deposit volume and multiplying it by
(1-)), where X\ = 0.35 is the porosity (using the
average porosity of silty soil; Selby, 1993). To
estimate the volume of sediment eroded from the
2016 landslide, we projected a smooth surface
between the bounding sidewalls of the landslide
scar. This projected surface was then converted
into a gridded DEM and subtracted from the
current-day topography.



Fluvial Runoff and Sediment Transport
Model Formulation

A key goal of this work was to estimate flu-
vial discharge and runoff rates on a perigla-
cial fan, which we can compare to modeled
rates for Mars, and to calculate fluvial sedi-
ment fluxes using sediment transport theory.
We first calculated post-storm discharge (Q)
and bankfull discharge (Q,,) at each channel
cross-section location using principles of
continuity:

Q=au M
Qbf = Ast (2)

where the mean post-storm velocity () in the
channel was estimated to be 2/3u,, assuming a
log linear velocity profile (Garcia, 2008), and a,
and A, are the post-storm and bankfull cross-
sectional channel areas calculated using topo-
graphic cross-sections from the UAV-derived
DEM and the water stage (i.e., h or H). The
bankfull velocity (U) was calculated using the
Darcy-Weisbach equation:

8gHS
U= |82 3
7 3)

where S is the fluid surface slope, g is gravity
(9.8 m/s?), and f is the Darcy-Weisbach fric-
tion factor, a quantification of flow resistance.
We assumed uniform flow such that the fluid
surface slope equals the local bed slope. Local
bed slope was measured using our UAV-derived
DEMs from long profiles that extended 5 m
upstream and 5 m downstream of each cross-
section. Ferguson (2007) derived an empirical
expression for f that is intended to work for a
range of flow conditions and a range of chan-
nel slopes:

/§:17.7i 1
! Dy, R YR @
52.3+5.57(]
Dy,

Runoff (i.e., m/s) at each cross-section was cal-
culated by taking discharge (Q) and dividing
by the upslope contributing drainage area (A,),
which was calculated using the ArcGIS hydrol-
ogy tools.

To understand the significance of the
observed flow event in building the fan, we
estimated when the non-dimensional bound-
ary shear stress on the bed and banks (7*) is
above a representative critical boundary shear
stress for the initiation of motion (¢*,,) (Parker,
1978; Ikeda et al., 1988; Parker et al., 2007;

Periglacial alluvial fan formation

Seizilles et al., 2013), which often occurs as
flows approach bankfull discharge in temperate
alluvial systems (e.g., Parker, 2008). The non-
dimensional bed shear stress, or Shields stress,
is defined as:

* Ty pgR,S
T = = 5
(Ps - P)gDso (Ps - p)gDm ©)

where 7, is the dimensional bed shear stress, R), is
the ratio of the flow area to its wetted perimeter
within a channel, p is the fluid density, p, is the
sediment particle density, and Dy, is the median
grain size of the bed surface. Unless specified
otherwise, the critical boundary shear stress, .,
is calculated using the slope-dependent relation
from Lamb et al. (2008):

1., =0.158%% (6).

The Lamb et al. (2008) relationship was
empirically derived using systems with gravel
or coarser sediment. As many of the sites
along the fan contained a significant propor-
tion of material <2 mm, we used the Wilcock
and Crowe (2003) model, which accounts for
mixed sand-gravel systems, to estimate 7#/7%,,
and total non-dimensional sediment fluxes
(W#*,,) during the storm event and under bank-
full conditions:

0.002(t /t,,,)"” for 1 I, <1.35

— 4.5
14(1 —(,f)/'s,?‘;mj for v/, >1.35
T /o)™

(7a, 7b)
where

T, =0.021+0.015exp| —20F | ®)

and F| is the percent sand on the bed surface.
Volumetric particle bedload transport rates
(p,0p) per unit width (m? s™! m™), for grain sizes
within the range of bed material (i.e., larger than
silt), were then calculated using

* 3
‘/Vtot U

Rg

&)

qbvol =

where u* = /1, /p is the shear velocity and
R is the submerged density of quartz (1.65).

Bedforms and other sources of macro-scale
roughness affect flow resistance and thus impact
values derived using Equations 5-8. We account
for this by estimating 7#/7.* and coarser grained
(>4 mm) bedload fluxes using the empirical
model of Schneider et al. (2015). This sediment
transport model, developed using field data from
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sites that cover a wide range of channel slopes,
flow discharge rates, and grain sizes, is a modi-
fied form of the Wilcock and Crowe (2003) for-
mulation. The total non-dimensional transport
rate (W#*,) is a function of both the median grain
size (Ds,) of the coarse grain size distribution
and the ratio of the total dimensionless boundary
shear stress on the bed (7*) to the reference shear
stress (7,*), where the reference shear stress 7, *
is defined as

T,%*=0.565" (10).

The non-dimensional bedload transport model is:

0.002(t" /7,)'®!

for T 11, <1.2 and Dsy> 4mm

Wior = 085 "
4 l-——%
(Tt /7)"
for /1, 21.2 and Dsy > 4mm

(11a, 11b).

*

Volumetric bankfull bedload transport rates
(@pgvo0) PEr unit width (m? s~ m') were then cal-
culated using Equation 9.

Intermittency (/) is the fraction of time over
which bankfull conditions would complete an
equivalent amount of sediment transport as the
river’s normal hydrograph (Paola et al., 1992;
Hayden et al., 2021). To estimate the duration of
fluvial activity on the Black Mountain fan, we
estimated /, as:

12
Agefan ( )

Ip= ( o J/ (W%/,Voz)
where V;,, 4, is the volume of the deposit
assumed to be fluvial in origin (based on our
field and remote sensing mapping), the prod-
uct Wg,,y,, is the volumetric bankfull bedload
transport rate (m? s7'), and the inferred age of
the fan (Agey,,) is the time since the retreat
of the Laurentide Ice Sheet from the region
(~13,000 yr; Lacelle et al., 2013). This analy-
sis assumes that (1) the Black Mountain fan
captures all bedload material (i.e., all grains
>2 mm), though we recognize it is likely not
a perfect sink; (2) the current fan deposit is
entirely post-Last Glacial Maximum (Legget
et al., 1966; Catto, 1993); and (3) based on the
short timescales, accommodation space due
to faulting has not changed appreciably. As
fans can have multiple channel threads active
during a bedload transporting event, the inter-
mittency factor includes a degree of inherent
uncertainty surrounding the unknown number
of active channels at any given time.



