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Abstract

Sediments covering Arctic continental shelves are uniquely impacted by ice
processes. Delivery of sediments is generally limited to the summer, when
rivers are ice free, permafrost bluffs are thawing, and sea ice is undergoing its
seasonal retreat. Once delivered to the coastal zone, sediments follow com-
plex pathways to their final depocenters—for example, fluvial sediments may
experience enhanced seaward advection in the spring due to routing under
nearshore sea ice; during the open-water season, boundary-layer transport
may be altered by strong stratification in the ocean due to ice melt; during
the fall storm season, sediments may be entrained into sea ice through the
production of anchor ice and frazil; and in the winter, large ice keels more
than 20 m tall plow the seafloor (sometimes to seabed depths of 1-2 m), cre-
ating a type of physical mixing that dwarfs the decimeter-scale mixing from
bioturbation observed in lower-latitude shelf systems. This review summa-
rizes the work done on subtidal sediment dynamics over the last 50 years
in Arctic shelf systems backed by soft-sediment coastlines and suggests di-
rections for future sediment studies in a changing Arctic. Reduced sea ice,
increased wave energy, and increased sediment supply from bluffs (and pos-
sibly rivers) will likely alter marine sediment dynamics in the Arctic now and
into the future.
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1. INTRODUCTION

Modern Arctic continental shelves (Figure 14) are sedimentary environments that are uniquely
impacted by ice. These cold-region shelves were flooded and shaped during sea-level transgression
over the past ~7,000 years and presently receive sediment from eroding coastlines and Arctic
rivers. Today, Arctic margins lie at one of the major frontiers of changing global climate, where
seasonal ice cover is diminishing and wave energy is growing.

The relatively thin Holocene sediment cover on Arctic shelves is sculpted by ice scour (see
Sections 2.2 and 5.2). Sediment yields from rivers and coastal erosion tend to be lower than those
in many lower-latitude systems, yet Arctic continental shelves make up 20% of global shelf area
(even though the Arctic Ocean constitutes just ~1% of the global oceans by area and volume).
Thus, sedimentary processes on Arctic shelves may be disproportionately important in terms of
global margin dynamics.

This review focuses on modern Arctic subtidal sedimentary processes and deposits from the
nearshore zone to continental slope. Most of the examples presented are drawn from the Canadian
Beaufort Shelf (seaward of the Mackenzie River Delta), the Alaskan Beaufort Shelf, the Chukchi
Shelf, and the expansive Siberian Shelf. These regions were the targets of much research in the
1970s and 1980s, when regional oil development was accelerating. For example, the construction
of artificial islands for drilling rigs and laying of seafloor pipelines necessitated studies of coastal
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Figure 1

Arctic Basin map and shelf physiography. (#) Map of the Arctic Basin, including marginal seas. Colored lines on the Siberian and
Chukchi margins show the locations of elevation transects in panel ¢; gray regions denote continuous to discontinuous permafrost soils.
Base map adapted from ESRI ArcMap Online. () Hypsometric curve from International Bathymetric Chart of the Arctic Ocean
(IBCAO) data (at latitudes >66.5°N). Note the inflection point at ~65-m water depth. (¢) Elevation profiles of the three transects
shown in panel . Black dots denote shelf-break depths.
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erosion, sediment transport, and scour of seabed sediments by ice (e.g., Barnes & Reiss 1983,
Barnes et al. 1984).

During the 1990s, key studies focused on the Canadian Beaufort Shelf, which receives sediment
from the large Mackenzie River (e.g., Hill et al. 1991, Forbes & Taylor 1994). In the early 2000s
and 2010s, more process-based and modeling studies were published, including a suite of papers
under the umbrella of the Arctic Coastal Dynamics project (Rachold et al. 2005). Recently, much
work has focused on coastal erosion and river dynamics (e.g., Irrgang et al. 2022, Zhang et al.
2022), with many links to carbon transport from terrestrial sources to marine sinks in high-latitude
systems (e.g., Macdonald et al. 1998, Holmes et al. 2012). Two recent syntheses have addressed
the dynamics of Arctic deltas (Forbes 2019, Overeem et al. 2022), which serve as sinks for some
sediments and organics. Angelopoulos et al. (2020) reviewed the dynamics of subsea permafrost.
In deeper water, paleoceanographic reconstructions using sediment cores and geophysical surveys
have been advancing (e.g., Darby et al. 2006, Polyak et al. 2009, Coakley et al. 2016).

On Arctic continental shelves, modern studies have sought to improve knowledge of seafloor
geology and sediment-transport dynamics using summer and sometimes overwinter mooring de-
ployments, geophysical techniques, and remote sensing technology, though much work remains
to be done in these spheres, especially given (#) reductions in sea ice, which are leading to more
energetic wave climates (and thus more sediment-transport energy) but also making many shallow
areas more accessible to vessel-based surveys; () increases in sediment supplies from bluff erosion
and forecasted increases from rivers; and (c) more navigation traffic and human use of these re-
gions. This review explores suspended-sediment and seabed dynamics in detail in order to provide
a clear picture of modern processes and features and motivate new research in a changing Arctic
(see Section 8). The discussion sections are focused on soft-sediment coasts and transport dynam-
ics across shelves of shallow to intermediate depths (generally <200 m), with the goal of explaining
the sediment sources, transport processes, depositional features, and reworking mechanisms that
make subtidal Arctic environments unique.

2. OVERVIEW OF REGIONAL GEOGRAPHY AND OCEANOGRAPHY

The Arctic region includes the central Arctic Basin, the Canadian Archipelago, fjords of Greenland
and northern Scandinavia, and broad continental shelves backed by soft-sediment coasts through-
out the surrounding regions (Figure 1). Large-scale gyres and coastal currents are key circulation
features, but wind-driven dynamics and stratification imposed by sea ice also impact water mo-
tions. Arctic continental shelves are relatively important globally; they constitute 20% of global
shelf area (even though the Arctic Ocean makes up just 1% of the global ocean by area and vol-
ume) (Costello et al. 2010). They also constitute 30% of the total Arctic Ocean area (Macdonald
et al. 1998).

2.1. Arctic Coastal Plains and Coastal Bluffs

During the Last Glacial Maximum [20,000 years before present (BP)] and lowstand in sea level,
the Bering Land Bridge connected Alaska and Siberia, and modern continental shelves were
exposed as broad, subaerial coastal plains (Dinter 1982, Hill et al. 1985, Hequette et al. 1995). The
Laurentide Ice Sheet covered much of northern Canada, but much of northern Alaska and Siberia
was arid mammoth steppe and grassland (Mann et al. 2013, Hoffecker et al. 2020). Permafrost soils
(ground frozen for >2 years) developed in these environments and now cover much of the Arctic.
A hallmark of permafrost regions is polygonal or patterned ground separated by ice wedges, which
are a form of massive ground ice that develops when the ground cracks in polygonal patterns
each winter, and snow and moisture enter the cracks and refreeze to form ice wedges (for more
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Figure 2

Coastal suspended-sediment sources and patterns. (#) Polygonal ground failure in northern Alaska. () Bluff erosion near Kaktovik,
Alaska. (¢) Coastal resuspension plumes in western Siberia. (4—f) River breakup and plume dispersal of the Indigirka River, Siberia.
(g—7) Freeze-up east of Kaktovik, Alaska. Photo in panel # by Ben Jones; photo in panel # by Emily Eidam; Sentinel satellite images in
panels i adapted from the Copernicus Open Access Hub (CC BY-SA 3.0 IGO). This figure is licensed under a Creative Commons
Attribution-ShareAlike 4.0 International (CC BY-SA 4.0) license.

14.4

detail, see French 2017; see also Duchkov 2006, Jorgenson et al. 2008). Permafrost soils are also
characterized by thermokarst (thaw) lakes that form in depressions left by degrading permafrost.

Since the Last Glacial Maximum, sea-level transgression has flooded large areas of Arctic
coastal plains and converted them back into continental shelves. Modern coastal plains now ter-
minate at the shoreline in low bluffs that are typically 2—4 m (and up to 20 m) high and experience
rapid erosion (Figure 2a,b). Bluff soils contain up to 40-70% ice by volume in the form of ice
wedges or massive ground ice (Reimnitz et al. 1985, Vasiliev et al. 2005, Lantuit et al. 2012)
(Figure 2a). The ice content in these coastal bluffs makes them particularly susceptible to rapid
coastal erosion (Section 3.1).

2.2. Arctic Continental Shelves: Holocene History and Sediment Cover

During the Holocene (~11,000 BP to present), rates of sea-level rise have varied around the Arctic
depending on location. The resulting continental shelves are shallow, with shelf-break depths at
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<100 m in many places (Figure 1). Thin Holocene sediments (with maximum thicknesses on the
order of a few tens of meters) have accumulated over older formations.

The Siberian Shelf (the Barents, Kara, and Laptev Seas) is the widest shelf globally at
>1,200 km in some locations (Herman 1974). The Laptev Sea, which is 300-500 km wide and
has a shelf-break depth of ~50-85 m (Holmes & Creager 1974) (Figure 1¢), offers an interesting
example of the history of sea-level rise. This sector of the Siberian margin began flooding around
15,300 BP, and the 50-m isobath flooded by 11,100 BP. Subsequent rates of sea-level rise varied
from 5.4 to 13.3 mmy~! until ~5,000 BP (Bauch etal. 2001). Most of the Holocene sediment cover
likely accumulated before 6,000 BP (Bauch et al. 1999). Kleiber et al. (2001) measured Holocene
sediment thickness ranging from ~0.5 to 18 m. They also noted that Holocene sediments were
absent near the slope break and attributed this to erosion by historical shelf-break currents.

Farther east, in the Chukchi Sea, sea level rose by ~50 m between 12,000 BP and the present
(Keigwin et al. 2006), and Holocene deposits range from a few meters thick to >10 m thick where
infilled paleochannels are present (relics of Beringia) (McManus et al. 1969, Phillips & Reiss 1984,
Kolesnik et al. 2023). On the Alaskan Beaufort Shelf, Holocene sediments have been accumulating
since the post-Last Glacial Maximum lowstand at 17,000 BP, when sea level was ~100 m lower.
These deposits are now ~40 m thick on the outer shelf (Dinter 1982, 1985) but are only a few
meters thick on the inner shelf and sometimes give way to outcrops of Pleistocene clays (Reimnitz
et al. 1972; see also Dunton et al. 1982).

In Canada, the Canadian Beaufort Shelf extends ~100-150 km seaward of the Mackenzie River
Delta to a shelf-break depth of ~100 m. Transgression began in this region at ~12,000 BP, and
rates of sea-level rise have ranged from 2 to 14 mm y~! since that time (with the slowest rates of
2 mm y~! occurring today) (Hequette et al. 1995). North of the Mackenzie River Delta, several
Holocene sediment wedges and lobes with maximum thicknesses of >30 m on the inner shelf
taper northward toward the outer shelf. Outside of these (on both the middle and outer shelf),
sediments are on the order of 5 m thick (Hill et al. 1991). Farther north, shelves ~100-150 km
wide fringe the Canadian Archipelago. However, unlike other Arctic shelves, these tend to be quite
deep (200-650 m). Sediment transport by processes such as waves thus may be limited, due to both
the depths and the more persistent ice cover than in other parts of the Arctic (e.g., Li et al. 2021).

2.3. Arctic Oceanography and Sea-Ice Dynamics

The Arctic Ocean connects to the Pacific Ocean at the Bering Strait and to the Atlantic Ocean
at the Fram Strait (with some additional exchange through the Barents Sea and connections
through Baffin Bay) (Rudels & Carmack 2022). Many Arctic continental shelves are microtidal,
and wind-driven dynamics are important for circulation (e.g., Hill et al. 1991). Several major cur-
rents, including the Alaskan Coastal Current and Siberian Coastal Current, flow in an anticyclonic
direction. In the Canada Basin (north of the Beaufort Shelf), the Beaufort Gyre flows in a cyclonic
direction (Rudels & Carmack 2022).

