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Ice-dominated Arctic deltas

2% Jaap H. Nienhuis

Irina Overeem 5 and Anastasia Piliouras®?*

Abstract | Arctic deltas form the critical interface between the Arctic landscape and the ocean.
They filter freshwater, sediment, carbon and biochemical fluxes from approximately 14 million km?
of northern permafrost terrain. This Review highlights the unique controlling factors, seasonality
and morphodynamic processes affecting Arctic deltas. Arctic deltas are ‘ice-dominated systems’
that are affected by land ice, permafrost and sea ice. They are strongly seasonal and are frozen

for 7-9 months of the year. Permafrost limits channel migration. Arctic deltas experience ice jam
floods, inducing biochemical exchange with thermokarst lakes. Transport under sea ice creates
shallow prodelta ramps. Open-ocean conditions that promote marine reworking of river deposits

Delta

Depositional feature that forms
where a river enters a standing
body of water and supplies
sediments more rapidly than
they can be redistributed by
wave and tidal processes.
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models further.

Arctic deltas form where northern rivers enter the ocean
and deposit sediments, building networks of distribu-
tary channels, often with extensive tundra flats strewn
with thermokarst lakes (also known as thaw lakes). Arctic
deltas house important ecosystems that support local
communities'. Prehistoric people were not drawn to
the Arctic deltas for settlement, unlike deltas in lower
latitudes*®, but instead spread along the Arctic coast
because of their reliance on marine resources. Only a few
Arctic deltas are affected by humans, through upstream
dams** or by mining of hydrocarbons, minerals and
sand’, making them some of the most pristine of all of
the world’s deltas®”.

Arctic deltas are integral components of the Earth’s
system. They form the critical interface between
the Arctic terrestrial and ocean domains (FIG. 1).
Approximately 16.5 million km? (11%) of the global
landmass, and 13% of the global freshwater discharge
drains to the Arctic coast, causing the surface of the
nearly landlocked Arctic Ocean to be dominated by
freshwater'®. Arctic river drainage basins comprise
most of the 13.9 million km? of Northern Hemisphere
permafrost. These permafrost regions hold about 1,035 Pg
of frozen carbon in their uppermost 3 m, which is
approximately twice the pre-industrial atmospheric CO,

are short-lived in the Arctic. A data compilation of Arctic deltas highlights that sediment and
carbon fluxes are substantially lower than for lower-latitude deltas, with the exception of
Greenlandic deltas. Arctic delta morphodynamics are also markedly subdued, with land-water
conversion about eightfold less than in low-latitude deltas, probably owing to the unique ice
processes occurring in Arctic deltas, which result in preferential floodplain and submarine sedi-
mentation. Future trajectories of controlling factors indicate that Arctic deltas will transition
away from being dominated by ice. The open-water season is expanding most rapidly, with
wave energy predicted to increase threefold by 2100. Arctic deltas will thaw and experience
increased wave influence, with poorly understood consequences for delta morphodynamics and
carbon cycling. Process studies under transitional conditions are needed to develop predictive

content''. As rivers drain permafrost-affected basins,
Arctic deltas are a filter for sediment, nutrients, carbon
and heat to the Arctic Ocean'*'® and are important
modulators of the global climate and biogeochemical
cycles' (FIC. 1; Supplementary Data).

Deltas are zones of river sediment deposition that act
as efficient sinks of inorganic and organic material'®-*°.
Arctic delta deposits store around 96 Pg of carbon'*2.
With projected permafrost thaw looming, oxidation of
soil organic carbon might trigger a feedback loop of car-
bon emission leading to climate warming and increased
thaw. This permafrost carbon feedback mechanism is
one reason why Arctic lowland deposits are a possible
future hotspot in the global carbon cycle'"**-*". Biogenic
methane emissions, another contributor to greenhouse
effects, are also disproportionately high from Arctic
lakes™. In addition, Arctic deltas store old, geological
methane in their permafrost-capped subsurface, which
might become a more substantial component of the
world’s methane budget as the permafrost thaws”.

Because Arctic deltas are relatively understudied,
fundamental questions remain about their morphody-
namic processes. The quantity and timing of sediment,
nutrient and heat exchange between fluvial systems and
the marine environment are less certain than for other
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Key points

e Arctic deltas are an important link in Arctic land-ocean exchange, delivering about
13% of the global freshwater flux but transferring a disproportionately low portion of
the global sediment flux (around 2%) and particulate organic carbon flux (3-4%).

e River-ice jams during break-up cause substantial floods in Arctic delta plains,
leading to pronounced sediment retention and biogeochemical flux exchange with

thermokarst lakes.

e Land-fast sea ice plays an important part in river flood sediment distribution and acts to
construct a characteristic submarine ramp, possibly enhancing carbon sequestration.

e Arctic deltas are currently ice-dominated and experience subdued morphodynamic
activity compared with lower-latitude deltas, probably owing to slower channel
migration and flow constriction from land-fast sea ice.

¢ Greenlandic deltas differ from other Arctic deltas in that they are growing rapidly
owing to ice-sheet melt and their location in fjords protects them from wave action.

¢ Climate change will force a morphological adjustment of Arctic deltas that will
include increased channel mobility, subsidence and increased coastal erosion caused

by enhanced wave action.

Thermokarst lakes

Lakes occupying a closed
depression formed by
settlement of the ground
following thawing of ice-rich
permafrost or the melting of
massive ice.

Permafrost

Ground (soil or rock, including
ice and organic material) that
remains at or below 0°C for at
least 2 consecutive years.

Glacio-isostatic rebound
The viscoelastic response of
the crust that causes a rise of
the Earth’s crust after removal
of the weight of large land-ice
masses.

Forebulges

Flexural bulges in front of a
load on the Earth’s crust or
upper mantle. The load,
typically from ice or sediment,
causes the lithosphere to
flex by depressing the plate
beneath it. The rate of
forebulge formation and
collapse is controlled by
mantle viscosity.

Transgression

Movement of the ocean
towards the shore, as a result
of sea level rise.

deltaic systems'>*’. The extent of sediment trapping and
organic material sequestration that occurs in floodplains
and in exchanges with the numerous thermokarst lakes
is unknown’*’. Sequestration processes are closely inter-
connected with the strong seasonality of ice and its role
in these systems'. River-ice jams cause flooding to be
vastly different in Arctic deltas compared to temperate
or ice-free deltas™ (FIG. 2). The permafrost affects Arctic
delta channel network morphodynamics: it strength-
ens banks and has long been thought to stabilize the
river and delta channel network™ . Sea ice affects river
plumes and causes aggradation uncharacteristically far
into the submarine prodelta®™*. The presence of sea ice
also controls the duration over which waves can actas a
morphodynamic agent.