OBSERVATIONS AND
INTERPRETATIONS

Geomorphology of the Black Mountain Fan

Based on topography, we mapped the mod-
ern-day extent of the Black Mountain fan to be
~9 km?, which is fed by a ~4 km? catchment.
The catchment has an average relief of ~450 m
and a drainage density of 0.09 km~'. In compari-
son, the fan volume is estimated to range from
0.043 km? (empirical model from Giles, 2010)
to 0.11 km? (fan area x depth), with an inter-
mediate estimate of 0.049 km? (topographic
reconstruction of the pre-fan surface). Longitu-
dinal elevation profiles from the fan apex to its
northern and southern distal ends are concave-up
(typical of fluvial-dominated alluvial fans; Stock
et al., 2008), though the upper portion of the
fan (unshaded region, Figs. 2B and 3) is linear
to slightly concave-up (similar to debris flow-
dominated fans in California, USA (Whipple
and Dunne, 1992), and Svalbard, Norway (de
Haas et al., 2015b). The upper ~2 km? area of
the fan is topographically steeper, with average
slopes of 0.084 + 0.036. Slopes of the lower fan
average 0.031 £ 0.025. The longitudinal and
slope profile down the southern margin of the
fan shows a ~2 m scarp on the lower fan, with
local slopes approaching 0.45. The origin of this
geomorphic feature is likely a large slope failure
that occurred out of the catchment to the south
(Catto, 1993), but it could also be a fault scarp.

The primary distributary channel is up to
10 m deep near the fan apex. In contrast, Catto

Palucis et al.

(1993) reported depths of only up to 3 m, which
indicates 7 m of incision over the last ~30 yr.
Older, abandoned channels are marked by dense
vegetation and low albedo and only occasion-
ally show evidence of recent flood or mudflow
inundation (based on field examination and the
World Imagery basemap in ArcGIS Pro). Bank-
full channel widths on the main channel range
between ~1 m and 10 m; there is no clear trend
with width downstream, but width does show
a slight positive correlation with local channel
slope (Fig. 4A). Bankfull channel depths range
between ~0.05 m and 0.5 m, and like bankfull
width, there is no clear trend with depth down-
stream, but there is a slight positive correlation
between bankfull depth and slope (Fig. 4B).
Width-to-depth ratios for most of the channels
on the fan fall between ~10 and 100 (Fig. 4C).
Median grain sizes within the channels
fine down-fan (using the full distribution; i.e.,
including the <2 mm grains), going from
coarse gravels at the apex, to fine to medium
gravels mid-fan, and coarse sand at the distal
end (Supplemental Material Table S1'), but the
median size of the gravel fraction did not change
appreciably for the upper ~70% of the fan
(Fig. 5A). The percentage of fine-grained mate-

ISupplemental Material. Table S1: Channel
parameters and sediment flux during August 17th 2019
storm conditions. Table S2: Channel parameters and
sediment flux under bankfull conditions. Please visit
https://doi.org/10.1130/GSAB.S.20075870 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

rial (<2 mm fraction) was observed to increase
linearly down-fan from ~10% to 50% (Fig. 5B).
Observed channel morphologies range from
cascade near the fan apex (~0.06 > § > ~0.12)
to plane bed (~0.02 > S > ~0.12) to step-
pool (~0.07 > S > ~0.08) to alternate bar
(~0.01 > § > ~0.1; Fig. 6). Most of the chan-
nels we mapped on the fan were alternate bar in
form (14 of the 19 sites; Table S1), where the
bars ranged from coarse gravel bars on the upper
fan to silty-sand bars on the lower fan. A major-
ity of the fluvial channels on the fan are steep
alluvial streams (S > ~0.02) (Montgomery and
Buffington, 1997). The bedforms in these chan-
nels appeared to be the result of both fluvially
transported sediment (based on clast-supported
deposits and imbrication of the coarse- and fine-
grained gravels) and reworked coarse-grained
debris flow or landslide deposits (e.g., coarser
grains that formed step-pool-like morpholo-
gies in the channels but lacked imbrication and
showed winnowing of the finer-grained matrix).

‘We mapped several recent mass flow events,
both within the catchment and on the fan. Most
notable was a 2016 (based on review of Landsat
imagery) landslide deposit that initiated from the
east-facing bedrock wall of the catchment and
delivered ~1.5%10° m? of sediment to the upper
fan (black hatching in Fig. 2). Smaller land-
slides occurred during our 2019 field expedi-
tion. In one event, the initiation zone was ~2 m
wide, and the failure plane appeared to be along
exposed ice (Fig. 7A). Failure initially incised
a ~1-m-wide channel just downslope from the
initiation zone (Fig. 7B), followed by a granular
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Alternate bar  Alternate
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Step-pool

bar Cascade
Step-pool  Plane bed
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Palucis and Lamb (2017)
Predictions

. Sand-silt bar.

Figure 6. (A) Predictions for channel slopes are shown where alternate bar (blue stars),
plane bed (black circles), step-pool (red squares), and cascade stream (gray triangles) mor-
phologies would be found using theory for alluvial streams (Palucis and Lamb, 2017). Our
observations for different stream morphologies on the Black Mountain fan fit these predic-
tions well, except for cascade streams, which were mapped at lower-than-expected channel
slopes. (B) Cascade stream morphology. (C) Step-pool stream morphology with white ar-
rows pointing out the steps. (D) Plane bed morphology. (E) Alternate bar morphology.

debris flow that flowed ~100 m downslope,
as evidenced by coarser-grained levees spaced
~0.2 m apart (Fig. 7C). The failure mechanism
appeared to be repeated saturation and fluidi-
zation of the fine-grained shale talus. We also
observed several small debris flow deposits
that appeared to have recently initiated from an
ice-filled gully. The flows ran out ~65 m and
terminated in lobate snouts containing up to
~20 cm clasts (Fig. 8A). At least two flow events
occurred based on cross-cutting relationships
between sets of paired levees (Fig. 8B). Several
recent mudflow events were also observed to
have initiated within the catchment’s south-fac-
ing walls and onto the fan (using aerial imagery),
the largest of which was transported through the
fan’s southern channel, resulting in overbank
deposition of mud along the upper channel and a
large mud splay mid-fan (tan regions in Fig. 2B).
Older, lower albedo mudflow deposits are also
visible in Landsat and Worldview-3 imagery,
most of which are concentrated on the southern
half of the fan (Fig. 2). We did not observe the
~20-60-m-long, ~5-20-m-wide lobate deposits
(debris flow deposits) described by Catto (1993)
along the southernmost fan margin. We did,
however, observe what appeared to be a paired
levee deposit above the 2-m-high topographic
step mid-fan on its southern edge (purple dashed
lines in Fig. 2B).