In coastal areas, sea ice breaks up from late May through early July. In the fall, cooling air
temperatures and storms promote heat loss from the ocean, which allows sea ice to form. Landfast
ice grows from the shoreline seaward and can be ~1 m thick (Barry et al. 1979). Near shore, some
landfast ice is also bottomfast, meaning it contacts the seabed sediments (Barry et al. 1979). A
distinctive morphologic feature referred to as a bench occurs at 2-m water depth along many
Arctic coastlines; its formation is likely related to the presence of seasonal landfast ice (Reimnitz
& Bruder 1972, Barnes & Reimnitz 1973, Cooper 2023).

Farther seaward, pack ice grows from the central ocean toward the margins and can be ~1-3 m
thick. Where pack ice and landfast ice meet, pressure ridges form (Kovacs & Mellor 1974). These
ridges create large ice keels in the water column that are 20-40 m deep and are moved by slow
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Figure 3

Schematic of physical processes occurring on Arctic continental shelves during four seasons. (#) Winter (ice-covered season).

(b) Breakup season (when river discharge is high, if a river is present). River plumes may flow over or under the ice. (¢) Open-water
season. (d) Freeze-up season.
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circulation and winds (Reimnitz et al. 1978). Wind events during the winter can cause pack ice to
deform, allowing flaw leads (areas of open water) to develop between the pack ice and landfast ice
(Holland 2013, Rudels & Carmack 2022). Polynyas are areas of open water that can also form in
sea ice as a product either of wind or of latent heat release (related to sea-ice formation) (Holland
2013). General processes are schematized in Figure 3 and discussed in later sections.

3. MODERN SEDIMENT SOURCES

In the Arctic Ocean, the primary sources of sediment are different from those in lower latitudes.
Globally, rivers dominate the supply of sediment to the oceans (~72-89%), followed by glaciers
(~6-11%) (see Regard et al. 2022). Coastal erosion supplies less than 10%. In the Arctic, however,
coastal erosion contributes the majority of sediment in many regions (e.g., 70% in the Laptev

Sea), except for places dominated by discharge from large rivers such as the Mackenzie (Rachold
et al. 2000).

3.1. Coastal Bluff Erosion

Arctic soft-sediment coasts are eroding at ~0.5 m y~! (on average), with localized rates of up
to ~20 m y~! (e.g., Lantuit et al. 2012, 2013; Overduin et al. 2014; Gibbs & Richmond 2017).

Eidam et al.
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Accelerated erosion of permafrost coastal bluffs has been observed in many regions since the 1950s
(e.g., Jones et al. 2009) as a product of thermal effects (warm air and water temperatures) and
mechanical erosion (from waves), the latter of which is most important during late summer and
fall storms (e.g., Lantuit et al. 2012).

Quantifying volumes of sediment released from bluffs is approached through estimates of bluff
height, coastal retreat rate, ice content, and/or sediment size distribution (e.g., Barnhart et al.
2014, Gibbs et al. 2019). Bluff height and retreat rate can be quantified from remotely sensed
or drone data with increasing accuracy (e.g., Gibbs & Richmond 2017, Obu et al. 2017), but ice
contents and sediment sizes remain labor intensive to sample in situ. Along the Canadian Beaufort
coast, Hequette & Barnes (1990) found that these subaerial properties did not correlate well with
shoreline retreat rate and proposed that submarine erosion of the shoreface profile (by sea ice
and/or waves) is also a critical factor driving shoreline retreat.

Relatively warm ocean waters thaw ice wedges, and wave attack undercuts the polygonal
ground, leading to abrupt collapses of large soil blocks on the order of 10 m wide (e.g., Thomas
et al. 2020) (Figure 2a). These blocks quickly disintegrate in the surf zone, releasing their relic
marine, fluvial, and glacifluvial gravels, sands, and muds to the inner shelf (Jorgenson & Brown
2005). Some bluffs exhibit a seasonal cycle of erosion: Soils thaw in the summer and slump to form
a protective apron on the beach, and fall storm waves remove this apron before freeze-up (Gibbs
etal. 2019).

3.2. Rivers

Rivers contribute ~227 x 10° t y~! of suspended sediment to the Arctic Ocean, constituting
~1% of global fluvial sediment flux (Gordeev 2006). This sediment yield is low given that Arctic
rivers supply ~11% of global river discharge (McClelland et al. 2012). Arid climates, low-relief
permafrost landscapes, and seasonal water discharge are some of the factors accounting for the low
yields (Milliman & Farnsworth 2013). Arctic river discharges are increasing (with varying regional
trends; Feng et al. 2021), but there is debate in the literature about whether sediment loads are
also changing. Syvitski (2002) modeled increasing Arctic sediment loads. Doxaran et al. (2015)
calculated an increase in the Mackenzie River sediment load based on satellite records from 2003
to 2013. In contrast, Holmes et al. (2002) reported no change in sediment load based on decades
of aggregated historical data from 19 Arctic rivers.

Arctic rivers are strongly seasonal, with minimal to no flow during winter except for the largest
rivers (e.g., the Mackenzie and Yukon). During spring freshets, river ice breaks up sooner than sea
ice, and river plumes often flow under or over the ice (Figure 35). This phasing of river discharge
prior to sea-ice breakout is important because a majority of fluvial sediment delivery often occurs
during the spring freshet (see Section 4.1).

3.3. Distant Sources

A small amount of sediment is delivered to the Arctic Ocean from other sources, including aeo-
lian transport and transport through straits. For example, silts and clays (many originating from
the Yukon River) are transported northward through the Bering Strait in the Alaska Coastal Cur-
rent. Some sediments settle north of the strait to form a delta-like feature, while others continue
northward toward the Arctic Basin (McManus et al. 1969). Aeolian transport to the Arctic has
been considered particularly in the context of winter deposition on pack ice (and release to the
ocean in the spring and summer) but remains a relatively small sediment source (e.g., Pfirman
et al. 1989).
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4. SUSPENDED-SEDIMENT TRANSPORT

Although a substantial amount of Arctic fluvial sediment is deposited within deltaic environments
(e.g., an estimated 50% of Mackenzie River sediments are retained in the delta; Macdonald et al.
1998), the remaining sediments are broadly dispersed by river plumes (Section 4.1), by waves and
currents during the open-water and freeze-up seasons (and occasionally winter) (Section 4.2), and
by sea ice (Section 6; Figure 3). Sediment transport thus varies temporally in response to river
discharge (which wanes following the spring freshet and occasionally peaks late in the season)
and the wave climate (which grows from summer to fall because sea ice recedes and fetch in-
creases). Transport patterns also vary spatially based on water depth, proximity to a major river,
shelf morphology, available grain size, and other factors.

4.1. Sediment Transport in River (and Other) Plumes

Spring freshets in rivers often start before sea ice breaks out. Ice blocks the seaward flow of river
plumes, causing them to flow either over or under the ice (Figure 35). Overflow plumes can travel
distances on the order of 10 km from shore (Reimnitz & Bruder 1972), while under-ice plumes
can be larger in area than open-water plumes formed under similar flow conditions (e.g., Ingram
& Larouche 1987, Alkire & Trefry 2006, Kasper & Weingartner 2015) (Figure 2d—f). Under-
ice plumes may also coalesce (Okkonen & Laney 2021), causing mixing of both plume water and
sediments, which has implications for the shelf sedimentary record.

Many rivers generate peak sediment discharges for the year during the spring freshet. For
example, the Colville, Kuparuk, and Sagavanirktok Rivers in Alaska have reportedly discharged
60-80% of their annual sediment loads in 3-13 days (Arnborg et al. 1967, Rember & Trefry 2004).
The presence of ice in the nearshore during the freshet season thus promotes substantial sediment
bypass of the nearshore zone (Reimnitz & Bruder 1972), which has implications for the long-
timescale morphodynamic evolution of Arctic deltas (Lim et al. 2019, Cooper 2023). The mean
annual number of open-water days in the Arctic is increasing, however (e.g., Crawford et al. 2021),
and thus the springtime dispersal of fluvial sediments may no longer coincide with the ice-covered
season (e.g., Cooper 2023).

The Mackenzie River, one of the largest sources of freshwater and sediment to the Arctic
Ocean, creates a freshwater (or mostly fresh) pool on the continental shelf during winter that,
if it were considered a true lake, would rank among the 20 largest lakes globally (Carmack &
Macdonald 2002). This pool forms because river water becomes trapped behind the stamukhi, a
zone of sea-ice pressure ridges (Section 5.2) that create a seasonal ice dam on the continental shelf.
In the spring, river water breaches this dam, sending a plume up to 160 km seaward to the shelf
break (O’Brien et al. 2006). The summer Mackenzie plume is deflected by winds and creates an
~500 x 100 km estuary on the shelf (Carmack & Macdonald 2002). Plume sediments are delivered
to the shelf both east and west of the river depending on wind conditions and can even be advected
as far as the Canada Basin before settling (see O’Brien et al. 2006).

In the Kara Sea, Osadchiev et al. (2019) found that the plumes of the large Ob and Yenisei
Rivers generate broad sediment dispersal and interact with one another according to multiyear
trends in river discharge and wind dynamics. Typically, both plumes spread northward (seaward),
but northerly winds coupled with high discharge in the Ob River can cause the Ob plume to
spread eastward and confine the Yenisei plume to nearshore waters. Because the two rivers drain
watersheds of different lithologies, a 10-year period of strong Ob River influence was identified
in the Yenisei Gulf based on seabed sediment mineralogy (Osadchiev et al. 2019).

Some remote sensing calibrations have been performed for suspended particulates on Arc-
tic margins. For example, Doxaran et al. (2012) developed regional relationships for suspended
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sediments and particulate organic carbon in the Mackenzie River plume and described strong
cross-shelf gradients in both properties. Tang et al. (2013) developed a regional algorithm
for the Beaufort Sea suspended-sediment concentrations using Medium Resolution Imaging
Spectrometer data.

Some sediment plumes are not directly related to rivers. Resuspension plumes have been ob-
served in lagoons (Naidu et al. 1984) and in shallow nearshore areas distal to rivers (e.g., Eidam
et al. 2023) (see Figure 2c). Perhaps the most unusual type of plume observed in the Arctic is
a whale plume. In the Chukchi Sea, researchers have observed turbid plumes at the sea surface
near gray whales, and concluded based on box core sediments that the plumes were generated by
whales feeding on benthic amphipods and isopods (Phillips et al. 1988).

4.2. Sediment Transport on the Continental Shelf

On the inner shelf, sediment-transport processes include suspended-sediment transport
(Section 4.1) as well as vigorous bedload transport driven by waves and storm events. Reimnitz
& Kempema (1983) noted that 6-m-deep strudel-scour pits (Section 5.2) on the Colville Delta
front were filled by bedload (gravels, sands, and organics) after just 2-3 years. Because strudel
scours form under sea ice near rivers, the infilling bedload sediments represent a uniquely ice-
related deposit that may be useful in identifying cold-region deltas in the stratigraphic record
(Reimnitz & Kempema 1983). Near Prudhoe Bay, an artificial gravel island was constructed on
top of nearshore muddy sands, and Barnes & Reiss (1983) reported that it lost one-third of its
volume through storm-driven erosion in just one year. They also noted that because of the high
rates of transport on the inner shelf, the seabed should in general be self-healing in response to
construction activities that cause bed disturbance, with the exception of causeway construction
(Barnes & Minkler 1982), which could block sediment traveling along-shelf. Seaward of these
coarser-grained inner-shelf regions, substantial sediment transport has also been inferred from
the infilling of muddy keel scours (Section 5.2) at water depths of up to 13 m (Barnes & Reimnitz
1979). In fact, keel scours can be completely reworked in just one season or even one storm event
(Barnes & Reimnitz 1979, Reimnitz & Kempema 1983, Eidam et al. 2024).

Several case studies have described summertime across-shelf transport pathways for fine-
grained sediments (Figure 3¢). Wegner et al. (2005) deployed two moorings offshore of the Lena
River in the Laptev Sea and observed that sediments were deposited on the middle shelf during the
spring freshet. Throughout the subsequent open-water season, sediment transport in the muddy
plume was dominantly northward (seaward), but on the middle shelf, wind events created south-
ward (landward) near-bed currents that led to maximum deposition rates at 20-30-m water depth.