A clearer understanding of Arctic delta processes is
urgently needed in the context of rapid Arctic environ-
mental change. Intensification of the hydrological cycle”
and glacial melt* both affect water and sediment fluxes
to the coast. Permafrost thaw slumps mobilize sedi-
ment and carbon and bring it into the river transport
system?***!. Permafrost thaw may weaken the skeleton
of the delta distributary channel network and promote
more rapid geomorphic change®. Sea-ice coverage along
the coast is decreasing’**, with potential impacts on
wave-driven transport and delta shoreline erosion.

This Review discusses the unique controlling fac-
tors, seasonality, and morphodynamic processes
affecting Arctic deltas (FIC. 2). We analyse deltas north
of 60°N, representing most systems that contribute
fluxes to the Arctic Ocean. We compile insights from
classic field and laboratory process observations™~*+->¢,
previous reviews'’, and modelling and observational
studies”**"~%, We use data compilations for the 6-8 larg-
est deltas, which feature estimates of water, sediment and
biogeochemical fluxes'>'*>'%*, We expand our analysis
to 387 Arctic deltas by including a model-data compi-
lation that classifies over 10,000 global river outlets®
(Supplementary Information). We contrast continental
Arctic deltas with 75 deltas on Greenland®"* (80X 1). This
broad overview of Arctic deltas enables a better under-
standing of the unique controls and improved mapping
of their future trajectories. Postulated trajectories are

used to identify key knowledge gaps about changes
in the transfer of freshwater, sediment and nutrients into
the Arctic Ocean and the storage and release of carbon
from Arctic deltas.

Long-term controls on Arctic deltas

The tectonic setting exerts a strong control on delta
formation, with large deltas often located in subsid-
ing basins®. The largest Arctic delta, the Lena Delta, is
a prime example; it is aligned with the Gakkel Ridge,
the ultraslow moving boundary between the Eurasian
and North American plates®**°. Consequently, the Lena
Delta is formed on slowly uplifting and subsiding tec-
tonic blocks and its evolution and lobe switching dur-
ing the Holocene are intricately associated with tectonic
controls’***’. Similarly, the Mackenzie Delta is located in
a zone of extensional fault basins associated with earlier
rifting phases®®. Much of the Arctic coast is tectonically
quiescent®.

Glacio-isostatic rebound is pertinent to Arctic del-
tas and drives crustal movements over timescales of
1,000-10,000 years. The Northern Hemisphere has
been repeatedly occupied by large ice sheets over the
Pleistocene. At the Late Glacial Maximum (21,000 years
ago), continental ice sheets encompassed Baffin Island
and Greenland as well as coastal mountain ranges, but
left part of the Siberian and Alaskan near-coastal zones
and shelves as ice-free refugia’ with wide valleys drain-
ing towards the continental margin®. The enormous
weight of ~3-km-thick ice masses caused the Earth’s
crust to deform downwards and the peripheral ice-free
edges to bulge upwards. Since then, the ice sheets have
melted, causing global sea level rise, and the removal
of their weight led to an initially rapid elastic rebound of
the continental crust in previously ice-covered regions.
At present, a continuing reorganization of viscous man-
tle material flowing from the forebulges to former depres-
sions contributes to uplift near past ice-sheet centres and
to subsidence near former ice-sheet edges.

As a consequence, the sea levels under which Arctic
deltas developed differ markedly from the global average
(FIC. 3). The growth of most contemporary deltas glob-
ally initiated around 6,000 years ago, when post-glacial
sea-level rise slowed along most of the Earth’s coastlines’.
Arctic delta evolution has been affected by the combined
components of glacio-isostatic rebound and sea level
history"****¢71-7*_ Many Arctic deltas near the centre of
pastice sheets (that is, the Laurentide and Fennoscandian
Ice Sheets) have experienced continuous uplift and rela-
tive sea level (RSL) fall after deglaciation’”. Fjordhead
deltas often have subaerially exposed depositional pack-
ages of marine sediments that are tens of metres thick’”".
The Geillini and Nastapoka deltas, which drain into the
Hudson Bay (Canada), show a series of downstepping
strandplains as a result of a RSL fall”®.

Arctic deltas further away from the continental ice
sheets, such as the Severnaya Dvina delta in Russia’™,
have experienced a mixture of uplift and subsidence.
Most large Arctic deltas have undergone Holocene
marine transgression, as on the Lena®’!, Mackenzie'”’
and Colville deltas*. Western Siberian bayhead deltas
located in gulfs, notably the Ob, Taz, Pur, Yenisei and
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Bayhead deltas

Deltas that develop at the
innermost part of estuaries or
bays within wave-dominated
and mixed-energy systems on
transgressive coastlines.

Khatanga deltas, which have upper delta plains of hun-
dreds of km?, experienced more rapid marine transgres-
sion after 5,000 years ago®, and are currently prograding
into their submerged, shallow palaeo-river valleys®.
This transgression causes these systems to be located
in estuaries and form bayhead deltas. Those Arctic delta
systems located on the subsiding forebulge experienced
faster rates of RSL rise compared to the global mean,
even over the past 2,000 years™’**'=% (FIC. 3).

Thus, sea level changes in the Arctic regions have been
distinct over the Holocene and will remain distinct from
global sea level change trends for centuries to come®. The
effects on future sea level of the unloading of ice mass of
the melting Greenland Ice Sheet will be superimposed®
on the continuing gradual effects of rebound from the
Pleistocene continental ice-sheet disappearance.

Modern controls on Arctic deltas

Rivers, tides and waves. Deltas worldwide are highly
dynamic landforms that shape the land-ocean bound-
ary. Delta morphologies are typically described in the
context of relative river, tidal and wave-driven sediment
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fluxes®”*%, as well as sediment size* and cohesive-
ness””". River-dominated deltas are elongate and lobate,
and form distributary channel networks through mouth-
bar-induced bifurcations®*>**, River-dominated deltas
often propagate in shallow basins’>****, and are prone
to large-scale lobe switches™. Tidal deltas feature dense,
dendritic networks of channels®>**-**. Tides widen,
stabilize and maintain channels that are now discon-
nected from direct fluvial influx”, and cause islands to
have smoother boundaries'”’. Wave-dominated deltas
are typically the most cuspate, with straight or gently
curved sandy beach ridges. Depending on the oblique-
ness of incoming waves, the overall subaerial shape of
wave-dominated deltas may be asymmetric®®*”10-1%,
To add to the complexity, many deltas are large enough
that the proportion of controlling forces varies substan-
tially along the coastline, which means that river sedi-
ment supply could dominate at the active river mouth,
while waves and tides are dominant further along the
delta front at abandoned lobes™*51°1%7,

In general, wave, tidal and river sediment fluxes are
lower in Arctic deltas than elsewhere around the globe.
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Fig. 1| Distribution and classification of Arctic deltas. Circumarctic map of approximately 387 Arctic deltas and their
contributing river drainage basins, as delineated from HydroSheds and ETOPO1 data’'**"". On the basis of the dominant
forcing factors, deltas are classified as fluvial-dominated, wave-dominated or tide-dominated systems®. River basins are
shaded in blue by mean permafrost probability’’, which affects their incoming river sediment fluxes. All Arctic deltas

are bounded by sea ice for part of the season, as shown by the seasonal maximum sea-ice extent for 2020 (dashed dark
purple line), and experience open-water conditions in summer, as shown by the minimum sea-ice extent for 2020 (dashed
light purple line). Greenlandic deltas are marked as retreating or prograding over the period 1980-2010 (REF.*). Deltas

that are discussed in this Review are labelled.
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Fetch

The distance that wind blows
over open water and generates
waves.