Catto (1993) noted that periglacial features,
including polygonal cracks and frost mounds,
were pervasive across the fan surface. We found
these to be muted and restricted to the upper-
most, steeper sections of the fan. Due to the
thick vegetation present during our field season,
we also did not observe any sub-parallel ridges

Figure 7. Examples of deposits resulting from small landslides during the 2019 field campaign are shown. (A) Initiation zone of a shallow
landslide occurring in fine-grained shale talus, where massive ice is observed ~1 m deep. (B) Main channel that was incised into the talus
~10 m downslope of the failure head scarp, as well as at least two subsequent flow events. (C) Channel ~100 m downslope of the failure head
scarp where coarse-grained overbank deposition was observed.
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and stepped terracettes on the mid-fan that Catto
(1993) inferred were from progressive gelifluc-
tion of the fan surface, nor could we identify
these features in the topographic data (Arc-
ticDEM or UAV). We did observe many shale
boulders and clasts that were affected by frost
weathering and shattering on the upper and mid
fan, both in the fluvial channels and on the fan
surface (Fig. 9). The resulting shale chips tended
to be subangular and were ~2—4 mm in size (i.e.,
fine-gravel). The hillslopes surrounding the fan,
which were largely covered by tundra vegetation
(green stippling in Fig. 2), did show evidence
of small solifluction lobes and hummocks. On
steeper portions of the hillslopes, we observed
active layer detachments and a few small detach-
ment scars.

Sedimentology of the Black Mountain Fan

On the upper fan (sites 0-12), we docu-
mented ~0.75-m-thick to ~10-m-thick expo-
sures of ancient fan deposits composed of two
dominant sedimentary facies (Fig. 10). Facies A
(Figs. 10A-10B) consists of matrix-supported

Periglacial alluvial fan formation

pebble to boulder conglomerate with medium-
sized pebbles to large cobbles with occasional
boulders. The clasts are predominantly com-
posed of sandstone with rare granitoid and
carbonate lithologies, and they are commonly
angular to subrounded, poorly to very poorly
sorted, lack imbrication, and are supported by
a silt- to mud-sized matrix. These deposits are
massive, lack grading, and range from ~40%—
60% matrix (by volume). The bedding thick-
nesses range from ~50-900 cm but are typically
~100-150 cm. The bedding bounding surfaces
tend to be planar and are mainly differentiated
by changes in the proportion of matrix to coarse-
grained clasts.

Facies B (Fig. 10C) consists of coarser-
grained, clast-supported conglomerate with
clasts ranging from pebble to boulder size,
though the proportion of larger clasts increases
near the fan apex. The clasts are similar in
composition to Facies A and are subangular to
subrounded, poorly to very poorly sorted, and
have subtle imbrication. Clasts tend to be tightly
packed in clast-supported beds with ~5-10% of
the bed comprising a silt- to sand-sized matrix.
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Figure 8. (A) Photo shows a re-
cent debris flow event that initi-
ated from snowmelt and runoff
from steep gullies incised into
the sandstone cliffs above;
clasts as large as ~20 cm were
observed in the flow front (the
lobate snout). (B) Debris flow
channels, bounded by coarse-
grained, self-formed levees,
were ~80 cm to 1 m wide. (C)
Image of the Black Mountain
catchment immediately after
the snowfall event shows where
snow and ice accumulated.

No internal sedimentary structures or grading
are apparent within this facies. Individual beds
of Facies B range from ~25 c¢cm to 100 cm thick,
but they are typically ~50 cm thick.

We found that Facies A represented ~71%
of the exposures at the observed stations on the
upper fan, while Facies B represented ~18%,
and soil (i.e., material affected by vegetation)
represented the remaining ~11%. There was no
clear trend in facies type with distance down-
stream. Interstitial ice and ice lens were not
observed within any of the deposits, but there
was often a ~50-100-cm-thick soil horizon at
the top of each section with evidence of cryotur-
bation and mechanical breakdown of shale into
small fragments due to freezing and thawing.

Facies A is typical of a debris flow deposit
and is likely the diamicton strata described by
Catto (1993) on the upper fan. He suggested
that rapid snowmelt within the catchment and/
or permafrost melt within the hillslope soils
or talus can trigger debris flows, and the large
proportion of fine-grained material aids in the
propagation of the flow downslope due to ele-
vated pore pressures. This scenario is similar
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Figure 9. (A) A frost-shattered boulder within the recent 2016 landslide deposit is shown; (B) a frost-shattered shale clast shows a rapid
breakdown of shale grains relative to the sandstone grains.

to the smaller-scale flow event we observed in
the field (Fig. 8), so it is possible that Facies A
reflects recent deposits of similar origin. In con-
trast, Facies B is predominately clast-supported
and is instead interpreted to be the result of flu-
vial sediment transport and deposition, likely by
high-energy water flows. The thickness of these
deposits is similar to the thickness of the sedi-
ment beds within the modern-day fluvial chan-
nels, the range of observed grain sizes is similar
between the modern channels and these deposits,
and there is a general decrease in median grain
size with distance downslope, which is typical
of fluvial systems.

o

On the lower fan, exposures of ancient fan
deposits were ~1 m thick and consisted of
a single facies: Facies C (Fig. 10D). These
deposits are composed of cohesive silty clay
layers that are ~5 cm thick and alternate with
layers of structureless, orange-colored silt
(~5-10 cm thick). The silt layers occasionally
contain imbricated fine- to medium-grained
pebbles. Organic detritus and roots are pres-
ent along some contacts between the silt and
clay layers, and interstitial ice was observed
after digging ~0.5 m into a channel wall. The
lower fan deposits are commonly overlain by
~0.5-0.75 m of soil/tundra.