On the narrower Alaskan Beaufort Shelf, Eidam et al. (2023) noted summer sediment conver-
gence at ~15-m depth using ship-based observations and six small moorings. Seaward of this
depth (where an Ekman spiral can develop), winds established southward/landward transport
in the bottom boundary layer. Inshore of this depth, sediment fluxes were generally northward
throughout the water column. This convergence resembles transport patterns observed on the
Laptev Shelf (see above), but the fate of these sediments during the remainder of the year remains
poorly constrained (Eidam et al. 2023).

Sediment transport on the Mackenzie Beaufort Shelf is heavily influenced by the Mackenzie
River plume. Based on observations and modeling, Mulligan et al. (2010) found that easterly winds
promote upwelling during the open-water season, which leads to seaward advection of the surface
plume and landward flow near the bed (see also Bornhold 1975). Shallow inshore waters remain
stratified. These patterns could presumably promote landward transport of sediments from the
middle shelf, similar to processes occurring on the Laptev and Alaskan Beaufort Shelves. Under
downwelling conditions associated with northwesterly storms, however, sediments are transported
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to the outer shelf and beyond (Hequette et al. 2001, Osborne & Forest 2016). Waters inshore
of 10 m are typically stratified except during storm events, and sediment concentrations exhibit
strong gradients at water depths of 5-10 m (e.g., decreasing from 100 mg L~! to <20 mg L~!; see
Hill et al. 1991). The shelf has been classified as having high, low, and intermediate current energy
on the inner (0-20 m), middle (20-60 m), and outer (>0-60 m) portions, respectively (Hill et al.
1991). The outer shelf is influenced by the shelf-break jet. On the middle and outer shelf, waves
are thought to mobilize sediment for only 1% of the year (Hill et al. 1991). Based on a synthesis
of multiple data sources, Osborne & Forest (2016) found that ~48% of sediments delivered to
the shelf are trapped in the delta, ~39% are trapped on the shelf, and ~13% are exported to the
slope and canyons (the latter by ice rafting, the surface plume, and turbidity currents).

5. SEABED SEDIMENTS OF ARCTIC SHELVES AND SLOPES: GENERAL
DISTRIBUTIONS, GEOLOGIC PROPERTIES, AND SIGNATURES
OF ICE DISTURBANCE

Sediments on Arctic continental shelves and slopes demonstrate some of the same properties as
lower-latitude sediments—for example, sands are commonly found on the inner shelf and muds
are found more distally, and both waves and currents facilitate transport. However, Arctic sedi-
ments are uniquely impacted by ice—for example, sediment sizes can include anomalously coarse,
ice-rafted grains; sea-ice keels commonly rework sediments (creating unique seabed morphol-
ogy, confounding efforts to apply radiochemical dating methods, and impacting the geotechnical
properties); and sediments delivered to slopes may be disturbed or reshaped by ongoing post—
Last Glacial Maximum margin adjustment and degradation of permafrost. This section presents
an overview of relevant literature on these topics.

5.1. Seabed Sediment Properties

As s typical of global continental shelves, sediments on Arctic shelves tend to be dominated by silts
and clays, though sands are found in some nearshore and shelf-edge subenvironments (e.g., Hill
etal. 1991). Where coarse sediments do occur in nearshore areas, they are often mixed with muds
(Reimnitz et al. 1977, Barnes et al. 1980, Eidam 2023, Heath et al. 2024). Coarse-grained and even
fine-grained deposits on the inner shelf are sometimes interrupted by outcroppings of Pleistocene
clay (as in the case of the Gubik Formation; e.g., Dinter 1985). Unlike lower-latitude shelves, Arc-
tic shelf sediments commonly contain ice-rafted sediments and debris, a hallmark of environments
where sea ice is common. Near Prudhoe Bay, Alaska, an anomalous boulder patch has been iden-
tified, which may represent an extreme case of ice-rafted debris. These boulders are interpreted
to be erratics based on the nonlocal lithology and likely originated from the northern Canadian
Shield or northern Greenland as a result of land-ice or sea-ice delivery (Dunton et al. 1982).

Naidu & Mowatt (1983) mapped clay mineral properties around coastal Alaska. They found
10-30% expandable clays (<2 pm) in the grain-size distributions from the inner and middle Beau-
fort Shelf and middle Chukchi Sea and <10% in adjacent areas. The highest concentrations were
found offshore of the Colville Delta, but lower concentrations were found offshore of smaller
rivers to the east as well as on the broad shelf north of the Mackenzie River. Clay concentrations
near the Colville Delta were patchy and interpreted as relic deposits, however, and the authors
concluded that the clay assemblages could not readily be linked to specific sediment sources, as a
consequence of the high level of mixing by ice, seasonal ice cover, and other peculiarities of the
regional environment.

Seabed sediments can be frozen seasonally in shallow regions (especially where porewater salin-
ities are lowered by groundwater flow), which has implications for seabed strength. However,
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Keel-scour formation. (#) Schematic of keel-scour gouging of seafloor. Note that the water depth is not
shown to scale; the water depth is ~8-45 m, but the keel gouge is only ~1 m deep. (b)) Multibeam
bathymetry of keel scours on the Alaskan Beaufort Shelf (E.F. Eidam, D. Duncan, N. Brilli, N. Stark &

J. Nienhuis, unpublished data). The scour relief is up to 1 mj; this panel is intended to emphasize the shapes
of scours rather than the absolute depth. Ice motions are oriented along-track relative to the gouges.
Complex cross-cutting relationships exemplify a complex history of repeated scouring events.

while subsea permafrost may have been widespread shortly after transgression, modern outcrops
of subsea permafrost are patchy (e.g., Osterkamp 2001, Angelopoulos et al. 2020).

5.2.Ice Scours

Ice keels (defined in Section 2.3) move during the winter under the influence of winds and currents
and gouge tracks in the seafloor (Figures 3« and 4). These tracks, or keel scours, can be a few
meters to a few tens of meters wide and tens of centimeters to a few meters deep (Rearic 1982,
Barnes et al. 1984, Kokin et al. 2023). In the Beaufort Sea, keel scours generally form at 15-45-m
water depth (Barnes et al. 1984), a zone called the stamukhi zone. On the Alaskan Beaufort Shelf,
a secondary stamukhi zone may form at ~8-12-m depth (Barnes et al. 1984).

Keel scours are ubiquitous across Arctic shelves (e.g., Myers 1996, Kokin et al. 2023). Scours
found in deeper water may reflect exceptionally deep keels (see Ogorodov 2003) or may be relics
from times when the sea level was lower. Keel scours form intricate and chaotic patterns of cross-
cutting and changes in ice direction (Figure 4b). The degree to which keel scouring impacts
sediment transport has been debated (e.g., Rearic et al. 1990), but in general, keel scours are
thought to disturb sediment locally rather than transporting it long distances (e.g., Hill et al.
1991). Disturbance can affect the upper meter or more of the seabed, however, and may expose
older sediments from different depositional environments (Barnes et al. 1980). Keels represent a
major hazard for subsea pipelines, which are typically buried only a few meters below the surface
(e.g., Barnes et al. 1984). For example, in spring 2023, an ice keel severed a fiber optic cable north
of Oliktok Point in Alaska, disrupting internet service across northwestern Alaska for about two
months (Lionas 2023).
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While keel scours are the dominant agent of seabed reworking in the Arctic, other forms of
scour do occur. Strudel scours are pits and runnels in the seafloor that form where river water
overflows the ice in the spring and then escapes to the bed through cracks in the ice formed by
tides or wind-driven water-level changes (Reimnitz & Bruder 1972, Reimnitz & Barnes 1974,
Reimnitz et al. 1974, Walker 1974). The river water is effectively forced down to the bed as a jet-
like flow and in some cases then flows in a confined space under the ice to deeper water. This type
of scouring, which has been observed within ~25 km of river mouths (e.g., the Colville), presents
a substantial hazard to buried subsea pipelines (Reimnitz 2002, Barrette 2011). Strudel-scour pits
~20 m wide and up to ~4—6 m deep were mapped with a density of 25 per kilometer of ship track
near the Colville Delta, while scours up to ~15 m wide and ~5 m deep with a density of 2.5 km™?
have been observed offshore of the Sagavanirktok River (Reimnitz & Barnes 1974).

5.3. Seabed Sediment Accumulation (and Challenges of Dating Methods)

Century-scale rates of seabed sediment accumulation in the Arctic vary by as much as two orders
of magnitude depending on the setting and locally active processes of sediment redistribution.
Radioisotopes (e.g., "Be, *1°Pb, 37Cs, or parent-daughter isotopic ratio '*C) serve as one of the
primary tools used to date seabed sediments in diverse global marine environments over sea-
sonal to millennial timescales (Li et al. 2021). These data are also used to estimate deposition or
accumulation rates and identify key sediment depocenters.

In the Arctic, use of these tracers is complicated. Atmospheric fallout of "Be, ?!°Pb, and ¥’Cs
is known to be lower at the poles than at midlatitudes (Baskaran 2011, Foucher et al. 2021, Zhang
et al. 2021), resulting in lower seabed inventories. Furthermore, sea ice intercepts atmospheric
fallout and then releases the isotopes upon ice breakup, resulting in spatial redistribution of iso-
topes based on ice drift and reduced inventory of short-lived species such as "Be (Cooper et al.
2005). Once radioisotopes adsorb to particles and become buried in the seafloor, decay profiles
are susceptible to disturbance by bioturbation (where present), winnowing by currents, and keel
and strudel scouring (Hillaire-Marcel et al. 2022). Note that keel scour accomplishes mechanical
mixing to depths that are an order of magnitude greater than those typically accomplished by
bioturbation (i.e., 1-m scale versus 10-cm scale). In nearshore environments, floating landfast ice
constricts the cross-sectional area for tidal-current flow, causing flow speed and related erosion to
increase (Reimnitz 2002, Cooper 2023). If sea ice thickens enough to become bottomfast, the un-
derlying seabed sediments are then protected from further current-driven disturbance (Reimnitz
2002), but freezing-on processes may disturb sediments. Baskaran & Naidu (1995) also noted
based on Chukchi Sea cores that seabed isotope activities may be low simply because of lateral
advection of sediments out of the area.

Analyses of the particle-reactive species >!°Pb and 3’ Cs have proven somewhat useful for eval-
uating century-scale sediment accumulation in some Arctic environments. Sheltered back-barrier
lagoons (generally <4 m deep) preserve sediment records with deposition rates of 0.02-1.64 cm
y~!, where the higher rates occur proximal to river deltas (Naidu et al. 1984, Hanna et al. 2014).
In slope and archipelago environments with water depths of ~200-600 m, accumulation rates are
generally lower (0.05-0.20 cm y~!) and less variable than those in shallower water (Kuzyk et al.
2013). Accumulation rates are similarly low in deep-water canyons and straits (~600 to >2,000 m,
0.06-0.24 cm y~!). Analysis of sedimentation in shelf environments <100 m deep is often com-
plicated by low and near-constant 2!°Pb activity with depth (Kuzyk et al. 2013, Heath et al. 2024).
In some circumstances, analysis of multiple species can help overcome isotope-specific limita-
tions and validate calculated accretion rates (Naidu et al. 1984, Kuzyk et al. 2013, Hanna et al.
2014).
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5.4. Geotechnical Properties

Geotechnical seabed properties characterize sediment response to stresses and loads and are
important for planning seabed-based engineering and predicting sediment dynamics. In Arctic
environments, geotechnical properties can be affected by soil ice content, freeze-thaw cycling,
loading and unloading by sea ice, and other processes impacting the seafloor (Lee et al. 1985,
Sattem et al. 1996, Allard et al. 1998, Arenson & Springman 2005, Qi et al. 2006). Geotechni-
cal measurements can be determined in situ (typically through different types of penetrometers)
or by laboratory testing of seabed cores and grab samples (typically combined with geophysical
surveying) (Stark et al. 2022). These approaches can be cost and time intensive, however, and
often require vessel infrastructure, which is scarce in the Arctic. Geotechnical data are also rela-
tively sparse in the Arctic, especially apart from the large engineering and exploration projects that
drive funding for such investigations but also result in large amounts of data that remain private
or unpublished.