Observations of the sediment flux of the eight largest
Siberian and North American Arctic river systems indi-
cate a relatively low total flux of about 249 MT per year
(about 2% of the global sediment budget)'>*. For com-
parison, the Mississippi River alone transports around
288 MT per year, and the Irrawaddy delta receives an
estimated 259 MT per year'*. Similarly, particulate
organic carbon (POC) fluxes of Arctic rivers are esti-
mated to be low, only 3-4% of the global flux"*. Fluvial
sediment fluxes to individual Arctic deltas range from
relatively small for the respective basin areas in the
Western Siberian region (for example, the Yenisei and
Lena rivers) to higher on those rivers with more moun-
tainous tributaries (for example, the Kolyma, Mackenzie
and Yukon rivers; Supplementary Data). The POC fluxes
for the Mackenzie and Yukon rivers are also higher than

#» Floodingin

"¢ ok delta plain

e geta Greenland ice sheet

those of the Eurasian rivers'. Arctic river sediment data
are sparse, and extrapolations have traditionally lacked
data support for smaller river systems.

Tidal amplitudes and currents along the Arctic
coast are small, with its main constituent below 0.3 m
(REFS”!%>119), Exceptions to this general pattern are the
White Sea deltas''' and the Khatanga and Severnaya
Dvina deltas in Russia, which are located in large
estuaries with a tidal range exceeding 1 m (REFS''>'%).

Although most Arctic deltas are exposed to the Arctic
Ocean, wave heights are reduced because of sea-ice cov-
erage that dampens waves and limits fetch. Potential fur-
ther reductions in wave height near Arctic deltas stem
from the relatively shallow continental shelf. The median
shelf slope near Arctic deltas is 8 x 10%, compared with
3% 107 for deltas globally™.

Floodwater inundates sea ice

—Riverice jams

Mouth bars  Fringe of barrier islands

Thaw lakes

Drained
thaw lakes— -

Fig. 2 | Ice processes that act on Arctic deltas. MODIS, Landsat and Sentinel satellite imagery illustrates the various ice
processes that influence the morphodynamics of Arctic deltas. a | River-ice breakup and delta plain flooding and drainage
of river water onto land-fast sea ice in the Mackenzie Delta, Canada (MODIS, 13 June 2001). b | Drainage of river water
onto and below sea ice in the Kolyma Delta, Russia (Landsat 7, 30 May 2013). ¢ | Glacial meltwater from the Greenland Ice
sheet causes rapid river delta progradation in the Sermilik Delta, Greenland (Sentinel 2B, 23 May 2019). d | Wave erosion
during the sea-ice-free open-water season shapes barrier islands and mouth bars near the delta front in Chukotka, Russia

(Sentinel 2A, 25 August 2019).
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Box 1| Greenlandic deltas

Greenlandic deltas form unique end-members of Arctic deltas, and their morpho-
dynamics are controlled by ice-sheet processes. Ice-sheet retreat and isostatic rebound
control the late Holocene stratigraphic evolution of Greenlandic deltas’®”". Isostatic
rebound amounted to tens of metres, so that many fjordhead deltas experienced a rela-
tive fall in sea level’®**??°, Usually, stair-stepped deltas formed, and subaerially exposed
marine deposits mark previous sea level elevations (FIG. 3).

Modern Greenlandic deltas are river-dominated. Whereas Arctic deltas across North
America and Siberia receive less sediment concentration than lower-latitude systems,
the opposite pattern is true for Greenland, where approximately 1% of the global fresh-
water flux originating from ice-sheet melt delivers about 8% of the modern global sus-
pended sediment®??’. High sediment loads are deposited by proglacial braided rivers,
resulting in coarse-grained Gilbert-type deltas, which consist of a sandy delta plain
(FIG. 2¢), a steep submarine delta front and a finer-grained prodelta’®*?’. Proglacial lakes
in the headwaters number in the thousands****, but Greenlandic delta plains do not
feature thaw lakes.

Many Greenlandic deltas are seasonally bound by sea ice*. In contrast to other Arctic
deltas, sea-ice and river flood interactions do not have a profound role in the morpho-
dynamics of Greenlandic deltas. Greenlandic deltas are mostly free of sea ice when
river flow is high (associated with the warmest periods in summer, when extensive
ice-sheet area contributes meltwater). In Greenlandic deltas in autumn, just as in other
Arctic deltas, marine forces predominate for a short time, when river flow wanes.
Wave-driven sediment transport can build sandy bars along delta fringes, but calcula-
tions for East Greenland deltas show that this wave-driven sediment transport is lower
than fluvial sediment supply”*.

Coastline mapping of 75 Greenlandic deltas from the 1940s onward demonstrated
that delta progradation has increased over the past few decades®. Of the 75 deltas
with complete aerial photos and satellite records, only 47% had been advancing in the
period 1940-1980. This proportion increased to 72% of deltas in the period 1980-2010

(FIG. 1). The mean progradation rate was mapped at 0.011 km? per year for these

75 Greenlandic deltas, with the most extreme delta progradation measured at 0.47 km?
per year. Thus, for Greenland specifically, progradation indicates increased sediment
delivery by ice-sheet meltwater®. It is unclear whether extreme sediment delivery

from glacial lake outbursts

231-233 ;

is a driving process of progradation, because statistical

models indicate that increased river discharge alone suffices to explain delta growth®.
In either case, Greenlandic delta systems are rare and are rapidly prograding, possibly
sequestering carbon” and storing large amounts of sand resources’®".

Gilbert-type deltas

A type of fluvial-dominated
delta forming a wedge of
coarse sediments with parallel
topsets and inclined foresets
sloping downwards to the basin
floor.

Land-fast sea ice

Ice that is anchored to the
shore or ocean bottom,
typically over shallow ocean
shelves at continental margins.
Fast ice is defined by the fact
that it does not move with the
winds or currents.

Thaw slumping

The process of slope mass
movements caused by thawing
of ice-rich permafrost.

Pronounced seasonality. Arctic deltas exhibit strong sea-
sonality of river and wave processes. Major Arctic deltas
convey 56% of their annual total water discharge in June,
July and August, compared with 26% for lower-latitude
deltas in the same period'"”. On the ocean side, sea
ice limits wave and storm surge action on the coastal
zone. Open water occurs only from late July to late
October along much of the Arctic coast (Supplementary
Data).