. 4 W
ba el PN

Similar sedimentological observations of
our Facies C were made by Catto (1993), who
interpreted these alternating layers to be the
result of slow-moving gelifluction deposits
from previously deposited debris flows (i.e.,
silty clay layer) with occasional sheet flow
or non-channelized fluvial flow (i.e., silt
layer). Based on modern-day surface pro-
cesses occurring on the lower fan, we instead
interpret these layers as being predominantly
fluvial in origin, where the silt-gravel layers
are recording past channel threads and the
silt-clay layers are recording either overbank
deposition during larger flood events, sheet

Figure 10. Photographs show typical sedimentary units exposed along the incised channels going down-fan; (A) and (B) are examples of
Facies A, matrix-supported coarse gravel and boulders, which are inferred to be debris flow deposits. (C) An example of Facies B, clast-
supported pebbles and gravels overlain by a sand-silt lens, which is inferred to be a fluvial deposit. (D) An example of Facies C, a silt- and

clay-rich (likely) flood deposit.
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flows, or hyper-concentrated or mudflow
events that splay out of the channel. The pres-
ence of ice within the deposits could imply
that gelifluction or solifluction is occurring
post-deposition, though we did not observe
obvious evidence of these processes occurring
at the surface.

Field Observations from Summer 2019
Storm Event

A summer storm event occurred during our
field campaign on 17 August 2019. Snow and
ice was limited to the fan catchment and was
concentrated within bedrock gullies, while
rain occurred across the lower fan. As such,
runoff to the upper fan and fan apex was likely
dominated by snowmelt while the lower fan
experienced a mix of rainfall and snowmelt.
From a rain gauge deployed near the fan toe,
we estimate maximum rainfall rates of up to
5 mm/hr (measured over 30 min) with aver-
age rainfall rates of 2 mm/hr. Immediately
post-storm, we recorded flow properties of
the activated main channel: flow depths ranged
from 0.025 m to 0.13 m, flow widths from
0.05m to 0.72 m, and flow velocities from
0.4 m/s to 1.3 m/s. Gravel bedload transport
was observed at three locations on the chan-
nel, Sites 1 and 2, which are located just above
the fan apex, and Site 14, located on the large,
recent mud splay. We did not have sediment
traps to measure actual bedload fluxes, but
gravel-sized grains were observed saltating
along the bed and across our cross-section
tapes every few seconds.

Periglacial alluvial fan formation

ANALYSIS

Modern-Day Flow and Sediment Transport
Rates

We estimated water discharge and runoff for
both the 2019 storm event as well as for bankfull
flow conditions using Equations 1-4 (Tables S1
and S2; see footnote 1). During the August 2019
event, discharge decreased from ~0.1 m3/s at the
uppermost sites down to ~0.01 m%/s at the fan’s
distal end, which correspond to runoff rates of
~0.1-0.2 mm/hr to ~0.01 mm/hr, respectively.
This was likely due to a combination of infil-
tration, evaporation, and distributary channels
dividing water (e.g., Stock, 2013). Under bank-
full conditions, we estimate that discharges on
the upper fan may be as high as ~6-12 m?/s and
decrease down to ~0.02-0.4 m?/s at the fan’s
distal end, which correspond to runoff rates
of ~7-14 mm/hr down to ~0.01-0.02 mm/
hr. Non-dimensional bed shear stresses under
storm conditions were estimated using Equa-
tion 5 (Fig. 11A), and the critical Shields stress
(7%*,,), the threshold at which sediment starts to
move, was estimated using Equations 6 and 8.
Bankfull sediment transport theoretically occurs
when the ratio of the Shields stress to the criti-
cal Shields stress is greater than 1. When using
the Lamb et al. (2008) criterion, we found that
moderate to intense bedload is predicted to occur
at all sites (1.2 < 7¥%7*,. < 9.1) but Sites 9 and
19, and using the Wilcock and Crowe criterion,
intense bedload is predicted at all locations
(1.9 < z¥/*,. < 28; Table S1). This differs from
our actual observations of low to moderate bed-

load transport occurring only at Sites 1, 2, and
14. Critical non-dimensional bed shear stresses
were also estimated using the Schneider et al.
(2015) model (Equation 10), which attempts to
account for flow resistance in natural channels
due to bedforms. We found that the model pre-
dicted */z*, > 1 for four sites (1, 2, 14, and 15),
three of which were the sites where active gravel
transport was observed (Table S1).

As the Schneider et al. (2015) model best
predicted where transport occurred on the fan
during the August 2019 storm event, we used
it to estimate sediment transport fluxes under
both storm and bankfull conditions. For the
storm event, sediment fluxes were effectively
zero at all sites where we did not observe trans-
port, and they were ~0.02-0.04 m%hr at the
upper fan sites and ~0.01 m%/hr at the lower site
(Fig. 11B). Under bankfull conditions, the model
predicts 0.5 < 7#/7*,, < 8.1, where six sites have
7¥/7*,. <1 and negligible sediment fluxes. For
the other 14 sites, bankfull sediment fluxes
ranged from ~550 m?hr to 0.4 m%hr, with an
average sediment flux of ~70 m%hr across the
fan (Fig. 11B).

Intermittency

Based on our field observations and remote
sensing mapping, we estimate that the upper
fan contains ~0.019 km? of sediment, of which
~71% was deposited as debris flows (i.e., 0.14
km?) and ~18% by fluvial processes (i.e., 0.003
km?; the remaining 11% of the upper fan was
mapped as soil). If we assume the lower fan
is predominately fluvial in origin, then an
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Figure 11. (A) The bankfull non-dimensional shear stress (bankfull Shields number, T*) versus down-fan distance for both the Black Moun-
tain fan and the fans investigated by Stock et al. (2008) show the decline in sediment transport capacity (due to hydraulic radius declining
down-fan). (B) Sediment fluxes (in m3 sediment/hr) using the Schneider et al. (2015) transport model going down-fan, both for the 2019

runoff event and under bankfull conditions.
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additional 0.029 km? of sediment was depos-
ited by river processes. In total, ~0.033 km?
of the 0.049 km?3 fan, or ~67%, was likely
fluvially deposited. Using Equation 12 and the
Schneider et al. (2015) model for bankfull bed-
load flux, we estimate that the intermittency of
sediment transporting flood events on the Black
Mountain fan is ~0.2. It is less clear how often
debris flow or mass flow events occur or what
the average event size is (i.e., volume of sedi-
ment transported within a debris flow per flow
event) without more detailed mapping and geo-
chronological constraints, but our field observa-
tions suggest that smaller events may occur dur-
ing summer storms, and larger events (like the
2016 landslide event) occur on an approximately
decadal timescale (based on Google Earth time
lapse imagery).