Early geotechnical work in the Beaufort Sea nearshore zone by Kurfurst & Dallimore (1989)
highlighted complex sediment mixtures that included clay, silt, and sand with deep permafrost and
a thick thawed soil layer at the seabed surface with traces of frost heave, thaw settlement, and ice
push and scour scars. Martens et al. (2009) conducted three cone penetration tests at ~14-m wa-
ter depth in the Canadian Beaufort Sea for an offshore drilling platform project. The sediments
were medium- to high-plasticity silty clays with a soft surface (i.e., an undrained shear strength
of <20 kPa in the upper meter of the seabed) but with a significant increase of undrained shear
strength in the upper 2-3 m of sediment. Becker et al. (2006) characterized Beaufort Shelf sed-
iments and found clays to silts with clay contents ranging from 0% to 70%. Based on detailed
laboratory and in situ measurements, sediments had an undrained shear strength of <20 kPa in
the uppermost meter of the seabed, with a steep increase in strength to sediment depths of ap-
proximately 5 m. Soil conditions also varied greatly across the Beaufort Shelf, and seabed clays
teatured significant differences in geotechnical behavior relative to their terrestrial counterparts.
While these studies demonstrate the value and feasibility of marine sediment coring and cone
penetration test studies for geotechnical characterization, they are labor and cost intensive and do
not adequately preserve seabed surface conditions.

Free-fall penetrometers and specialized coring equipment have gained attention in the last
decade for detailed geotechnical seabed characterization, including in Arctic environments
(Dayal 1980, Albatal & Stark 2017, Stark et al. 2017, Bilici & Stark 2019, Brilli 2022, Stark
et al. 2022). While free-fall penetrometers test only the uppermost meter(s) of the seabed
surface, and penetration depth is directly related to the sediment properties (with less penetra-
tion depth in stiffer sediments and more penetration depth in softer sediments), they enable
rapid geotechnical characterization of the seabed surface. This is advantageous in areas that
are difficult to access, shallow water (e.g., Arctic continental shelves), and locations where
heavy vessel infrastructure is limited (e.g., the Arctic in general). Stark et al. (2017) success-
fully utilized a portable free-fall penetrometer near Herschel Island in the Canadian Beaufort
Sea. They found increasingly variable seabed conditions (in terms of morphology and grain
sizes) with water depth. Thick layers of soft and poorly consolidated fine-grained surface de-
posits were found in the nearshore zone adjacent to retrogressive thaw slumps. Hard-surface
areas were associated with erosive environments. Similarly, Brilli (2022) found significant varia-
tions of geotechnical seabed sediment properties—including erodibility—in Harrison Bay near
the Colville Delta, Alaska. This is relevant for emerging models of Arctic seabed sediments
(Section 7).
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5.5. Continental Slope Sediments

Arctic continental slopes generally do not receive substantial modern sediments due to low fluvial
sediment yields and the wide nature of Arctic shelves. Local depocenters have been observed on
Arctic slopes, where sedimentation rates can reach 1.4 m ky~!; contributing factors include cur-
rent focusing associated with submarine canyons (Darby et al. 2009) and topographic depressions
offshore of large river sources (the Mackenzie Trough) (Saint-Ange et al. 2014). Currents such as
the Beaufort Jet can also promote modern sediment bypass or even erosion on the slope.

Generally, Arctic slope sediments deposited during the Holocene are heavily influenced by
processes active during past sea-level lowstands. Glaciation intensity is particularly important.
Lowstand ice streams produced shelf-edge topographic lows, incised slope gullies, and inhib-
ited the formation of permafrost (Batchelor et al. 2014). Continental slope sediments seaward of
glacial troughs are predominantly till and proglacial deposits. Arctic slope sediments in areas with
less intense glaciation are still partially glacial in nature but can also include deltaic and marine
characteristics (Cameron 2019).

Holocene Arctic continental slope stability is controlled by the same factors as in temperate
margins, with the additional interaction of high-latitude factors such as ice-bonded sediments
and glacial history. Regions of the slope that were heavily sedimented during lowstands, including
paleodeltas and trough mouth fans, are preconditioned for failure (Cameron 2019). The triggering
factors for failure are not well understood but include infrequent seismicity and dissociation of
gas hydrates within and below permafrost (Saint-Ange et al. 2014). Morphologic evidence of slide
scars indicates that large failures have occurred over the last 1,000 years.

Permafrost occurring at the shelf edge influences seabed stability in several ways. Relic per-
mafrost that formed during sea-level lowstands on arid margins can take thousands of years to
thermally equilibrate to marine transgression, leading to modern, geologically rapid (>1 m y~!
vertical change) thermokarst collapses (Paull et al. 2022). Additionally, relic permafrost-sourced
groundwater can discharge at the shelf edge, producing marine pingos (ice-cored mounds) where
bottom water temperatures are sufficiently cold. To date, pingos have been observed only along
the Canadian Beaufort margin but are predicted to also occur on analogous margins, such as the
East Siberian margin.

6. SEDIMENT ENTRAINMENT AND RAFTING BY SEA ICE

Sediment entrainment and rafting by sea ice represents an important sediment-transport process
not seen at lower latitudes and may contribute to net shelf erosion (or at least sediment bypass)
in the Arctic. Sediment can be entrained into surface ice through diverse mechanisms, including
aeolian transport, bluff collapse onto ice, and water-column processes (e.g., Reimnitz et al. 1972),
but incorporation through frazil ice is one of the most important mechanisms. Once entrained,
sediment generally travels with the ice until the spring thaw season, when it may be released far
from the source (and often in deeper water than where it originated) together with associated
organic matter and/or pollutants (e.g., Kempema & Reimnitz 1989, Reimnitz et al. 1992).

6.1. Sediment Entrainment into Sea Ice by Frazil and Anchor-Ice Formation

The term frazil refers to small ice crystals that form in seawater that has been supercooled and
is subjected to turbulence—conditions that occur during fall storms in the Arctic (Martin 1981).
Frazil crystals flocculate into 3-30-mm aggregates in a manner similar to fine-grained sediment
(Martin 1981, Kempema et al. 1993). Slushy frazil layers up to 2 m thick have been observed to
accumulate at the water surface (Martin 1981) (see examples of sea ice forming during turbid water
conditions in Figure 2g—i). These layers then consolidate into surface ice.
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Fine-grained silts and clays that are resuspended by storm energy during frazil production
can become entrained in the frazil ice crystals and thereby become incorporated into the newly
forming sea ice. Sands are thought to be excluded because they settle too quickly (Ackermann
et al. 1994). Kempema & Reimnitz (1989) found some sands entrained in sea ice from the inner
Beaufort Shelf, but the dominant sizes were clays and silts.

The concentration of sediment entrained in sea ice tends to reflect the concentration observed
in the water column during the freeze-up process. For example, ice—sediment concentrations of
~1,500-1,600 mg L~! have been measured in slush ice and consolidated landfast ice in northern
Alaska (Barnes et al. 1982, Kempema & Reimnitz 1989), which is comparable to the ~1,300 mg
L~! of suspended sediment observed in the water column near Prudhoe Bay during a fall storm.

The formation of frazil requires open water, turbulence, and supercooled waters, and thus frazil
formation—and associated sediment entrainment—typically occurs during the fall storm season
on the shelf or in flaw leads or polynyas during the winter (Kempema & Reimnitz 1989, Eicken
et al. 2005, Wegner et al. 2017) (Figure 3a,d). However, in the case of flaw leads and polynyas,
these must occur in water depths that are sufficiently shallow to allow wave-driven resuspension
of sediment in order for sediment—ice entrainment to occur. For example, landfast ice breakout
events, which occur when offshore winds force the detachment of landfast ice from shore, create
good conditions for frazil and sediment entrainment. When flaw leads develop at the edge of
landfast ice far from shore, the water may be too deep to allow substantial sediment resuspension,
and thus little sediment-ice entrainment occurs (Eicken et al. 2005). Sediment entrainment into
sea ice is most prevalent at water depths of <20 m (Lindemann et al. 1999, Eicken et al. 2005) but
may be possible at depths of up to 50 m (Reimnitz et al. 1993, Smedsrud 2003).

While sediment entrainment through frazil production is complex and generates variable
sediment loading in sea ice (e.g., Kempema & Reimnitz 1989), progress has been made in model-
ing this process. Sherwood (2000) developed a one-dimensional model that incorporates marine
hydrodynamics and sediment dynamics, as represented in the Community Model for Coastal Sedi-
ment Transport (Warner et al. 2008), together with a prescribed rate of frazil formation. Smedsrud
(2002) also devised a frazil-sediment entrainment model that mimics differential frazil growth and
frazil-sediment aggregation under turbulent conditions.

Anchor ice is a different type of ice that makes a smaller contribution to sea-ice sediment bud-
gets. Anchor ice nucleates around hard substrates such as anchors, trash, gravels, and coarser sands
(Arden & Wigle 1972, Reimnitz 1987). It can form as discrete ice crystals or large, aggregated pil-
lows of ice with a solid core. Like frazil, it forms during high-energy conditions when water is
supercooled (and can form from frazil; e.g., Kempema et al. 1993). Because fall storms tend to
cool and mix the water column to ~15-20-m depth, anchor ice may also form to such depths but
is more commonly observed at depths of ~2-5 m (Reimnitz 1987). Large pillow structures can be
rooted 5-10 cm into the sediment (Reimnitz 1987). After a storm ceases and the ocean water or
substrate water warms slightly, smaller anchor ice breaks free and floats to the surface to form a
layer of soft ice on the underside of the sea-ice cover (note that larger chunks may be too heavy
to float) (Reimnitz 1987). As a result, patchy masses of sediment as well as gravel clasts and even
bits of kelp become entrained in ice. Because anchor ice sometimes forms on ice-bonded seabed
sediments, its occurrence may be linked to the presence of coastal groundwater, which freshens
the seabed and enhances seabed ice bonding (Reimnitz 1987).

Frazil and anchor ice entrain different sizes of sediment. Frazil tends to accumulate fine-
grained sediments that are easily resuspended by waves and currents, leading to dominantly silt-
and clay-size particles in surface ice (60-75% silt and 30-90% clay have been observed in the
Laptev and Kara Seas) (Nirnberg et al. 1994, Dethleft 2005, Dethleff & Kuhlmann 2009). These
fine-grained sediments make geologically important contributions to paleo records on Arctic
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continental slopes and basins (Darby et al. 2009). In contrast, anchor ice aggregates on heavier,
coarser sediments and thus tends to contribute sands and even gravels to the surface ice (e.g., Darby
et al. 2011). When considering the sea-ice sediment budget, mass contributions from anchor ice
are much lower than those from frazil ice (e.g., Kempema & Reimnitz 1989, Darby et al. 2009).

The incorporation of sediment into sea ice through both frazil and anchor ice can lead to vary-
ing distributions of sediment in sea-ice cores, which Eicken et al. (2005) described in a five-part
classification scheme. Deformation of ice during the winter as well as entrainment in polynya ver-
sus nonpolynya environments can further complicate the vertical patterns of sediment distribution
in the sea ice (Eicken et al. 2005).

6.2. Importance of Ice Rafting for Shelf Sediment Budgets
and Stratigraphic Records

The importance of ice rafting in Arctic sediment-transport budgets has been debated. Late in
the melt season, ice-entrained sediments become concentrated in decaying sea ice, and satellite
images often show large areas of very muddy ice across Arctic margins. This suggests substan-
tial sediment transport and dispersal. Based on 183 ice measurements, drifting buoy tracks, and
synthetic aperture radar images, Eicken et al. (2005) estimated that 5-8 x 10° tons of sediment
were exported from the Chukchi and western Alaskan Beaufort Shelves in winter 2001-2002,
equivalent to ~10% of the annual Colville River discharge (5.9 x 10'° kg, or 65 x 10° tons;
Arnborg et al. 1967). In the Laptev Sea, Wegner et al. (2017) estimated that 8.4 x 10°-1.3 x
10° metric tons of sediment had been entrained into the ice during a previous four-day mid-
winter polynya event, based on one ice core and synthetic aperture radar data. This sediment
load is three orders of magnitude less than either the annual river (24 x 10° metric tons) or
coastal erosion (58.4 x 10° metric tons) sediment fluxes to the Laptev Sea (Ivanov & Piskun 1999,
Rachold et al. 2000) but still represents a substantial amount of sediment. Eicken et al. (2000)
estimated that 18.5 x 10° metric tons of sediment were entrained in sea ice in winter 1994-1995
in the Laptev Sea, based on remotely sensed data and ice cores. This mass is closer to the an-
nual sediment export from the Lena River (Ivanov & Piskun 1999) and is approximately equal
to the annual sediment deposition in two down-drift deep-water depocenters (see Eicken et al.
2000).