Arctic deltas are in a frozen, morphologically inactive
state for most of the year. Snowmelt and runoff initiate
south, in the headwaters of most drainage basins, typi-
cally in May. At that time, rivers and delta distributary
channels are still covered in ice, and river-ice breakup
occurs over several days with the arrival of spring
runoff''*'"%. The ice thickness of water bodies, river
channels and land-fast sea ice increases to 1.5-2.5m over
winter''®"?*?!_ Depending on the year, as well as the river
location and ice thickness, two mechanisms of river-ice
breakup can occur: thermally (that is, weakened by melt
of the ice itself), during a period of warm weather; or
mechanically, by floodwater arrival and ice jamming'"’.

For many Arctic deltas, peak river discharge coin-
cides with or occurs shortly after river-ice breakup. The
Colville, Lena and Jago deltas are examples of this con-
current river-ice break-up and arrival of the peak river
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runoff (FIG. 4). For some deltas, such as the Yukon Delta,
peak runoff occurs weeks later (FIG. 4). Ice jams in the
upper delta plain and bottom-fast ice in the shallower
distributary channels create extensive flooding across
the delta plain®'**. River flood waves spill over in thou-
sands of thermokarst lakes, depositing sediments and
delivering nutrients***'** (FIC. 2a).

Land-fast sea ice is still often present at the coast
at the peak of river flow. River water can funnel its
way underneath sea ice and can also drain onto the
land-fast sea ice and cover it for short periods of time
(FIC. 2¢). This turbid standing water can extend out from
the shore for tens of kilometres'**~'*. The energy and
heat of river water can accelerate sea-ice break-up in
Arctic deltas compared with that in nearby non-deltaic
coasts58,124,127,128'

Sea ice further away from Arctic deltas can linger
into summer. Storm and wave action is subdued during
this time owing to a limited fetch, resulting in decreased
wave-driven sediment transport”. Warm summer con-
ditions cause the active layer of deposits within the river
basins and subaerial parts of the delta to deepen to its
seasonal maximum thickness, and cause a short period
of thaw slumping. High water temperatures increase the
erosion of coastal permafrost bluffs'*>'*" and potentially
also frozen delta channel banks™"".

Air temperatures quickly drop in early autumn in the
Arctic. The tundra starts to refreeze and the river water
levels drop, resulting in limited fluvial activity. Storms
are common during this period as the sea ice retreats
to its yearly minimum. Wave energy is high and coastal
flooding from storm surges can occur. Sea ice returns
later in the autumn and results in a quick decline in wave
action'”.

Ice processes. The presence of ice, both in river or
delta channels and in permafrost deposits, affects ero-
sional and depositional processes””’. River ice, which
is present during spring floods, influences sediment
transport patterns and surface water transport (FIG. 5).
River ice can lead to flow constriction underneath
the ice and overbank flooding via increased back-
water effects’””. Under-ice flow constriction tends
to increase flow velocities'**~'** and, from additional
friction from the ice, maximum flow velocity occurs
closer to the bed'**-'*%, thereby increasing shear veloc-
ities and sediment transport. There is a limit to this
sediment-transport-enhancing effect. For smaller riv-
ers, river ice can extend all the way to the bed with no
flowing water during the winter. In that case, the frozen
bed still needs to thaw out by spring melt water, and sed-
iment transport is inhibited for the first weeks during
spring floods™.

Perhaps the most striking visible effect of ice pro-
cesses on delta morphology is the abundance of
thermokarst lakes. These lakes form by water ponding
in topographic depressions, which thaws underlying
permafrost, driving increased subsidence and further
ponding'**'*. Lakes cover up to 28% of the land surface
on the major Arctic deltas” and are often connected to
the channel network during the spring flood™'*'='*.
Some lakes may remain hydrologically connected for
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Pack ice

Sea ice that is not attached to
the shoreline and drifts in
response to winds, currents
and other forces.

much of the open-water season, and others near delta
channels may be connected in the subsurface owing to
thawed zones around the channel network'* (FIG. 5d).
Lake size is inversely correlated with mean annual tem-

perature, so colder deltas feature larger lakes, presumably
owing to a deeper permafrost that displays more con-
tinuous persistence'*!. Depending on flood patterns and
duration, lakes may accommodate up to 50-70% of the
spring flood volume on the Mackenzie Delta*>'**. Lakes
have been estimated to reduce suspended sediment
loads to the coast by 18%, as fine sediments settle more
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Fig. 3 | RSL changes in Arctic deltas during the Holocene. Graph of relative sea level
(RSL) change during the Holocene for selected Arctic deltas and globally, as determined
from the ICE-5G global glacio-isostatic model®’74%*5* and sedimentary reconstruction’.
a| Deltas in the Hudson Bay region, Baffin Island and Greenland have undergone afallin
RSL over the early Holocene owing to rapid glacio-isostatic rebound of the land. Error
bars represent standard deviations. b | Continental Arctic deltas have mixed sea level
histories, with the Mackenzie, Yenisei and Ob deltas affected by forebulge effects after
deglaciation, which has caused a continued sea level rise over the past 6,000 years once
global sea level stabilized.

readily in the slower-moving lake waters"”. Overbank
sedimentation rates observed in situ exceed 1 mm per
year, but amount to 83 mm per year near channels'*. It is
estimated that the Lena Delta traps 70% of the incoming
fine sediment load within the channel network before
it reaches the ocean®. A study of 11 Arctic deltas in
Russia estimates that 30-50% of fine sediment is trapped
within the delta and postulates that 80-90% of bedload
is deposited within the distributary network'”’. Given
the longer residence times of sediment in lakes com-
pared with in the delta channel network, lakes also have
a large role in biogeochemical transport, increasing the
POC and dissolved organic carbon (DOC) fluxes' and
reducing nitrate and total phosphorus loads to the coast
by 14%'"". Thermokarst lakes therefore have an impor-
tant role in Arctic delta hydrology, biogeochemistry and
geomorphology'*‘.

Beyond the floodplain, flow separation between
under-ice and over-ice transport also occurs near the
river mouth'* (FIG. 5b). River floodwater spills over
land-fast sea ice’>*®'** and forms large areas of standing
water, which only drains into cracks near the boundary
of the land-fast ice and pack ice much further offshore.
Under-ice funnelling of river floods and sediments
can lead to enhanced sediment deposition in the near-
shore zone. Laboratory experiments® and modelling
of ice-covered deltas’ showed that under-ice transport
can lead to the development of a subaqueous ramp
that can extend beyond the delta shoreline for tens of
kilometres. Studies in the Yukon, Mackenzie, Yana and
Lena deltas™>° showed that these ramps have sharp
slopes at approximately the 2 m isobath, dipping to the
inner shelf. Sediment suspended in the water column
from late-season storms can be entrained during sea-ice
refreezing by rising frazil ice, a process that occurs only in
shallow water and may also contribute to the formation
and maintenance of the flat ramp extending from the
delta mouth bars'**'*. Deposition of fine sediment and
POC fluxes in these submarine prodeltas, as opposed
to subaerial mouth bars, can promote more efficient
carbon burial '

Permafrost, which underlies deltas bordering the
Arctic Ocean, affects morphodynamics in several ways.
Permafrost can reduce river channel migration rates'”
by delaying bank erosion because typically frozen soil
must first be thawed before it can be mechanically
eroded’'”. Long-term monitoring shows that the rel-
ative water discharge distribution between distributary
channels in Russian Arctic deltas changes very slowly,
at rates of 1-2% per decade'”, another indication of the
relative stability of the delta distributary channel network.