Water Budget

Using our estimates of bankfull water and
sediment discharge, the average rock-to-water
ratio (m? sediment/m? water) during fluvial
flow events on the fan is 0.008 & 0.02. We do
not have field data on the range of rock-to-water
ratio for debris and mudflows occurring within
the Black Mountain catchment, but the typical
range of rock-to-water ratios for granular debris
flows and mudflows is 0.4-0.7 (Johnson, 1984;
Whipple and Dunne, 1992; Morgan et al., 2014;
Kaitna et al., 2016). In terms of the total water
supply required to build the Black Mountain
fan, this equates to a minimum of 4.1 km?3 (not
accounting for water losses due to infiltration
and evapotranspiration or flow events that do
not transport sediment) or ~1 km (water vol-
ume/catchment area) of water.

DISCUSSION

Fan Morphology and Processes as a
Function of Climate

Based on our surficial and sedimentological
mapping, as well as models for the regional gla-
ciation history (Lacelle et al., 2013), the Black
Mountain fan has likely been forming under a
periglacial climate over the last ~13,000 yr from
a combination of mass flow and fluvial pro-
cesses. Similar alluvial fan deposits have been
found across a range of climates (e.g., Kochel
and Johnson, 1984; Whipple and Dunne, 1992;
Blair, 1999b; Crosta and Frattini, 2004) such that
using the surface morphology or individual flu-
vial or debris flow deposits alone might make it
difficult to discern environmental conditions at
the time of deposition. Two exceptions, however,
were for fluvial and debris flow-dominated peri-
glacial fans in Svalbard (de Haas et al., 2015b).

Palucis et al.

The first was in catchments where snow ava-
lanches were prevalent and rapid beveling and
leveling of inactive fan surfaces were observed.
In these cases, coarse-grained debris flow levees
were beveled down to stone stripes with reliefs
of <10 cm. We did not observe evidence of this
process on the Black Mountain fan, either in the
field or from satellite imagery. Second, de Haas
et al. (2015b) observed that most of the surfaces
of the periglacial fans they studied in Svalbard
were modified to some degree by solifluction,
with areas of hummocky terrain and/or ice-
wedge polygons, which were easily discerned
in the field and could potentially be identified
by remote sensing. Catto (1993) observed peri-
glacial features on the Black Mountain fan in the
early 1990s, but we found little evidence of these
structures during the 2019 field season. The dis-
appearance of evidence for periglacial modifi-
cation of the Black Mountain fan over the last
~30 yr could be due to several reasons. First, the
climate of the Aklavik Range has changed sig-
nificantly enough to affect solifluction rates and
the resulting surficial forms. Matsuoka (2001)
found that surface velocities and sediment fluxes
of soil are low when mean annual temperatures
are <—6 °C but increase rapidly above -6 °C and
reach a maximum with mean annual tempera-
tures between -3 °C and -5 °C. Mean annual
temperatures have increased by ~4 °C in the last
~60 yr at the Black Mountain fan site, and six
of the last 10 years have had mean annual tem-
peratures of between -3 °C and -6 °C, the range
where hillslope transport rates have been shown
to rapidly increase and hummocks are less com-
monly observed (Matsuoka, 2001). Second, the
fan is currently more vegetated than it was previ-
ously (based on historical imagery and descrip-
tions by Catto, 1993), which may obscure these
features or affect solifluction processes (Mat-
suoka, 2001), though it is surprising that we do
not see any evidence of the larger features (i.e.,
the spatulate projections of sediment mapped by
Catto, 1993) in ArcticDEM topography.

Both Catto (1993) and de Haas et al. (2015b)
suggest that debris flow size is likely to be

Temperature (°C)
-10 -5

restricted by active layer depths in periglacial
environments, which could be a useful indica-
tor of fan depositional setting. The presence
and depth of the active layer is primarily con-
trolled by surface mean annual temperature, the
diurnal and annual surface temperature ampli-
tude (i.e., temperature oscillations from low
to high), snow cover, and the local geothermal
gradient (Lachenbruch and Marshall, 1986). We
estimated the annual-averaged modern active
layer depth for the Black Mountain fan site to
be ~1.5 m (Fig. 12) using a simple analytical
diffusion model based on Anderson et al. (2013).
This model predicts soil temperature at depth
as a function of a sinusoidally varying surface
temperature:

T(et)=T +ATe sin| 22— 2 | (13)
Pz

where 7(zt) is the temperature at time, ¢, and
depth, z, T is the mean temperature (—6 °C),
AT is the temperature amplitude (15 °C),
7%= +JKP/rn is the depth scale, k is the ther-
mal diffusivity of the soil (I mm?/s), and P is
the period of oscillation (1 yr). Snow cover
was not accounted for due to the lack of snow
cover thickness measurements at the site. This
estimate for modern active layer depth suggests
that individual debris flow deposits (or bed thick-
nesses) would be on the order of 1-2 m if they
initiated due to the thawing of ground ice and
failure along the permafrost table (which acts
as an aquiclude), which notably falls within the
typical range of observed bed thicknesses (i.e.,
1-1.5 m). The thicker debris flow deposits we
documented may be the result of successive
active-layer failures, post-failure entrainment
of sediment stored within the channel, rock fall
contributions, warmer seasons, or flows that ini-
tiated from surface runoff and rapidly entrained
talus/hillslope material.

There is a clear change in sediment transport
processes between the steeper upper portion of
the Black Mountain fan, which we interpret to
be debris flow-dominated, to the shallower lower

5  Figure 12. Modeled tempera-

thickness

I Active layer

Depth (m)
© 0 N O g B~ 0N = OI
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g

ture profiles with depth at
monthly intervals that span
1 yr are shown, where the mean
annual temperature is assumed
to be —6 °C and the tempera-
ture amplitude is ~15 °C. The
estimated depth to the base of
the active layer is indicated by
the thin, dot-dashed black line
(~1.5 m).
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portion of the fan, which we interpret to be fluvi-
ally dominated. This process shift down-fan is
also reflected in the fan’s long profile (Fig. 3),
where the upper fan has a mostly linear and long
profile (typical debris flow fans) and the lower
fan is concave-up in profile (associated with flu-
vial fans; Williams et al., 2011; de Haas et al.,
2015b). However, without radiometric dating
and drill core material, it is currently unclear if
the lower and upper fan portions are coeval or if
the unexposed sediments on the upper fan are of
debris flow or fluvial origin.