A pan-Arctic study of ferrous sediments entrained in ice sought to determine sediment source
areas. Throughout the Canadian, US, and Siberian Arctic, the dominant sources were Banks Island
(in the northwest part of the Canadian Archipelago) and the Laptev Sea (Darby et al. 2009). Similar
results have been obtained through analysis of clay mineralogy (Darby et al. 2011). Interestingly,
for sea ice in the Alaska sector of the study area, less than 1% of sediments were traced to the
Alaskan Beaufort Shelf (Darby etal. 2009). These results suggest distal transport of sediments from
some sites (Canada and Siberia) and perhaps substantial local retention of ice-borne sediments in
Alaska. Itis thus unclear to what extent sea-ice rafting removes sediment from the Alaskan Beaufort
Shelf. Eicken et al. (2000) further confirmed that a small number of sites (e.g., sites on the Siberian
Shelf) account for a disproportionate amount of ice-entrained sediments in the Arctic. Extending
the ice-entrainment process studies that have been conducted on the wide Siberian shelves to the
narrower Alaskan and Canadian shelves remains an interesting topic for research.

Quantification of the total sea-ice sediment load in pan-Arctic environments also remains a
topic for investigation. Sediment entrained in ice is patchy and does not always occur at the ice
surface (e.g., Eicken et al. 2005). When sediment occurs at depths of ~20-30 cm within the sea ice,
itimpacts light transmission through the ice but not surface albedo (reflectance), making detection
by remote sensing difficult (Light et al. 1998). When ice decays in the spring, however, sediments
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become concentrated near the ice surface and may be more visible in imagery. Huck et al. (2007)
addressed issues of atmospheric corrections and varying albedo for different ice classes in order to
improve remotely sensed estimates of sediment loads. Waga et al. (2022) used machine learning
to predict sediment loads based solely on remotely sensed data, using an assumption of different
sea-ice surface types and 15 classes of sediment loads.

In spite of reductions in Arctic sea-ice extent over the past few decades, the rate of sediment
transport in sea ice is likely increasing. Eicken et al. (2005) noted that increasing storminess (see
Serreze et al. 2000), increasing fetch (and thus wave energy), and decreasing abundance of mul-
tiyear ice may all contribute to enhanced entrainment of sediments in sea ice. (The decrease in
multiyear ice means that more first-year ice is present in continental-shelf areas and is more likely
to break out during winter due to greater mobility.)

7. EMERGING MODELS OF ARCTIC SEDIMENT DYNAMICS

Models of Arctic continental-shelf sedimentation are still in their infancy, though interest in their
application is growing. Sediment models can help to predict future changes in shelf morphology
(Malito et al. 2022) as well as interactions of sediments with ice (Sherwood 2000), oil (French-
McCay et al. 2017), infrastructure (Nederhoff et al. 2023), and coasts (Erikson et al. 2020) and to
upscale field measurements for pan-Arctic studies (Gordeev 2006). Sediment models of the Arctic
continental shelf can largely be divided by scale: Small-scale models are typically morphodynamic
and focus on interactions between the shelf and the coast, whereas larger-scale models are typically
morphostatic, meaning that they compute sediment fluxes but do not update bathymetry.

Using a small-scale (regional) approach, Erikson et al. (2020) modeled the Arey Lagoon
(Alaska) using a combination of XBeach and Delft3D, both of which are coupled hydro- and mor-
phodynamic models. Erikson et al. (2020) simulated the impact of storms on barrier islands under
various climate change scenarios. Coupling of the nearshore with the shelf remains uncertain,
particularly in terms of the available sediment on the shelf for landward storm transport. This un-
certainty motivated Malito et al. (2022) to use a broader modeling domain, which indicated that
future coastal change depends in large part on the response of the shelf morphology to changing
wave height and coastal erosion.

Other types of small-scale models focus on continental shelves near deltas, using Delft3D
(Cooper 2023) as well as DeltaRCM (Lauzon et al. 2019, Piliouras et al. 2021, Chan et al. 2023),
a reduced-complexity morphodynamic model. These studies incorporate the effects of sea ice,
which are more relevant around deltas because of the high fluxes at the time of sea-ice breakup.
Results suggest that the thickness of bottomfast ice and the delay in ice breakup control near-delta
shelf morphology. Field-specific model application and validation remain challenging because of
hazards posed by ice.

In addition to regional morphodynamic models, other models of continental-shelf sediments
focus on larger-scale (basin) dynamics. Some larger models are physics based and aim to elucidate
sediment-transport processes, such as the Coupled Ocean—Atmosphere—Wave-Sediment Trans-
port (COAWST) model (Warner et al. 2010). Undzis & Moriarty (2024) employed COAWST to
build a summer model (no sea ice) focused on wave- and current-driven sediment suspension on
the inner shelf. Harms et al. (2000) used a three-dimensional coupled ice-ocean model to study
sediment in sea ice and found that sediment is incorporated and transported in sea ice particularly
during the fall freezing season. Other large-scale models aim to construct sediment budgets of the
continental shelf. Osborne & Forest (2016) used a box model and found that 80% of the deltaic
sediment transport into the Canadian Beaufort Sea is deposited on the shelf, and the remaining
20% is exported beyond the shelf edge (see also Li et al. 2020). In contrast, Gebhardt et al. (2005),
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who used a box model of the estuary-fed Kara Sea, found that coastal erosion is the dominant
sediment source and that shelf-edge export exceeds fluvial sediment supply.

Although box models can help identify sinks and sources, they remain difficult to use for un-
derstanding processes or for projecting future conditions. In general, large gaps remain between
the small-scale models, large-scale process models, and large-scale sediment-budget models. The
sparsity of data on seabed sediments and seabed erodibility (Brilli 2022, Zimmermann et al. 2022)
remains a challenge that prevents further integration of these models. Other remaining model
knowledge gaps include the coupling of sediment and ice dynamics. For much of the continen-
tal shelf, the ice-covered period is likely mostly dormant, which simplifies modeling. But in the
near-shelf environment, ice-keel scouring and ice breakup are very important morphologically
but remain understudied. The recent proliferation in Arctic coastal morphologic research needs
and models (e.g., Korte et al. 2020, Frederick et al. 2021, Irrgang et al. 2022, Nielsen et al. 2022)
will hopefully also incentivize further development of continental-shelf models.

8. CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

Arctic continental shelves are a depositional environment uniquely impacted by ice. These systems
may evolve toward more temperate conditions, but this process will take time. While an ice-free
Arctic may not occur within the lifetimes of the next few generations of residents and researchers,
we have a special opportunity at present to observe a system that is transitioning through several
types of tipping points. The length of the open-water season is increasing, waves are becoming
more energetic, storm climates are changing, sediment loads may be changing, and navigation
traffic is increasing. Based on these changes, the following are a few of the many aspects of Arctic
sedimentary systems that are in need of further research:

m Sediment export from the shelf: Wave energy is increasing, but many summer transport
patterns favor retention on the shelf due to wind-driven circulation. If off-shelf export is
accomplished primarily during the fall freeze-up season (by storms) or winter (in flaw leads
and polynyas), will export increase or decrease as the timing of the storm season changes
and sea-ice cover and duration decrease?

m Development activities: Shipping is increasing, and studies (observations and models) of
contaminant transport exist largely in the private consulting sphere; work remains to be
done in the public research domain to explore these types of transport through the lens of
particle-associated contaminant and nutrient transport.

m Geotechnical engineering: Data are lacking (especially in the public sphere) on seafloor
stability and strength, which have applications to port construction, dredging, and pipelines.

m Sea-ice sediment rafting: The importance of this process for overall sediment budgets re-
mains poorly constrained. Advances have been made through remote sensing, but much in
situ validation is still needed to constrain this Arctic sediment-budget term.

m Coastal erosion and coastal landform evolution: While this review has not focused on these
specifically, many outstanding questions remain concerning feedbacks between coastal ero-
sion, coastal landform evolution (including barrier island emergence), and shoreline-shelf
sediment interactions.

m Nutrient transfer: While this review has also not addressed the details of particle-associated
carbon (and other nutrient) transfer from coastlines to continental shelves, this remains an
open area for further study.

All of these lines of inquiry are further challenged by sparse bathymetric and other mapping data.
Arctic continental shelves thus offer a challenging but fascinating environment for process-based
studies of sedimentation and related environmental factors.

Eidam et al.



MA17_Art14_FEidam ARjats.cls July 23,2024 14:29

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We thank Dr. Nick Brilli, Dan Duncan, John Malito, Caroline Cooper, and Adrian Heath for
discussions about Arctic sediments and/or contributions to recent field studies in Alaska.

LITERATURE CITED

Ackermann NL, Shen HT, Sanders B. 1994. Experimental studies of sediment enrichment of Arctic ice covers
due to wave action and frazil entrainment. 7. Geophys. Res. Oceans 99(C4):7761-70

Albatal A, Stark N. 2017. Rapid sediment mapping and in situ geotechnical characterization in challenging
aquatic areas. Limmnol. Oceanogr: Methods 15(8):690-705

Alkire MB, Trefry JH. 2006. Transport of spring floodwater from rivers under ice to the Alaskan Beaufort Sea.
7 Geophys. Res. Oceans 111(C12):2005]C003446

Allard M, Michaud Y, Ruz MH, Héquette A. 1998. Ice foot, freeze-thaw of sediments, and platform erosion
in a subarctic microtidal environment, Manitounuk Strait, northern Quebec, Canada. Can. . Earth Sci.
35(9):965-79

Angelopoulos M, Overduin PP, Miesner F, Grigoriev MN, Vasiliev AA. 2020. Recent advances in the study
of Arctic submarine permafrost. Permafi: Periglac. Process. 31(3):442-53

Arden R, Wigle T. 1972. Dynamics of ice formation in the upper Niagara River. In International Symposium
on the Role of Snow and Ice in Hydrology, Banff, Alberta, Vol. 2, pp. 1296-313. Paris: UN Educ. Sci. Cult.
Organ.

Arenson LU, Springman SM. 2005. Mathematical descriptions for the behaviour of ice-rich frozen soils at
temperatures close to 0°C. Can. Geotech. 7. 42(2):431-42

Arnborg L, Walker H]J, Peippo J. 1967. Suspended load in the Colville River, Alaska, 1962. Geogr: Ann. A
49(2-4):131-44

Barnes PW, Minkler PW. 1982. Sedimentation in the vicinity of a causeway groin; Beaufort Sea, Alaska. Rep., US
Geol. Surv., Reston, VA

Barnes PW, Rearic DM, Reimnitz E. 1984. Ice gouging characteristics and processes. In The Alaskan Beaufort
Sea: Ecosystems and Environments, ed. PW Barnes, DM Schell, E Reimnitz, pp. 185-212. Amsterdam:
Elsevier

Barnes PW, Reimnitz E. 1973. Shore fast ice cover and its influence on currents and sediment along coast of
northern Alaska. Eos Tians. AGU 54(11):1108 (Abstr.)