Bank erosion is thought to occur in the summer
months. River water temperatures can reach 15-16°C
in July'*"* and can undercut ice-rich permafrost river
channel banks to produce thermo-erosional niches™.
Thermo-erosional niches trigger abrupt, large-scale
bank collapse of the overhanging deposits. In repeat
surveys, bank collapses may lead to apparently faster
rates of bank migration over short timescales, such as
local bank erosion rates reaching 30-40 m per year in
the Mackenzie and Lena delta channels®*'>. However,
these rates are likely to be less representative of large
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Fig. 4| Sediment transport processes in Arctic deltas. The relative importance of modelled fluvial (Q,,.), wave (Q,,,.)
and tidal (Q,,) sediment transport processes in Arctic deltas over 1 year® are depicted in the graphs showing the mean
daily sediment transport attributed to each process component for the period 1985-2015. We note that a typical year
is likely to be flashier because of the temporal averaging. For those deltas for which observed river sediment transport
data s available®***?*?% these data are included (dashed blue line) for comparison. Dashed black lines mark the mean
observed river-ice breakup days'**??"*** (error bars indicate standard deviation). The mean measured presence of sea ice
in the period 1985-2015 is indicated in light grey***. A comparison of the large fluvial-dominated delta systems, the
Yukon Delta in Alaska and the Lena Delta in Russia, with the small river basin systems, the Jago and Colville deltas along
the Beaufort Sea, reveals a distinct wave-dominated sediment transport season for deltas of smaller river systems.
stretches of channel and long time periods. Detailed ~ Arctic deltas are generally more modest; for example,
measurements in the Colville River and delta document  retreat averages 0.6 m per year for the inactive parts of
typical bank erosion rates of 1-3m per year’'">'**,  the Mackenzie Delta coastline'"'".
Most analyses of bank erosion rates are either based on
annual repeat surveys or averages from multiple years of ~ Arctic deltas are ice-dominated
remote-sensing imagery and thus cannot conclusively  Ice strongly regulates two of the primary environmental
mark the timing of highest bank migration activity.  controls of deltas: river and wave processes. Here, the
In studies of the Lena River, the fastest erosion is attrib-  unique characteristics and dynamics of Arctic deltas
uted to spring flooding, when the stage of the river can  are summarized to show how existing classification
be several metres higher than during summer®***'*>.  schemes that consider only river, wave and tidal sedi-
Interestingly, the temperature of the river water during ment fluxes do not fully account for the dominance of
spring flooding is still around the freezing point'*, which  ice effects (FIG. 6).
would inhibit efficient delivery of heat to the banks. Although several Arctic rivers have very high water
In the Colville delta, channel banks consisting of peat  discharges, conveying more than 10% of global river
are the most eroded . Numerical modelling experiments ~ discharge, estimated sediment'>**'* and POC fluxes'
corroborate that low erodibility of permafrost deposits ~ from the large permafrost river basins to Arctic deltas
in river deltas leads to a more stable channel network are notably low. Modern fluvial sediment delivery to any
and fewer active channels than on deltas without delta apex from the permafrost landscape is roughly an
permafrost®”. order of magnitude lower than for temperate and trop-
Permafrost deposits are also exposed along aban-  ical river basins of comparable size. In addition, Arctic
doned sections of Arctic delta coastlines. Coasts along  river systems are active only for a short season. A coupled
the Arctic Ocean recede at 0.5m per year on average water balance and sediment flux model, WBMSed'®,
Frazil ice but many areas with high permafrost ice content dis-  shows that the ninetieth percentile discharge (represent-

Small needle-like ice crystals,
typically a few millimetres in
diameter, suspended in water,
that represent the first stages
of sea-ice growth. Frazil
crystals merge under calm
conditions to form thin sheets
of ice on the surface.

play much higher rates of 15-20m per year'”’-'*". Small
deltas along the Beaufort Sea coast retreated more
slowly than the coastal average but were still erosive'*.
Exposed bluffs of the larger Mackenzie'”” and Lena™'®*
deltas also experienced rapid erosion of more than 10m
per year locally via thermal erosion from warm seawa-
ter, but coastal retreat rates for abandoned sections of

ing the annual flood peak) is 60 times larger than the
discharge of the tenth percentile (low flow conditions)
in 387 Arctic deltas. For the median of over 10,000 deltas
on the Earth, this ratio is 25, indicating that Arctic rivers
are substantially flashier than the global average (FIC. 6).

Arriving at the river delta, these flashy but relatively
low river sediment fluxes are then retained efficiently
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Fig. 5 | Ice processes in Arctic deltas. a | River-ice break-up in Colville Delta (Alaska) showing ice floes on the Colville
River (photo taken 21 May 2019). b | Example of a small delta along the Beaufort coast, Alaska, draining snow meltwater
on top of fast-ice (photo taken 25 June 2008). ¢ | Thermal river bank erosion in the distributary delta channel network of
Canning Delta, Alaska (photo taken 25 August 2019). d | Connected and isolated thermokarst lakes in the floodplain of the
Ikpikpuk Delta, Alaska (photo taken 12 August 2010). Photos in parts a and ¢ provided by C. Arp and J. Koch, respectively.

in Arctic delta plains owing to ice jamming and asso-
ciated flooding that routes sediments to the lake-rich
delta plain®.

Ocean waves have a limited season in which they
can act on Arctic deltas, which results in delta morphol-
ogies that are distinct from those of temperate deltas.
The median energy-weighted wave height for 387 Arctic
deltas is 0.6 m, compared with 0.9 m for deltas globally,
and the mean wave energy for Arctic deltas is 150 Jm™,
compared with 550] m™ for deltas globally*'*. These
wave dynamics estimates for Arctic deltas are likely to
be an overestimation, given that waves are modelled in
deeper, open water rather than directly at delta shore-
lines, and estimates do not account for sheltering by
barrier islands, lagoons or estuaries.