One hypothesis is that accelerated warming
has increased sediment supply, leading to aggra-
dation and upper fan steepening. As the field site
is located in a continuous permafrost region,
physical weathering (i.e., frost cracking due to
the presence of ice within bedrock) will domi-
nate over chemical weathering in breaking down
bedrock and generating sediment (Girard et al.,
2013; Draebing and Krautblatter, 2019). Frost
cracking tends to occur when water is present and
rock temperatures are sustained below 0 °C, typ-
ically between —3 °C and —15 °C (Walder and
Hallet, 1985; Rempel et al., 2016), and based on
historical temperature data, the number of days
in which the Black Mountain fan catchment is
within the frost-cracking window has increased
to about four additional weeks per year. The
Black Mountain region also experiences bed-
rock landslide events that rapidly deliver large
amounts of sediment downslope. The shale
readily breaks down into fine-grained sediment
that is both transported fluvially, as evidenced
by an abundance of 3-4 mm shale grains within
gravel bars, and by debris flows and mudflows,
based on observed overbank deposits comprised
predominantly of shale. Using Landsat imagery,
we mapped five landslides along the Aklavik
Range (not including the event within the Black
Mountain fan catchment) that occurred in 2016,
the warmest year on record over the past two
decades. While these events could have been the
result of tectonic activity, there were no locally
recorded seismogenic events, and these land-
slides did not occur along a common fault trace
or scarp, which suggests they were more likely
related to the higher-than-normal temperatures.
It is also possible that warming has led to more
evapotranspiration due to increased vegetation,
thereby reducing water availability within the
actively thawing layer and leading to higher
water-to-rock flow events.

An alternative hypothesis is that the upper and
lower fan are coeval, and transport processes are
closely tied to hydrologic conditions and/or sedi-
ment supply characteristics. For example, fluvial
transport may dominate during spring snowmelt,
as has been suggested by others for periglacial
fan systems (Legget et al., 1966; Reiss et al.,

Periglacial alluvial fan formation

2011; de Haas et al., 2015b), while debris flow
events are more sporadic (initiating on steeper
hillslopes and talus slopes as the active layer
thaws) and take advantage of pre-existing fluvial
channels as they transport down-fan. Debris flow
formation also requires a wide coarse grain-size
distribution and sufficient fine-grained material
(i.e., clay and silt) to generate fluid pressures in
excess of hydrostatic pressure and to increase
the fluid yield strength (Pierson, 1981; Kaitna
et al., 2016). As such, their occurrence may be
more tied to the distribution of available grain
sizes, as has been suggested for some temper-
ate fans (e.g., Blair, 1999a, 2003). The Willow
alluvial fan, located ~50 km north of the Black
Mountain fan, shares a similar climate and tec-
tonic history but features sedimentological data
indicative primarily of fluvial deposits (Legget
et al., 1966). Unlike the Black Mountain fan,
the Willow fan does not significantly steepen in
its upper portions. This may be due to the fact
that the sediment available to the Willow fan
is mostly clay to coarse sand with little coarse-
grained material (Legget et al., 1966; Lane,
2005), thereby preventing granular debris flows.

Using Temperate Sediment Transport
Models to Estimate Rates of Periglacial Fan
Formation

Most bedload transport equations have not
been applied to steep alluvial fans (S > ~0.02—
0.03) due to limited observations of active sedi-
ment transport (e.g., Stock, 2013). In the few
instances where sediment transport has been
witnessed on fans, researchers have observed
that: (1) reductions in local gradients due to
loss of channel confinement led to the spread
of flow, deposition of sediment into small dams,
and subsequent flow bifurcation around the sedi-
ment dam (Eckis, 1928); (2) flow on fans tended
to be supercritical (i.e., the Froude number,
Fr=u/ JgTz , is greater than 1) and could often
transport particles with diameters approximately
equal to the flow depth (Rahn, 1967; Beaumont
and Oberlander, 1971; Stock, 2013); and (3) sed-
iment concentrations varied during flow events,
likely due to the occurrence of landsliding and
debris flow events episodically contributing large
pulses of sediment (Wasson, 1977; Stock, 2013).
However, to the best of our knowledge, detailed
measurements of channel hydraulic geometry
and flow conditions during bedload transport
have not been documented on steep periglacial
fans, nor have sediment transport models, which
were largely developed under temperate condi-
tions for lower-gradient rivers, been tested.

The Stock et al. (2008) study is perhaps the
most detailed regarding the measurement of
down-fan changes in hydraulic geometry and
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particle size on temperate, arid alluvial fans. As
such, we compare our findings from a periglacial
fan to their study, which looked at four fans in
the American southwest desert, to determine if
and how fan morphology and sediment transport
processes differ across these two climates. Stock
et al. (2008) found that fan longitudinal profiles
were concave-up, channel width-to-depth ratios
ranged from 10 to 100 (similar to those of allu-
vial rivers; Knighton, 1998), there was a general
down-fan decline in hydraulic radius, and there
was a lack of gravel fining over the upper 60%—
80% of the fan surfaces (but an increase in sand
fraction; Figs. 4-5). In terms of sediment trans-
port, Stock et al. (2008) showed that although
sand fractions increased down-fan, which acts
to reduce 7*, and increase transport capacity, this
effect was not large enough to offset the decline
in 7* (Fig. 11), resulting in declining modeled
sediment fluxes. We found that the Black Moun-
tain fan also has (1) an overall concave-up pro-
file (Fig. 3); (2) fan channels with width-to-depth
ratios between 10 and 100 (though ~25% were
below 10, which is characteristic of steep, moun-
tainous channels (Palucis and Lamb, 2017); (3) a
slight decrease in hydraulic radii down-fan; and
(4) a lack of gravel fining but an increase in the
fraction of sand down-fan (Figs. 4-5). As such,
we confirm that bedload fluxes must be declining
down-fan. Stock et al. (2008) proposed that the
Mojave fans deposited large volumes of gravel
down-fan via overbank deposition to match
observed slope reductions. We observed over-
bank deposition along the Black Mountain fan,
but it generally appeared to be associated with
debris flow and mudflow events rather traction/
sheet flow events. Stock et al. (2008) also tested
a second hypothesis for controls on decreasing
fan slope (i.e., the threshold hypothesis), where
declining grain size, either due to shallowing
flow or particle breakdown, leads to a reduction
in slope. If this were the case, we would expect
that slope would be an increasing function of
the median grain size relative to the hydraulic
radius, but we do not see this trend on either the
Stock et al. (2008) fans or the Black Mountain
fan (Fig. 13).