Barnes PW, Reimnitz E. 1979. Ice gouge obliteration and sediment redistribution event: 1977-1978, Beaufort Sea,
Alaska. Rep., US Geol. Surv., Reston, VA

Barnes PW, Reimnitz E, Fox D. 1982. Ice rafting of fine-grained sediment, a sorting and transport mechanism,
Beaufort Sea, Alaska. 7. Sediment. Res. 52(2):493-502

Barnes PW, Reimnitz E, Ross R. 1980. Nearshore surficial sediment textures, Beaufort Sea, Alaska. Rep., US Geol.
Surv., Reston, VA

Barnes PW, Reiss TE. 1983. Erosion and migration of an artificial sand and gravel island, Niakuk 111, Beaufort Sea,
Alaska. Rep., US Geol. Surv., Reston, VA

Barnhart KR, Anderson RS, Overeem I, Wobus C, Clow GD, Urban FE. 2014. Modeling erosion of ice-rich
permafrost bluffs along the Alaskan Beaufort Sea coast. 7. Geophys. Res. Earth Surf. 119(5):1155-79

Barrette P.2011. Offshore pipeline protection against seabed gouging by ice: an overview. Cold Reg. Sci. Technol.
69(1):3-20

Barry R, Moritz RE, Rogers J. 1979. The fast ice regimes of the Beaufort and Chukchi Sea coasts, Alaska. Cold
Reg. Sci. Technol. 1(2):129-52

Baskaran M. 2011. Po-210 and Pb-210 as atmospheric tracers and global atmospheric Pb-210 fallout: a review.
7. Environ. Radioact. 102(5):500-13

www.annualreviews.org o Arctic Continental-Shelf Sediment Dynamics — 14.19



MA17_Art14_Eidam

ARjats.cls  July 23,2024 14:29

14.20

Baskaran M, Naidu A. 1995. 219Pb-derived chronology and the fluxes of 2'°Pb and *’Cs isotopes into
continental shelf sediments, east Chukchi Sea, Alaskan Arctic. Geochim. Cosmochim. Acta 59(21):4435-48

Batchelor C, Dowdeswell ], Pietras J. 2014. Evidence for multiple Quaternary ice advances and fan develop-
ment from the Amundsen Gulf cross-shelf trough and slope, Canadian Beaufort Sea margin. Mar: Pez.
Geol. 52:125-43

Bauch HA, Kassens H, Erlenkeuser H, Grootes PM, Thiede J. 1999. Depositional environment of the Laptev
Sea (Arctic Siberia) during the Holocene. Boreas 28(1):194-204

Bauch HA, Mueller-Lupp T, Taldenkova E, Spielhagen RF, Kassens H, et al. 2001. Chronology of the
Holocene transgression at the North Siberian margin. Glob. Planet. Change 31(1-4):125-39

Becker D, Jefferies M, Crooks J, Been K. 2006. Geology, characterization and properties of Beaufort Sea
clays. In Characterization and Engineering Properties of Natural Soils, ed. TS Tan, KK Phoon, DW Hight,
S Leroueil, pp. 1855-91. London: CRC

Bilici C, Stark N. 2019. Performance of a novel sediment sampler as an add-on unit for portable free-fall
penetrometers: combining in situ geotechnical testing with sediment sampling. Limnol. Oceanogr. Methods
17(2):163-76

Bornhold BD. 1975. Suspended matter in the southern Beaufort Sea. Tech. Rep. 25b, Beaufort Sea Proj., Victoria,
Can.

Brilli N. 2022. Influence of geotechnical properties on sediment dynamics, erodibility, and geomorphodynamics in coastal
environments based on field measurements. PhD Thesis, Va. Tech, Blacksburg

Cameron G. 2019. Mass-failure complexes on the central Beaufort slope, offshore Northwest Territories. Rep., Geol.
Surv. Can., Ottawa

Carmack EC, Macdonald RW. 2002. Oceanography of the Canadian shelf of the Beaufort Sea: a setting for
marine life. Arctic 55(5):29-45

Chan NH, Langer M, Juhls B, Rettelbach T, Overduin P, et al. 2023. An Arctic delta reduced-complexity
model and its reproduction of key geomorphological structures. Earth Surface Dyn. 11(2):259-85

Coakley B, Brumley K, Lebedeva-Ivanova N, Mosher D. 2016. Exploring the geology of the central Arctic
Ocean; understanding the basin features in place and time. 7. Geol. Soc. 173(6):967-87

Cooper C. 2023. Modeling the effects of sea ice on Arctic delta evolution: a case study on the Colville River delta, AK.
MS Thesis, Univ. N.C., Chapel Hill

Cooper LW, Larsen IL, Grebmeier JM, Moran SB. 2005. Detection of rapid deposition of sea ice-rafted
material to the Arctic Ocean benthos using the cosmogenic tracer ’Be. Deep-Sea Res. I 52(24-26):3452—
61

Costello MJ, Cheung A, De Hauwere N. 2010. Surface area and the seabed area, volume, depth, slope, and
topographic variation for the world’s seas, oceans, and countries. Environ. Sci. Technol. 44(23):8821-28

Crawford A, Stroeve J, Smith A, Jahn A. 2021. Arctic open-water periods are projected to lengthen dramatically
by 2100. Commun. Earth Environ. 2(1):109

Darby DA, Myers WB, Jakobsson M, Rigor I. 2011. Modern dirty sea ice characteristics and sources: the role
of anchor ice. 7. Geophys. Res. Oceans 116(C9):C09008

Darby DA, Ortiz ], Polyak L, Lund S, Jakobsson M, Woodgate R.2009. The role of currents and sea ice in both
slowly deposited central Arctic and rapidly deposited Chukchi-Alaskan margin sediments. Glob. Planet.
Change 68(1-2):58-72

Darby DA, Polyak L, Bauch HA. 2006. Past glacial and interglacial conditions in the Arctic Ocean and marginal
seas—a review. Prog. Oceanogr: 71(2-4):129-44

Dayal U. 1980. Free fall penetrometer: a performance evaluation. Appl. Ocean Res. 2(1):39-43

Dethleff D. 2005. Entrainment and export of Laptev Sea ice sediments, Siberian Arctic. 7. Geophys. Res. Oceans
110(C7):C07009. Correction. 2005. 7. Geophys. Res. Oceans 110(C10):C10099

Dethleff D, Kuhlmann G. 2009. Entrainment of fine-grained surface deposits into new ice in the southwestern
Kara Sea, Siberian Arctic. Cont. Shelf Res. 29(4):691-701

Dinter DA. 1982. Holocene marine sediments on the middle and outer continental shelf of the Beaufort Sea north of
Alaska. Rep., US Geol. Surv., Reston, VA

Dinter DA. 1985. Quaternary sedimentation of the Alaskan Beaufort shelf: influence of regional tectonics,
fluctuating sea levels, and glacial sediment sources. Tectonophysics 114(1-4):133-61

Eidam et al.



MA17_Art14_FEidam ARjats.cls July 23,2024 14:29

Doxaran D, Devred E, Babin M. 2015. A 50 % increase in the mass of terrestrial particles delivered by the
Mackenzie River into the Beaufort Sea (Canadian Arctic Ocean) over the last 10 years. Biogeosciences
12(11):3551-65

Doxaran D, Ehn J, Bélanger S, Matsuoka A, Hooker S, Babin M. 2012. Optical characterisation of suspended
particles in the Mackenzie River plume (Canadian Arctic Ocean) and implications for ocean colour
remote sensing. Biogeosciences 9(8):3213-29

Duchkov A.2006. Characteristics of permafrost in Siberia. In Advances in the Geological Storage of Carbon Dioxide:
International Approaches to Reduce Anthropogenic Greenbouse Gas Emissions, ed. S Lombardi, L Altunina,
S Beaubien, pp. 81-91. Dordrecht, Neth.: Springer

Dunton KH, Reimnitz E, Schonberg S. 1982. An Arctic kelp community in the Alaskan Beaufort Sea. Aretic
36(4):465-84

Ficken H, Gradinger R, Gaylord A, Mahoney A, Rigor I, Melling H. 2005. Sediment transport by sea ice in
the Chukchi and Beaufort Seas: increasing importance due to changing ice conditions? Deep-Sea Res. II
52(24-26):3281-302

Eicken H, Kolatschek J, Freitag J, Lindemann F, Kassens H, Dmitrenko 1. 2000. A key source area and
constraints on entrainment for basin-scale sediment transport by Arctic sea ice. Geophys. Res. Lett.
27(13):1919-22

Eidam EF. 2023. Seabed grain-size data from Harrison Bay (Beaufort Sea continental shelf), Alaska 2021. Dataset,
Arctic Data Cent. https://doi.org/10.18739/A2JW86P50

Eidam EF, Cooper C, Heath A, Nienhuis JH, Seim H. 2023. Sumimertime sediment-transport dynamics on an
Arctic continental shelf. Paper presented at the AGU Annual Meeting, San Francisco, Dec. 11-15

Eidam EF, Thomson J, Malito JG, Hosekovi L. 2024. Morphology and sediment dynamics of blossom shoals
at Icy Cape, Alaska. 7. Geophys. Res. Earth Surf. 129(4):e2023JF007398

Erikson LH, Gibbs AE, Richmond BM, Storlazzi CD, Jones BM, Ohman K. 2020. Changing storm conditions
in response to projected 21st century climate change and the potential impact on an Arctic barrier island—lagoon
system—a pilot study for Arey Island and Lagoon, eastern Arctic Alaska. Rep., US Geol. Surv., Reston, VA

Feng D, Gleason CJ, Lin P, Yang X, Pan M, Ishitsuka Y. 2021. Recent changes to Arctic river discharge. Nat.
Commun. 12(1):6917

Forbes DL. 2019. Arctic deltas and estuaries: a Canadian perspective. In Coasts and Estuaries: The Future, ed.
E Wolanski, JW Day, M Elliott, R Ramachandran, pp. 12-47. Amsterdam: Elsevier

Forbes DL, Taylor RB. 1994. Ice in the shore zone and the geomorphology of cold coasts. Prog. Phys. Geogr:
Earth Environ. 18(1):59-89

Foucher A, Chaboche PA, Sabatier P, Evrard O. 2021. A worldwide meta-analysis (1977-2020) of sediment
core dating using fallout radionuclides including 37 Cs and 21°Pby. Earth Syst. Sci. Data 13(10):4951-66

Frederick J, Mota A, Tezaur I, Bull D. 2021. A thermo-mechanical terrestrial model of Arctic coastal erosion.
7 Comput. Appl. Math. 397:113533

French HM. 2017. The Periglacial Environment. Chichester, UK: Wiley & Sons

French-McCay DP, Tajalli-Bakhsh T, Jayko K, Spaulding ML, Li Z. 2017. Validation of oil spill transport and
fate modeling in Arctic ice. Aretic Sci. 4(1):71-97

Gebhardt A, Gaye-Haake B, Unger D, Lahajnar N, Ittekkot V. 2005. A contemporary sediment and organic
carbon budget for the Kara Sea shelf (Siberia). Mar: Geol. 220(1-4):83-100

Gibbs AE, Nolan M, Richmond BM, Snyder AG, Erikson LH. 2019. Assessing patterns of annual change to
permafrost bluffs along the North Slope coast of Alaska using high-resolution imagery and elevation
models. Geomorphology 336:152-64

Gibbs AE, Richmond BM. 2017. National assessment of shoreline change—summary statistics for updated vector
shorelines and associated shoreline change data for the north coast of Alaska, US-Canadian border to Icy Cape.
Rep., US Geol. Surv,, Reston, VA

Gordeev V. 2006. Fluvial sediment flux to the Arctic Ocean. Geomorphology 80(1-2):94-104

Hanna AJ, Allison MA, Bianchi TS, Marcantonio F, Goff JA. 2014. Late Holocene sedimentation in a high
Arctic coastal setting: Simpson Lagoon and Colville Delta, Alaska. Cont. Shelf Res. 74:11-24

Harms I, Karcher M, Dethleff D. 2000. Modelling Siberian river runoff—implications for contaminant
transport in the Arctic Ocean. 7. Mar: Syst. 27(1-3):95-115

www.annualreviews.org o Arctic Continental-Shelf Sediment Dynamics — 14.21


https://doi.org/10.18739/A2JW86P50

MA17_Art14_Eidam

ARjats.cls  July 23,2024 14:29

14.22

Heath A, Eidam EF, Cooper C. 2024. Sediment deposition on the Alaskan Beaufort Shelf: a geochronology study in
a changing Arctic environment. Paper presented at the Ocean Sciences Meeting, New Orleans, LA, Feb.
18-23

Hequette A, Barnes PW. 1990. Coastal retreat and shoreface profile variations in the Canadian Beaufort Sea.
Mar. Geol. 91(1-2):113-32

Hequette A, Desrosiers M, Barnes PW. 1995. Sea ice scouring on the inner shelf of the southeastern Canadian
Beaufort Sea. Mar. Geol. 128(3-4):201-19

Hequette A, Desrosiers M, Hill PR, Forbes DL. 2001. The influence of coastal morphology on shoreface
sediment transport under storm-combined flows, Canadian Beaufort Sea. J. Coast. Res. 17(3):507-16

Herman Y, ed. 1974. Marine Geology and Oceanography of the Arctic Seas. New York: Springer