The third control, tidal processes, is less substantial
in most of the Arctic Ocean than in oceans elsewhere,
so that the effects of seasonal ice on river and wave
processes becomes even more pronounced. The global
delta data set® shows that the median tidal range for all
Arctic deltas is only 0.2 m, compared with 1.2 m for del-
tas globally. Low tidal range, up to 0.2 m, is also modelled
across the Arctic Ocean by a high-resolution tidal model
(including data assimilations)'"’. Tide-dominated deltas
in the Arctic are uncommon, despite low shelf slopes
(FIG. 6a,h). The tidal range along the Arctic coast is sim-
ply too low to generate substantial tidal discharge. The
OSU TPX tidal data set'” is used here, a data set that
has been well validated overall but might have insuffi-
cient coverage in narrower estuaries, so that some of the

tidally affected Russian deltas are perhaps misclassified.
In general, sediment aggradation on vegetated tidal flats,
which is being increasingly recognized as an important
stabilizing factor in Asian deltas, is of little consequence
in Arctic deltas.

Many of the deltas with larger river sediment flux
(for example, the Lena and Mackenzie deltas) are river-
dominated® and contain many small-scale distribu-
taries'”’. Low marine energy would typically increase
progradation of foreset beds and prevent the establish-
ment of large subaqueous clinoforms'*’. However, the
presence of sea ice counters this effect and instead pro-
motes the development of a large, shallow subaqueous
ramp. This characteristic shallow prodelta was proposed
as the identifying feature of ice-dominated deltas*”.

Some of these unique Arctic delta morphodynam-
ics emerge from the analysis of satellite-derived water
surface changes®'®”, and a quantitative comparison
between Arctic and lower-latitude delta dynamics.
Satellite mapping indicates that land-water conversion
is nearly an order of magnitude less dynamic in Arctic
deltas than in temperate deltas (FIC. 5¢). The median
land-water conversion for global deltas is 3 x 10°m?
per year, compared with 0.5 x 10°m? per year for Arctic
deltas. This difference is probably not only an effect of
the aforementioned low sediment delivery. Accounting
for the differences in fluvial sediment supply, land gain
rates for Arctic deltas are 4.7 x 10 m* per m® of fluvial
sediment delivered, compared with 17 x 10~ m? of land
per m® of fluvial sediment for global deltas (FIC. 6d).
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Low delta land gain efficiency might be the result of
high retention of sediment within the delta floodplain
and lakes, a low preservation of sediment in the delta
mouth bars and foresets, and flushing to the subaqueous
bottomset.

To classify ice-dominated deltas, quantification of
the forcing factors should include a sediment retention
or floodplain aggradation coefficient that serves to limit
fluvial sediment available to wave and tidal reworking
at the delta front. With the inclusion of this retention
coefficient, some deltas are expected to shift from a pre-
dicted fluvial-dominated regime to a possibly more real-
istic wave-dominated regime. Quantifying retention and
efficacy of delta plain aggradation is also of importance
for assessment of delta platform stability and drowning
with respect to the delicate balance of sediment delivery,
subsidence and sea-level rise.

In addition to river, wave and tidal sediment fluxes,
Arctic deltas have also been affected by base level changes
that are markedly different from those in temperate
deltas. Over the long-term evolution of Arctic deltas,
crustal movement caused by unloading of melting ice
sheets has a profound influence on delta subsidence and
sea level history. In general, continued glacio-isostasy
is projected to lead to slower rates of sea level rise in
the Arctic than in lower latitudes™. This a strong effect
of land ice on Arctic deltas, although it operates over
thousands of years.

Here, Arctic deltas are demonstrated to be uniquely
dominated by ice, so that frequently used classification
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Fig. 6 | Comparison of the characteristics and dynamics of Arctic and
global deltas. Graphs depict data for Arctic deltas (n=387) and global
deltas (n=10,461).a| Arctic deltas form on lower shelf slopes*, resulting in
a lower morphodynamic contribution of wave forces. b | Many Arctic deltas
experience relative sea level (RSL) fall or anomalously low RSL rise
compared with deltas globally (records are for 1985-2015)%**. ¢ | Arctic
deltaic coastal zones show less land-water conversion than for global
deltas, as determined from Landsat records for 1985-2015.d | Shown as a
ratio of modelled sediment delivery, Arctic deltas gain less land than global
deltas. e | The ratio of modelled river sediment transport to wave sediment
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schemes cannot be applied without adaptations. Melt
of the major ice sheets and isostatic rebound have
affected the long-term evolution and current stability of
Arctic deltas. Furthermore, permafrost landscape pro-
cesses and ice-influenced sediment transport processes
impact Arctic delta morphodynamics and sediment
distribution between the onshore and offshore domains.
In addition, ice strongly modulates fluvial and marine
forcings. This ice dominance results in entirely unique
deltas that, compared with lower-latitude deltas, are less
morphodynamically active and have a different distribu-
tion of sediment between the floodplain, the subaerial
delta front and the submarine prodelta. If a metric for
ice-dominance were to be developed for Arctic deltas, it
should include four key elements of these frozen envi-
ronments: the presence of river ice during the spring
flood, the overlap of the river flood arrival and the pres-
ence of land-fast sea ice, the abundance of permafrost,
and the duration of the sea-ice-free open-water season.

Arctic deltas under a changing climate

The Arctic environment is already changing rapidly.
For example, temperature has increased at more than
twice the global rate'”” since 1970, matching expecta-
tions of Arctic amplification'”’. Warming impacts the
terrestrial hydrological system by decreasing snow
cover and by permafrost thaw*>'"'”*. River ice is thin-
ning and break-up occurs earlier''®!*!*3, River-ice
thinning affects winter travel and ice fishing and has
been quantified in interviews with Yup’ik community
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transport is higher for Arctic deltas than for global deltas. f | The ratio of
modelled tidal sediment transport to river sediment transport is more
variable for Arctic deltas than for global deltas. g | River discharge is flashier
for Arctic deltas than for global deltas, indicated by the 90th percentile
divided by the 10th percentile of daily discharge values for 1980-2010.
h| Modelled relative importance of key sediment transport processes for
Arctic delta systems demonstrates that the deltas of the six largest river
basins (Ob, Yenisei, Kolyma, Mackenzie, Lena, Yukon) are clearly
fluvial-dominated systems, many smaller deltas are wave-dominated
systems, and very few Arctic deltas are tidally dominated systems.
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members in the Yukon-Kuskokwim delta'”®. River dis-
charge increased by 7-10% over the past 30 years or
more and the timing of peak floods has shifted to earlier
in the spring'">'7*'7>178_Glacier and ice-sheet melt has
accelerated from the 2000s onwards'”>'®’. Consequently,
fluvial inputs to deltas are expected to increase.