While there is a pronounced increase in the
sand fraction of the channel bed as a function
of down-fan distance, which should affect sedi-
ment fluxes by reducing the shear stress needed
to initiate gravel transport, when we applied the
Wilcock and Crowe (2003) model to the 2019
storm event it overpredicted where we observed
bedload transport. This suggests that the pres-
ence of sand is being offset by other frictional
losses within the channel, which are typically
accounted for in bedload transport models by
either reducing the acting bed shear stress or
increasing 7*,. Both the Lamb et al. (2008) and
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Figure 13. Plot of channel slope
as a function of the median
grain size (gravel fraction) rela-
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the Schneider et al. (2015) models we tested
show a positive correlation between 7*, and
slope (when 7*, is derived from total boundary
shear stress), which has been suggested to be
the result of increased drag on the walls of low
width-to-depth channels (Vanoni and Brooks,
1957), steep channel bedforms (e.g., Mont-
gomery and Buffington, 1997), grains emerging
from steep and shallow flows (e.g., Yager et al.,
2007), friction angle variations (e.g., Kirchner
etal., 1990), increased relative roughness (Dsy/h)
(e.g., Prancevic and Lamb, 2015), and changes
in flow structure and turbulence (Smith and
McLean, 1977). The fact that the Schneider et al.
(2015) model was more effective in predicting
where sediment motion would occur could be
because the data used to develop the Lamb et al.
(2008) relation was a combination of flume
and field data, with much of the field data plot-
ted above the regression line for S > 0.02 (see
their Fig. 1). The Schneider et al. (2015) model,
however, used only field data (including steep
stream environments), which thereby predicted
a greater slope dependence on z*, (7%, o §%°
versus $°2%). This suggests that for natural chan-
nel slopes greater than ~0.02, such as the Black
Mountain fan locality, macro-roughness ele-
ments in the channel or morphologic drag may
be more important (Lamb et al., 2008; Schneider
et al., 2015). As many of the Stock et al. (2008)
fan channel slopes are also >0.02 (and contain
bedforms), it is possible that the Schneider et al.
(2015) model (or similar models that account
for steep slopes and morphologic drag) would
be appropriate for estimating sediment fluxes. As
previously discussed, the Black Mountain catch-
ment is prone to bedrock landsliding events, such
as the 2016 landslide, which delivered a large
amount of sediment to the fan three years prior
to our field investigation. Pfeiffer et al. (2017)
show that alluvial channels will often accommo-
date increases in sediment supply by reducing
the bed surface median grain size (to increase
flux) without changing channel geometry (i.e.,

grain size.

local slope or channel width or depth). Future
field studies will allow us to monitor if and how
median grain sizes (and fluxes) change across
the fan in response to this event.

Lastly, we note that the fluvial channel mor-
phologies documented on the Black Mountain
fan (i.e., cascade, step-pool, plane bed, and alter-
nate bar) are found at channel bed slopes pre-
dicted by the model of Palucis and Lamb (2017)
(Fig. 6). This model relates channel form to
bed slope as a function of width-to-depth ratio,
grain-size-to-width ratio, and Froude number.
And while there is no fan equivalent to date of
the bedform classifications for rivers (i.e., Mont-
gomery and Buffington, 1997), our observations
suggest that theory developed for fluvial systems
may apply to steep alluvial fans, allowing for
models to better account for macro-roughness
and drag when estimating sediment fluxes.

Application to Martian Alluvial Fans

A key goal of this work was to assess the type,
magnitude, and frequency of sediment transport
processes and fluxes on an alluvial fan under a
warming periglacial climate to determine the
feasibility of martian fans having formed from
limited meltwater (e.g., Kite et al., 2013). The
type of flow events comprising these systems are
particularly important because the rock-to-water
volume ratios can vary by orders of magnitude
between mass flow and fluvial processes. Ter-
restrial studies suggest that fan length and slope
are two metrics that can be remotely sensed to
provide insight into formational processes, with
debris flow fans typically being shorter and
steeper (>0.09-0.18) than their fluvially domi-
nated counterparts (Williams et al., 2006; Stock
et al., 2008; Stock, 2013). In their survey of 31
representative martian fans, Moore and How-
ard (2005) found that most fans had a slope of
~0.035, which is similar to the slopes measured
on alluvial fans in Gale (0.009-0.035; Palu-
cis et al., 2014), Saheki (0.035; Morgan et al.,
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2014), and Harris (0.04; Williams et al., 2011)
craters. Many of these fans also have linear,
ridge-like features that start at the fan’s apexes,
trend downslope with generally uniform widths,
and contain bedform features such as scroll bars
(e.g., Morgan et al., 2014; Palucis et al., 2014;
Williams et al., 2011). This is consistent with
channelized flow, and as such, these features
have been interpreted as fluvial distributaries
that carried coarse sediment down-fan and have
since been inverted by aeolian erosion (Moore
and Howard, 2005; Williams et al., 2009, 2011;
Grant and Wilson, 2011). The overall low fan
slopes and the presence of ridges have led many
to the interpretation that most mid-latitude fan
systems were fluvially dominated and would
require significant volumes of water (e.g., Moore
and Howard, 2005; Morgan et al., 2014; Palucis
et al., 2014; Williams et al., 2011), with rock-
to-water ratios of ~0.0001 based on typical ter-
restrial rivers (Syvitski et al., 2003).

Our geomorphic and sedimentological data
suggest that while mass flow events are impor-
tant in building the Black Mountain fan, the
majority of the fan (~67%) still likely formed
from fluvial processes (low rock-to-water ratios,
~0.008). This observation matches the low
overall slope of the fan (~0.05) and the con-
cavity of its profile. However, the remaining
~33% of the fan would have required rock-to-
water ratios that are orders of magnitude higher,
especially if debris flows were generated from
the melting of interstitial ice and hillslope fail-
ures (versus high-intensity rainfall events as is
often observed in temperate landscapes; Can-
non et al., 2011; Staley et al., 2017; Berti et al.,
2020). This emphasizes the importance of cor-
rectly interpreting the formative process, which
is often difficult from a purely remote sensing
approach. Had we assumed that low rock-to-
water ratios were responsible for depositing the
entire fan volume, we would have estimated that
the Black Mountain fan required ~486 km? of
water to form, which is vastly greater than our
estimate of ~4 km?.