Hill PR, Blasco SM, Harper JR, Fissel DB. 1991. Sedimentation on the Canadian Beaufort Shelf. Conz. Shelf:
Res. 11(8-10):821-42

Hill PR, Mudie PJ, Moran K, Blasco SM. 1985. A sea-level curve for the Canadian Beaufort Shelf. Can. 7.
Earth Sci. 22(10):1383-93

Hillaire-Marcel C, de Vernal A, Rong Y, Roberge P, Song T. 2022. Challenging radiocarbon chronostratigra-
phies in central Arctic ocean sediment. Geophys. Res. Lett. 49(21):€2022GL 100446

Hoffecker JF, Elias SA, Potapova O. 2020. Arctic Beringia and Native American origins. PeleoAmerica 6(2):158—
68

Holland DM. 2013. The marine cryosphere. In Ocean Circulation and Climate: A 21st Century Perspective, ed.
G Siedler, SM Griffies, ] Gould, JA Church, pp. 413-42. Int. Geophys. 103. Amsterdam: Elsevier

Holmes ML, Creager JS. 1974. Holocene history of the Laptev Sea continental shelf. In Marine Geology and
Oceanography of the Arctic Seas, ed. Y Herman, pp. 211-29. New York: Springer

Holmes RM, McClelland JW, Peterson BJ, Shiklomanov IA, Shiklomanov Al, et al. 2002. A circumpolar
perspective on fluvial sediment flux to the Arctic ocean. Glob. Biogeochem. Cycles 16(4):45-1-14

Holmes RM, McClelland JW, Peterson BJ, Tank SE, Bulygina E, et al. 2012. Seasonal and annual fluxes of
nutrients and organic matter from large rivers to the Arctic Ocean and surrounding seas. Estuaries Coasts
35(2):369-82

Huck P, Light B, Eicken H, Haller M. 2007. Mapping sediment-laden sea ice in the Arctic using AVHRR
remote-sensing data: atmospheric correction and determination of reflectances as a function of ice type
and sediment load. Remote Sens. Environ. 107(3):484-95

Ingram RG, Larouche P. 1987. Variability of an under-ice river plume in Hudson Bay. 7. Geophys. Res. Oceans
92(C9):9541-47

Irrgang AM, Bendixen M, Farquharson LM, Baranskaya AV, Erikson LH, et al. 2022. Drivers, dynamics and
impacts of changing Arctic coasts. Nat. Rev. Earth Environ. 3(1):39-54

Ivanov V, Piskun A. 1999. Distribution of river water and suspended sediment loads in the deltas of rivers in
the basins of the Laptev and East-Siberian Seas. In Land—Ocean Systems in the Siberian Arctic: Dynamics
and History, ed. H Kassens, HA Bauch, IA Dmitrenko, H Eicken, HW Hubberten, et al., pp. 239-50.
Berlin: Springer

Jones BM, Arp CD, Jorgenson MT, Hinkel KM, Schmutz JA, Flint PL. 2009. Increase in the rate and
uniformity of coastline erosion in Arctic Alaska. Geophys. Res. Letz. 36(3):2008GL036205

Jorgenson MT, Brown J. 2005. Classification of the Alaskan Beaufort Sea coast and estimation of carbon and
sediment inputs from coastal erosion. Geo-Mar: Lett. 25(2-3):69-80

Jorgenson MT, Yoshikawa K, Kanevskiy M, Shur Y, Romanovsky V, et al. 2008. Permafrost characteristics
of Alaska. In Ninth International Conference on Permafiost, Vol. 3, ed. DL Kane, KM Hinkel, pp. 121-22.
Fairbanks: Univ. Alsk. Fairbanks

Kasper JL, Weingartner TJ. 2015. The spreading of a buoyant plume beneath a landfast ice cover. 7. Phys.
Oceanogr: 45(2):478-94

Keigwin LD, Donnelly JP, Cook MS, Driscoll NW, Brigham-Grette J. 2006. Rapid sea-level rise and
Holocene climate in the Chukchi Sea. Geology 34(10):861-64

Kempema E, Reimnitz E. 1989. Sea ice sediment entrainment and rafting in the Arctic. 7. Sed. Res. 59(2):308-17

Kempema E, Reimnitz E, Clayton J Jr., Payne J. 1993. Interactions of frazil and anchor ice with sedimentary
particles in a flume. Cold Reg. Sci. Technol. 21(2):137-49

Eidam et al.



MA17_Art14_FEidam ARjats.cls July 23,2024 14:29

Kleiber HP, Niessen F, Weiel D. 2001. The Late Quaternary evolution of the western Laptev Sea continental
margin, Arctic Siberia—implications from sub-bottom profiling. Glob. Planet. Change 31(1-4):105-24

Kokin O, Usyagina I, Meshcheriakov N, Ananiev R, Arkhipov V, et al. 2023. Pb-210 dating of ice scour in the
Kara Sea. 7. Mar: Sci. Eng. 11(7):1404

Kolesnik A, Selyutin S, Kolesnik O, Bosin A, Astakhov A, et al. 2023. An efficient approach to the sequence
stratigraphic study of monotonous holocene sediments from the Arctic shelf. Dokl. Earth Sci. 512:1024-31

Korte S, Gieschen R, Stolle ], Goseberg N. 2020. Physical modelling of Arctic coastlines—progress and
limitations. Warer 12(8):2254

Kovacs A, Mellor M. 1974. Sea ice morphology and ice as a geologic agent in the southern Beaufort Sea. In
The Coast and Shelf of the Beaufort Sea, ed. JC Reed, JE Sater, pp. 113-61. Arlington, VA: Arctic Inst.

Kurfurst P, Dallimore S. 1989. Geological and geotechnical conditions of the Beaufort Sea coastal zone, Arctic
Canada. In Coastal Lowlands: Geology and Geotechnology, ed. WJM van der Linden, SAPL Cloetingh, JPK
Kaasschieter, WJE van de Graaff, ] Vandenbergh, JAM van der Gun, pp. 121-29. Dordrecht, Neth.:
Springer

Kuzyk ZZA, Gobeil C, Macdonald RW. 2013. 210Pb and 137Cs in margin sediments of the Arctic Ocean:
controls on boundary scavenging. Glob. Biogeochem. Cycles 27(2):422-39

Lantuit H, Overduin PP, Couture N, Wetterich S, Aré F, et al. 2012. The Arctic Coastal Dynamics Database:
a new classification scheme and statistics on Arctic permafrost coastlines. Estuaries Coasts 35(2):383-400

Lantuit H, Overduin PP, Wetterich S. 2013. Recent progress regarding permafrost coasts. Permafr. Periglac.
Process. 24(2):120-30

Lauzon R, Piliouras A, Rowland JC. 2019. Ice and permafrost effects on delta morphology and channel
dynamics. Geophys. Res. Lett. 46(12):6574-82

Lee HJ, Winters W], Chamberlain EJ. 1985. Geotechnical properties and freeze/thaw consolidation behavior of
sediment from the Beaufort Sea, Alaska. Rep., US Geol. Surv., Reston, VA

Li MZ, King EL, Forest A, Melling H, Osborne PD. 2020. Synthesis of near-bed currents and sediment mobility
on the Beaufort Shelf edge and upper slope, offshore Northwest Territories. Open File 8579, Geol. Surv. Can.,
Ottawa

Li MZ, Wu Y, Hannah CG, Perrie WA. 2021. Seabed disturbance and sediment mobility due to tidal current
and waves on the continental shelves of Canada. Can. 7. Earth Sci. 58(11):1209-32

Light B, Eicken H, Maykut G, Grenfell T. 1998. The effect of included participates on the spectral albedo of
sea ice. 7. Geophys. Res. Oceans 103(C12):27739-52

Lim Y, Levy JS, Goudge TA, Kim W. 2019. Ice cover as a control on the morphodynamics and stratigraphy
of Arctic deltas. Geology 47(5):399-402

Lindemann F, Holemann J, Korablev A, Zachek A. 1999. Particle entrainment into newly forming sea ice—
freeze-up studies in October 1995. In Land—Ocean Systems in the Siberian Arctic: Dynamics and History, ed.
H Kassens, HA Bauch, IA Dmitrenko, H Eicken, HW Hubberten, et al.,, pp. 113-23. Berlin: Springer

Lionas A. 2023. Repair vessel en route to fix Quintillion’s fiberoptic cable. Nome Nugget, Aug. 4. http://
nomenugget.com/news/repair-vessel-en-route-fix-quintillions-fiberoptic-cable

Macdonald R, Solomon S, Cranston R, Welch H, Yunker M, Gobeil C. 1998. A sediment and organic carbon
budget for the Canadian Beaufort Shelf. Mar: Geol. 144(4):255-73

Malito J, Eidam EF, Nienhuis JH. 2022. Increasing wave energy moves Arctic continental shelves toward a
new future. 7. Geophys. Res. Oceans 127(9):e2021JC018374

Mann DH, Groves P, Kunz ML, Reanier RE, Gagliod BV. 2013. Ice-age megafauna in Arctic Alaska:
extinction, invasion, survival. Quat. Sci. Rev. 70:91-108

Martens S, Eshraghian A, Rogers B. 2009. Geotechnical conditions and ice loading for an offshore drilling platform
in the Canadian Beaufort Sea. Paper presented at GeoHalifax2009, Halifax, Can., Sept. 20-23

Martin S. 1981. Frazil ice in rivers and oceans. Annu. Rev. Fluid Mech. 13:379-97

McClelland JW, Holmes R, Dunton K, Macdonald R. 2012. The Arctic Ocean estuary. Estuaries Coasts 35:353—
68

McManus DA, Kelley JC, Creager JS. 1969. Continental shelf sedimentation in an Arctic environment. Geol.
Soc. Am. Bull. 80(10):1961-84

Milliman JD, Farnsworth KL. 2013. River Discharge to the Coastal Ocean: A Global Synthesis. Cambridge, UK:
Cambridge Univ. Press

www.annualreviews.org o Arctic Continental-Shelf Sediment Dynamics — 14.23


http://nomenugget.com/news/repair-vessel-en-route-fix-quintillions-fiberoptic-cable
http://nomenugget.com/news/repair-vessel-en-route-fix-quintillions-fiberoptic-cable

MA17_Art14_Eidam

ARjats.cls  July 23,2024 14:29

14.24

Mulligan RP, Perrie W, Solomon S. 2010. Dynamics of the Mackenzie River plume on the inner Beaufort
shelf during an open water period in summer. Estuar. Coast. Shelf Sci. 89(3):214-20

Myers R. 1996. 1990 Beaufort Sea ice scour repetitive mapping program. Rep. 129, Environ. Stud. Res. Fund,
Ottawa, Can.

Naidu AS, Mowatt T'C. 1983. Sources and dispersal patterns of clay minerals in surface sediments from the
continental-shelf areas off Alaska. Geol. Soc. Am. Bull. 94(7):841

Naidu AS, Mowatt TC, Rawlinson SE, Weiss HV. 1984. Sediment characteristics of the lagoons of the
Alaskan Beaufort Sea coast, and evolution of Simpson Lagoon. In The Alaskan Beaufort Sea: FEcosystems
and Environments, ed. PW Barnes, DM Schell, E Reimnitz, pp. 275-92. Amsterdam: Elsevier

Nederhoff K, Erikson L, Engelstad A, Pearson S. 2023. Numerical model characterization of sediment trans-
port potentials pre- and post-construction of an artificial island in Foggy Island Bay, Alaska. In The
Proceedings of the Coastal Sediments 2023, ed. P Wang, E Royer, JD Rosati, pp. 487-96. Singapore: World
Sci.