However, change in the Arctic Ocean is even more
pronounced than on land. Seasonal sea ice coverage rap-
idly decreased over the past 40 years. Passive microwave
satellite data shows that the sea ice minimum extent for
15 September 2020 was only 3.74 X 10° km?, 40% lower
than the average seasonal sea ice minimum over the ref-
erence time period of 1981-2010 (REF.'®!). At the coast,
the median duration of the 2012 open-water season, in
comparison to 1979, expanded by 1.5-3-fold for differ-
ent Arctic coast sectors*. This expansion is asymmet-
ric, with most of the lengthening occurring in October
and early November. As a result, the longer open-water
season and increased winds have caused higher signif-
icant wave heights throughout the Arctic Ocean, espe-
cially in autumn'®. Regionally, these changes amount
to about 20% higher late-season wave heights over the
past 40 years'®. Of note, these wave model analyses are
coarse-resolution and not as applicable for shallow-water
waves and nearshore conditions, or for deltas in shel-
tered bays. The prominent shallow 2 m subaqueous
delta ramp stretching out over tens of kilometres, as is
typical in many Arctic delta systems, may have a role in
dampening wave impact.

The impact of these dramatic environmental changes
over the past decades on coastline change in Arctic del-
tas has been investigated. Automated land area change
detection over the Landsat record for 1985-2015
demonstrates that directly along the coastline, most
Arctic deltas appear relatively stable, with a small mean
net area increase of 0.5 % 10* m? per year. This relative
stability is remarkable, considering that sediment fluxes
to these deltas are pristine and fluvial delivery has been
increasing. The fact that overall the deltaic coastline is
rather stable or erosion dominates can be explained in
several ways: retention and trapping of sediment in the
delta plain is efficient in Arctic delta systems; prograda-
tion of the subaerial delta is comparatively modest, and
alot of sediment is transported to the subaqueous delta
and shelf and thus remains invisible to remote-sensing
mapping of land area changes; or wave energy deliv-
ery has increased faster than riverine influence and
reworks progradational mouth bars, or erodes aban-
doned stretches of the delta shoreline more rapidly than
background rates.

Most climate model simulations project the Arctic
region to continue to become much warmer than pres-
ent at the end of the twenty-first century'®’. Empirical
work relates warming to future fluvial sediment fluxes.
Every 2°C of climate warming is projected to increase
sediment flux by 22%'%. The WBMSed model shows
increases in sediment delivery of 7-9% for the Yukon
and Lena deltas and a modest 3% reduction in sed-
iment delivery to the Mackenzie Delta as a result of
dam construction'®. Comparison of observed and
modelled fluvial fluxes for the past 30 years shows that
there can be large discrepancies when predicting fluxes

for any individual delta system (Supplementary Fig. 1).
Moreover, these estimates do not account for changes
in river ice or in sediment trapping in the upstream
floodplain due to ice jam floods. Thus, any estimates of
ungauged rivers and of future fluvial sediment fluxes for
Arctic deltas are highly uncertain.

Future warming will continue to profoundly affect
sea-ice conditions. By 2050, the Community Earth
System Model forced by Representative Concentration
Pathway 8.5, a high-emission scenario, projects that all
Arctic deltas will experience two more months of open
water each year'?”. Notably, the Yukon Delta is projected
to be completely free of sea ice by 2100 (REF.'¥"). The rapid
expansion of the open-water period will dramatically
increase wave energy. Modelled future wave climate'** has
been used to calculate wave-driven sediment transport for
Arctic delta systems®. For deltas along exposed coastline
stretches, wave-driven sediment transport could increase
by 150-300% by the end of the twenty-first century in
comparison with 1979-2009, while in the more sheltered
areas the increases amount to 50-150% (Supplementary
Fig. 2). Again, these analyses are uncertain, and sediment
transport may be more dampened in the immediate delta
front region. However, doubling or tripling of the energy
delivery from marine processes far outpaces estimations
of changes in fluvial sediment transport.

Geomorphologically, the warming and thawing
of permafrost in Arctic deltas will likely increase rates of
landscape change, including faster rates of bank erosion
and channel migration that will threaten communities
living on the banks of delta channels. Eroding ice-rich
channel banks could become a more important source of
previously frozen carbon into the river and delta channel
network (FIG. 7).

Permafrost degradation is also expected to drive
increased rates of subsidence due to the loss of ground
ice that will lower the land surface'®*'*, making deltas
more vulnerable to sea level rise (FIG. 7). In the Yukon
Delta, permafrost heaves the tidal flats by as much as
1 m in comparison to nearby areas of low ice content'’'.
Because river ice currently enhances flooding that has
been shown to increase rates of aggradation on the delta
plain, the loss of river ice may decrease rates of flood-
ing and aggradation, which, combined with permafrost
thaw subsidence, will make Arctic delta plains highly
susceptible to both long-term drowning and storm
surge flood events if the projected increases in fluvial
sediment loads cannot balance the rate of land surface
lowering'*. The loss of ice cover during spring floods
may also diminish the role of the sub-ice channel net-
work in transporting riverine sediments to the deeper
ocean and the 2m ramp (FIG. 7). Faster rates of subaerial
Arctic delta progradation might therefore be expected in
an ice-free or warmer Arctic, given that fewer sediments
will be lost to overbank aggradation and offshore trans-
port, such that they may instead contribute to shoreline
growth. However, the rate of progradation is likely to be
limited by the increased wave activity during the longer
open-water season, which can redistribute sediments in
the nearshore zone.

Historically, Arctic deltas have been dominated by
sparse permafrost tundra vegetation'"'”>. Research
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Fig. 7 | Current concepts of Arctic delta processes and projected effects of climate warming. NASA MODIS Aqua
imagery of the Lena Delta (eastern Siberia, Russia), on 6 June 2019, showing the current ice-dominated delta environment
(part a). Schematic cross-sections depicting current ice processes and projected changes for permafrost river banks
(part b), channel-floodplain exchanges (part c) and along-channelinteractions between the river flood water and the
sea ice (part d). Present source-to-sink sediment distribution for Arctic deltas and projected changes with climate

warming (part e).

suggests a greening of the Lena Delta between 1999 to
2014 that reflects increased aboveground biomass, pos-
sibly due to shrub expansion'”’. The greening is most
prominent near the delta channels and is hypothesized
to be the result not only of warmer air temperatures
but also of wetter conditions near the active chan-
nels associated with permafrost degradation and/or
flooding'”. By contrast, in the Yukon-Kuskowin coastal
delta, ecotypes have changed over the decades but the
most important change was a loss of shrubs: birch and
heather ecotypes declined in favour of sedge meadows
and lowland marshes. Much of this ecotype change was
attributable to a major storm surge flooding event and
associated saltwater intrusion'’’. As shrubs expand'®,
tundra vegetation height increases'** and the greening
continues across the Arctic, vegetation may play a more
important part in trapping sediments on delta plains

and in increasing bank strength (FIG. 7). Bank strength
will decline as permafrost degrades, but if vegetation is
able to establish quickly enough as channels mobilize
and sediments thaw, then the denser or more exten-
sive vegetation may provide a new stabilizing element
to Arctic delta channel networks. More rapid estab-
lishment of vegetation on newly formed land, which is
not an important process at present, would also mean
that Arctic deltas could become more of a ‘blue carbon’
coastal system'*” in the future.