Application of sediment transport models to
martian fans requires knowledge of local chan-
nel slope, channel width and depth, and grain
size, all of which easily can be collected in the
field but are difficult to collect via orbital data.
Currently, when transport models are applied to
martian fans, the grain size and channel depth
need to be assumed or are approximated from
terrestrial fluvial data, typically from temperate
river systems, resulting in flow estimates that can
be off by orders of magnitude. Similarly, channel
width is often used to estimate discharge, where
Q ~bB¢, and b and c are fit parameters from ter-
restrial systems that are scaled to account for dif-
ferences in martian gravity (Irwin et al., 2005).
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Here, we have collected one of the most com-
plete data sets on how channel slope, width-to-
depth ratios, and grain size vary down a perigla-
cial fan, and show that the trends are remarkably
similar to those of more temperate to arid fan
systems (Stock et al., 2008), which allows for a
more robust estimate of these parameters when
attempting to model water and sediment fluxes
on martian fans. We also show in Figure 14 that
discharge versus channel width relations for tem-
perate steep streams (Palucis and Lamb, 2017)
follow a similar relation to those observed on the
Black Mountain fan. When adjusted for martian
gravity using the relation by Burr et al. (2010):

-0.233
By _ (é’M]
Bg 8E

one can estimate average discharge on a mar-
tian alluvial channel fan from Q = 0.03B2? by
simply increasing the martian alluvial fan chan-
nel width by 1.25 (i.e., Q) = 0.03(1.25B,,)*?).
By relating flow discharge to upstream drainage
area, we were able to estimate runoff rates down-
fan during a flow event (~0.01-0.1 mm/hr) and
compare that to input rates (~1-2 mm/hr). This
suggests that due to infiltration and evaporation,
approximately an order of magnitude less water
is available for transporting sediment and doing
geomorphic work, which is an important consid-
eration for Mars.

Early martian melt rates can be computed
from climate models (e.g., Kite et al., 2013;
Mansfield et al., 2018), but the water amount
that is translated to surface runoff is not well
constrained. Importantly, even under the range
of runoff rates we estimated for the Black
Mountain fan (~0.01 mm/hr to up ~10 mm/hr
during bankfull conditions), we show that appre-
ciable amounts of sediment can be transported
(Fig. 11). Furthermore, the sediment transport
analysis generated herein provides insight into
how intermittent bankfull fluvial flow events
occur on a periglacial fan. Within the Mars lit-

(14)

alluvial fan systems.

erature, intermittency factors are stated to range
from 0.001 to 1, where the endmember case of
I;= 1 assumes constant bankfull flow (Hauber
et al., 2009; Hoke et al., 2011; Orofino et al.,
2018; Hayden et al., 2021); we show that on
an alluvial fan system subject to cold and arid
conditions, that value may be closer to ~0.2. If
fans on Mars formed under similar settings, this
would mean that warming conditions on Mars
(perhaps from a combination of impact, volca-
nic, and seasonal forcing) would have needed
to be sustained for an overall shorter period but
likely for several weeks to months per year.
When considering whether the Black Moun-
tain fan is an appropriate analog for martian fans,
we acknowledge that the fan does have vegeta-
tion, which can affect subsurface water volumes
(due to either water draw-down or evapotrans-
piration) and stabilize channel banks from ero-
sion (Braudrick et al., 2009). Vegetation can
also affect or hide surficial features indicative of
periglacial processes, such that we cannot easily
compare metrics like surface roughness between
the Black Mountain fan and martian fans (though
rapid climate shifts could have potentially muted
periglacial features on both the Black Mountain
fan as well as on fans on Mars; Matsuoka, 2001).
We suggest, however, that the Black Mountain
fan is an ideal martian analog in several other
respects. First, it has average gradients similar to
those of many martian fans (i.e., ~0.035-0.05),
and its morphologic form is likely fluvially con-
trolled. Second, the fan is predominately com-
posed of fine-grained material, which has been
inferred for martian alluvial fans due to the extent
of inversion and presence of inverted channels,
and it has an ephemeral distributary channel
network. Third, the Black Mountain fan (as well
as the other fans along the Aklavik Range) has
a fan to catchment area scaling similar to that
of martian fans (Fig. 1B), which suggests that
similar erosional processes may have occurred
on martian crater rims. Finally, and perhaps most
importantly, the Black Mountain fan is an active
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snowmelt-fed fan that provides an ideal testing
ground for continued work on how snowmelt-
dominated systems affect sediment supply gen-
eration, the amount of liquid water available for
sediment transport down-fan, and the frequency,
duration, and magnitude of sediment transport
events under changing climate.

CONCLUSIONS

Alluvial fans have the potential to record
climate change through sediment and water
delivery signals (via changing sediment fluxes
or transport processes) on Earth and may repre-
sent one of the last widespread signs of fluvial
activity on Mars’ surface (e.g., Pepin et al., 2010;
Armitage et al., 2011; D’Arcy et al., 2016).
Understanding the climatic conditions during
the formation of these features may provide key
insights about habitability on Mars and climate
change on Earth and Mars. It has been sug-
gested that martian fans sourced water only from
snowmelt and perhaps under periglacial condi-
tions; however, numerous studies have used
data and theory from terrestrial fans and rivers
from warm, arid, rainfall-dominated climates to
estimate flow discharges, runoff rates, and total
water volumes to constrain martian fans. Here,
we characterized the sedimentology and geo-
morphology of a periglacial alluvial fan in the
Richardson Mountains, Northwest Territories,
Canada, and presented novel data on how chan-
nel slope, channel width and depth, and grain
size vary down-fan. The Black Mountain fan is
predominately composed of fluvially deposited
sediment (~67%) as opposed to being mostly
debris flow deposits as previously suggested.
Based on sediment transport observations from
a mixed summer snowmelt and rainfall event
within the Black Fan catchment (such observa-
tions are rare on alluvial fans), we were able to
test several models for when bedload transport
occurs. We found that the model of Schneider
et al. (2015), which was developed using data
from steep streams and accounts for macro-
roughness, was most applicable. The fan has an
intermittency of ~0.2 regarding bankfull fluvial
processes with episodic sediment flux inputs
from mass flow processes. Based on our analy-
sis, melt rates suggested for Mars are capable of
entraining and transporting appreciable amounts
of sediment by fluvial processes and under rock-
to-water ratios that are about two orders of mag-
nitude less than is often assumed based on aver-
ages from terrestrial rivers.
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