Nielsen DM, Pieper P, Barkhordarian A, Overduin P, Ilyina T, et al. 2022. Increase in Arctic coastal erosion
and its sensitivity to warming in the twenty-first century. Nat. Clim. Change 12(3):263-70

Niirnberg D, Wollenburg I, Dethleff D, Eicken H, Kassens H, et al. 1994. Sediments in Arctic sea ice:
implications for entrainment, transport and release. Mar. Geol. 119(3-4):185-214

O’Brien M, Macdonald R, Melling H, Iseki K. 2006. Particle fluxes and geochemistry on the Canadian Beaufort
Shelf: implications for sediment transport and deposition. Cont. Shelf. Res. 26(1):41-81

Obu J, Lantuit H, Grosse G, Giinther F, Sachs T, et al. 2017. Coastal erosion and mass wasting along the
Canadian Beaufort Sea based on annual airborne LiDAR elevation data. Geomorphology 293:331-46

Ogorodov S. 2003. The role of sea ice in the coastal zone dynamics of the Arctic seas. Water Resour. 30(5):509—
18

Okkonen SR, Laney SR. 2021. Optical, structural and kinematic characteristics of freshwater plumes un-
der landfast sea ice during the spring freshet in the Alaskan coastal Arctic. 7. Geophys. Res. Oceans
126(12):e2021JC017549

Osadchiev AA, Asadulin EE, Miroshnikov AY, Zavialov IB, Dubinina EO, Belyakova PA. 2019. bottom sedi-
ments reveal inter-annual variability of interaction between the Ob and Yenisei Plumes in the Kara Sea.
Sci. Rep. 9(1):18642

Osborne PD, Forest A. 2016. Sediment dynamics from coast to slope—southern Canadian Beaufort Sea.
7. Coast. Res. 75:537-41

Osterkamp TE. 2001. Sub-sea permafrost. In Encyclopedia of Ocean Sciences, ed. JH Steele, pp. 2902-12.
Amsterdam: Elsevier. 2nd ed.

Overduin PP, Strzelecki MC, Grigoriev MN, Couture N, Lantuit H, et al. 2014. Coastal changes in the Arctic.
Geol. Soc. Lond. Spec. Publ. 388(1):103-29

Overeem I, Nienhuis JH, Piliouras A. 2022. Ice-dominated Arctic deltas. Nat. Rev. Earth Environ. 3(4):225-40

Paull CK, Dallimore SR, Jin YK, Caress DW, Lundsten E, et al. 2022. Rapid seafloor changes associated with
the degradation of Arctic submarine permafrost. PNAS 119(12):€2119105119

Pfirman S, Wollenburg I, Thiede J, Lange MA. 1989. Lithogenic sediment on Arctic pack ice: potential ae-
olian flux and contribution to deep sea sediments. In Paleoclimatology and Paleometeorology: Modern and
Fust Patterns of Global Atmospheric Transport, ed. M Leinen, M Sarnthein, pp. 463-93. Dordrecht, Neth.:
Springer

Phillips RL, Barnes P, Hunter R, Reiss T, Rearic D. 1988. Geologic investigations in the Chukchi Sea, 1984, NOAA
ship SURVEYOR cruise. Rep., US Geol. Surv., Reston, VA

Phillips RL, Reiss TE. 1984. Nearshore marine geologic investigations, Icy Cape to Wainwright, Northeast Chukchi
Sea. Rep., US Geol. Surv,, Reston, VA

Piliouras A, Lauzon R, Rowland JC. 2021. Unraveling the combined effects of ice and permafrost on Arctic
delta morphodynamics. 7. Geophys. Res. Earth Surf. 126(4):¢2020JF005706

Polyak L, Bischof ], Ortiz JD, Darby DA, Channell JE, et al. 2009. Late Quaternary stratigraphy and
sedimentation patterns in the western Arctic Ocean. Glob. Planet. Change 68(1-2):5-17

Qi J, Vermeer PA, Cheng G. 2006. A review of the influence of freeze-thaw cycles on soil geotechnical
properties. Permafr. Periglac. Process. 17(3):245-52

Eidam et al.



MA17_Art14_FEidam ARjats.cls July 23,2024 14:29

Rachold V, Are FE, Atkinson DE, Cherkashov G, Solomon SM. 2005. Arctic coastal dynamics (ACD): an
introduction. Geo-Mar: Lett. 25(2-3):63-68

Rachold V, Grigoriev MN, Are FE, Solomon S, Reimnitz E, et al. 2000. Coastal erosion versus riverine
sediment discharge in the Arctic Shelf seas. Int. J. Earth Sci. 89(3):450-60

Rearic DM. 1982. Temporal and spatial character of newly formed ice gouges in eastern Harrison Bay, Alaska, 1977—
1982. Rep., US Geol. Surv., Reston, VA

Rearic DM, Barnes PW, Reimnitz E. 1990. Bulldozing and resuspension of shallow-shelf sediment by ice
keels: implications for Arctic sediment transport trajectories. Mar. Geol. 91(1-2):133-47

Reimnitz E. 1987. Anchor ice and bottom-freezing in high-latitude marine sedimentary environments: observations
from the Alaskan Beaufort Sea. Rep., US Geol. Surv., Reston, VA

Reimnitz E. 2002. Interaction of river discharge with sea ice in proximity of Arctic deltas: a review.
Polarforschung 70:123-34

Reimnitz E, Barnes P. 1974. Sea-ice as a geologic agent on the Beaufort Sea shelf of Alaska. In The Coast and
Shelf of the Beaufort Sea, ed. JC Reed, JE Sater, pp. 301-51. Arlington, VA: Arctic Inst.

Reimnitz E, Bruder KF. 1972. River discharge into an ice-covered ocean and related sediment dispersal,
Beaufort Sea, coast of Alaska. Geol. Soc. Am. Bull. 83(3):861-66

Reimnitz E, Graves SM, Barnes PW. 1985. Beaufort Sea coastal erosion, shoreline evolution, and sediment flux. Rep.,
US Geol. Surv., Reston, VA

Reimnitz E, Kempema E. 1983. High rates of bedload transport measured from infilling rate of large strudel-
scour craters in the Beaufort Sea, Alaska. Cont. Shelf- Res. 1(3):237-51

Reimnitz E, Marincovich L Jr., McCormick M, Briggs W. 1992. Suspension freezing of bottom sediment
and biota in the northwest passage and implications for Arctic Ocean sedimentation. Can. 7. Earth Sci.
29(4):693-703

Reimnitz E, Maurer D, Barnes P, Toimil L. 1977. Some physical properties of shelf surface sediments, Beaufort Sea,
Alaska. Rep., US Geol. Surv., Reston, VA

Reimnitz E, McCormick M, McDougall K, Brouwers E. 1993. Sediment export by ice rafting from a coastal
polynya, Arctic Alaska, U.S.A. Arctic Alpine Res. 25(2):83-98

Reimnitz E, Rodeick CA, Wolf SC. 1974. Strudel scour; a unique Arctic marine geologic phenomenon.
7 Sediment. Res. 44(2):409-20

Reimnitz E, Toimil L, Barnes P. 1978. Arctic continental shelf morphology related to sea-ice zonation, Beaufort
Sea, Alaska. Mar: Geol. 28(3—4):179-210

Reimnitz E, Wolf SC, Rodeick CA. 1972. Preliminary interpretation of seismic profiles in the Prudhoe Bay area,
Beaufort Sea, Alaska. Rep., US Geol. Surv., Reston, VA

Regard V, Prémaillon M, Dewez TJB, Carretier S, Jeandel C, et al. 2022. Rock coast erosion: an overlooked
source of sediments to the ocean. Europe as an example. Earth Planet. Sci. Lett. 579:117356

Rember RD, Trefry JH. 2004. Increased concentrations of dissolved trace metals and organic carbon during
snowmelt in rivers of the Alaskan Arctic. Geochim. Cosmochim. Acta 68(3):477-89

Rudels B, Carmack E. 2022. Arctic ocean water mass structure and circulation. Oceanography 35(3—4):52-65

Sattem ], Rise L, Rokoengen K. 1996. Soil investigations, offshore mid Norway: a case study of glacial
influence on geotechnical properties. Glob. Planet. Change 12(1-4):271-85

Saint-Ange F, Kuus P, Blasco S, Piper D], Clarke JH, MacKillop K. 2014. Multiple failure styles related to
shallow gas and fluid venting, upper slope Canadian Beaufort Sea, northern Canada. Mar: Geol. 355:136—
49

Serreze MC, Walsh JE, Chapin FS, Osterkamp T, Dyurgerov M, et al. 2000. Observational evidence of recent
change in the northern high-latitude environment. Clim. Change 46:159-207

Sherwood C. 2000. Numerical model of frazil ice and suspended sediment concentrations and formation of
sediment laden ice in the Kara Sea. 7. Geophys. Res. Oceans 105(C6):14061-80

Smedsrud LH. 2002. A model for entrainment of sediment into sea ice by aggregation between frazil-ice
crystals and sediment grains. 7. Glaciol. 48(160):51-61

Smedsrud LH. 2003. Formation of turbid ice during autumn freeze-up in the Kara Sea. Polar Res. 22(2):267-86

Stark N, Green B, Brilli N, Eidam EF, Franke KW, Markert K. 2022. Geotechnical measurements for the
investigation and assessment of Arctic coastal erosion—a review and outlook. 7. Mar: Sci. Eng. 10(7):914

www.annualreviews.org o Arctic Continental-Shelf Sediment Dynamics — 14.25



MA17_Art14_Eidam

ARjats.cls  July 23,2024 14:29

14.26

Stark N, Radosavljevic B, Quinn B, Lantuit H. 2017. Application of portable free-fall penetrometer for
geotechnical investigation of Arctic nearshore zone. Can. Geotech. 7. 54(1):31-46

Syvitski JP. 2002. Sediment discharge variability in Arctic rivers: implications for a warmer future. Polar Res.
21(2):323-30

Tang S, Larouche P, Niemi A, Michel C. 2013. Regional algorithms for remote-sensing estimates of total
suspended matter in the Beaufort Sea. Int. 7. Remote Sens. 34(19):6562-76

Thomas MA, Mota A, Jones BM, Choens RC, Frederick JM, Bull DL. 2020. Geometric and material variability
influences stress states relevant to coastal permafrost bluff failure. Front. Earth Sci. 8:143

Undzis B, Moriarty J. 2024. Variability in sediment dynamics on the Alaskan Beaufort Sea shelf during the open water
season: a numerical modeling study. Paper presented at the Ocean Sciences Meeting, New Orleans, LA, Feb.
18-23

Vasiliev A, Kanevskiy M, Cherkashov G, Vanshtein B. 2005. Coastal dynamics at the Barents and Kara Sea key
sites. Geo-Mar. Lett. 25:110-20

Waga H, Eicken H, Light B, Fukamachi Y. 2022. A neural network-based method for satellite-based mapping
of sediment-laden sea ice in the Arctic. Remote Sens. Environ. 270:112861

Walker HJ. 1974. The Colville River and the Beaufort Sea: some interactions. In The Coast and Shelf of the
Beaufort Sea, ed. JC Reed, JE Sater, pp. 513-40. Arlington, VA: Arctic Inst.

Warner JC, Armstrong B, He R, Zambon JB. 2010. Development of a coupled ocean—atmosphere-wave—
sediment transport (COAWST) modeling system. Ocean Model. 35(3):230-44

Warner JC, Sherwood CR, Signell RP, Harris CK, Arango HG. 2008. Development of a three-dimensional,
regional, coupled wave, current, and sediment-transport model. Comput. Geosci. 34(10):1284-306

Wegner C, Holemann J, Dmitrenko I, Kirillov S, Kassens H. 2005. Seasonal variations in Arctic sediment
dynamics—evidence from 1-year records in the Laptev Sea (Siberian Arctic). Glob. Planet. Change 48(1-
3):126-40

Wegner C, Wittbrodt K, Hélemann J, Janout M, Krumpen T, et al. 2017. Sediment entrainment into sea ice
and transport in the Transpolar Drift: a case study from the Laptev Sea in winter 2011/2012. Cont. Shelf.
Res. 141:1-10

Zhang F, Wang ], Baskaran M, Zhong Q, Wang Y, et al. 2021. A global dataset of atmospheric "Be and 219Pb
measurements: annual air concentration and depositional flux. Earth Syst. Sci. Data 13(6):2963-94

Zhang T, Li D, East AE, Walling DE, Lane S, et al. 2022. Warming-driven erosion and sediment transport
in cold regions. Nat. Rev. Earth Environ. 3(12):832-51

Zimmermann M, Erikson LH, Gibbs AE, Prescott MM, Escarzaga SM, et al. 2022. Nearshore bathymetric
changes along the Alaska Beaufort Sea coast and possible physical drivers. Cont. Shelf. Res. 242:104745

Eidam et al.