Summary and future perspectives

Arctic deltas are the filters of water, sediment and nutri-
ent fluxes draining from the Northern Hemisphere
permafrost terrain to the Arctic Ocean. As such, they
are an essential element of the global Earth System and
its hydrological and biogeochemical cycles. At present,
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Arctic deltas are unique due to the influence of ice: per-
mafrost, river ice and sea ice. Permafrost terrain has
lower sediment yields, river ice induces early season
flooding and results in floodplain sedimentation, and
permafrost riverbanks migrate slowly. Sea ice blocks
delta mouth-bar deposition and dampens wave action.
These distinctive processes also affect how carbon is
stored in different parts of an Arctic delta source-to-sink
system; exactly how is a topic of active study.

Ice dominance seems to result in morphologically
more stable delta systems in the Arctic than in lower
latitudes. This relative stability is even more unex-
pected because it has persisted over the past few dec-
ades, despite rapid change in many of the controlling
climate factors in the Arctic, indicating that there is
latency in the response of delta systems to change.
However, rapid change in all three elements of the cryo-
sphere and the Arctic climate is projected to continue,
most profoundly in the ocean domain. Consequently,
Arctic deltas will probably become less dominated by
ice and more dynamic. Arctic deltas will also experience
considerably more wave-driven transport and become
increasingly affected by storm surges. These changes
will happen in an Arctic region that is opening up to
international shipping'**'” and will experience shifts in
hydrocarbon'* and other resource exploration'” and
both subsistence’” and commercial fisheries!. This
review demonstrates that there are still large unknowns
in current and future delta dynamics. Predictions that
include thermal controls on morphodynamic and bio-
chemical processes present a grand challenge. We call
for further field, modelling and laboratory studies of the
transition of Arctic deltas.

Over the past decade, compilation of massive
remote-sensing data sets and implementation of
advanced processing techniques (for example, long-term
records of passive microwave data for sea ice and
Landsat imagery for vegetation and coastal morpho-
logical change) have revolutionized our ability to auto-
mate mapping of environmental and morphological
change. An Arctic-wide high-resolution topography
data set, ArcticDEM, similarly modernizes terrain analy-
sis. At the same time, numerical models of the coupled
Arctic atmosphere-cryosphere-ocean system have
advanced and are valuable for quantifying and predicting
regional climate, permafrost state’, ice-sheet melt, sea-
ice conditions***”” and wave climate'*®'®, Data sets of
environmental controls, traditionally in the domain
of climate modellers, can now be more easily probed
by hydrologists, geomorphologists, ecologists, biogeo-
chemists and sedimentary geologists. These data—model
integrations should advance our understanding of the
conditions of a vastly larger number of Arctic deltaic
systems, and highlight the role of more Arctic deltas
that are controlled by small rivers and wave-dominated
conditions.

However, neither remote-sensing nor large-scale
Earth system models can resolve more detailed sur-
face processes and landscape change processes. There
is a pressing need for field observations to augment
remote-sensing data analysis and Earth system mod-
elling. Long-term in situ monitoring of permafrost has

not focused on deltaic sites, owing to their water-logged
nature and potential for rapid disturbance by natural
processes. Smaller Arctic rivers are neither gauged nor
sampled, and data on long-term sea levels, tides and wave
climate are sparser for the Arctic than for lower latitudes.

Here, we identify two priority areas in which field
observations will be crucial to obtain a better under-
standing of the dynamics of Arctic deltas and their role
in the global carbon cycle. First, quantifying sediment
distribution across different subdomains within Arctic
deltas is key to understanding their morphodynamics.
Considering the extreme seasonality of Arctic deltas,
field observations should focus on two understudied
periods: river-ice break-up and the spring flood season,
and the late open-water season. Field measurements of
water and sediment transport and deposition during
river-ice break-up and peak flood interactions with
land-fast sea ice would inform our estimates of fluvial
sediment distribution across different zones within delta
systems. Measurements during the late-season storms
would better inform how storm surges affect deltas*
and how wave transport may change. These periods
are short-lived and challenging for in situ observations
but for many Arctic deltas a disproportionately large
amount of the annual sediment flux occurs over short
timescales and events. Innovative observation tech-
niques, such as using sedimentation elevation tables and
steel monuments to assess delta plain aggradation
and ground subsidence, are already being pioneered in
lower-latitude deltas and the Mackenzie system'*. Better
methods of assessing bedload transport would also be
beneficial. Novel methods, such as drone-based obser-
vations, time-lapse cameras and autonomous sensors
may allow for data collection of water temperatures,
turbidity, river-ice and channel-network activity, flood
water depths across the floodplain, and perhaps even
characteristics of the coastal land-fast ice, such as thick-
ness, late-season wave heights and storm surge flooding
during times that are difficult to observe.

Second, urgent questions remain regarding carbon
release, pathways and sequestration in Arctic deltaic sys-
tems. To better quantify the permafrost carbon feedback
mechanism, we need an inventory of permafrost car-
bon content of riverbanks and measurements of carbon
cycling along water transport pathways, as well as resi-
dence times of carbon within the transport corridor and
deltaic channel network. Sampling and laboratory ana-
lysis of river water and floodplain and delta plain soils
are key additions to existing databases'"*'. Furthermore,
sediment cores of submarine prodelta deposits can shed
light on carbon sequestration in the offshore domain. A
focus on representative, smaller delta systems may allow
for more comprehensive in situ field campaigns across a
deltaic floodplain and distributary network.

Once the current processes in Arctic deltas are better
constrained with both metadata analysis and new field
data, a grand challenge is to bring this knowledge into
predictive frameworks. Numerical models are essential
to make predictions of the future state of Arctic deltas.
However, both the ice processes that make Arctic deltas
unique as well as carbon dynamics are largely missing
from current morphodynamics and sedimentary process
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Excess ice

The volume of ice in the ground
that exceeds the total pore
volume that the ground would
have under natural unfrozen
conditions.

models. To predict Arctic delta evolution, we envision
that coupled permafrost-morphodynamics models will
be needed, but such coupled models require a number
of advances.

Permafrost models of varying complexity
have been employed to investigate the future state of
permafrost. Although air temperature remains a domi-
nant control on permafrost behaviour, other boundary
conditions, such as snow thickness, vegetation coverage
and surface-water content, are problematic to resolve in
detail at present. To best predict responses of deltas to sea
level rise, it is essential that the ability to predict ground
subsidence by tracking melt of excess ice is included in
permafrost models.

Improved models should incorporate new theory
for the mechanisms of sediment and carbon transport
during river-ice break-up. Thermal channel bank ero-
sion is another process to add to existing morphody-
namics models, before contributions of bank erosion
to total sediment and carbon fluxes can be resolved.
Theory developed for the thermal erosion of coastal
bluffs'?**021%2! and thermal bank erosion® in combina-
tion with river temperature models'™* already exists to
develop these capabilities further in predictive models,
but fundamentally new approaches to lateral erosion in
morphodynamics models are required*'”.

An additional important process is the interaction
of river water with land-fast sea ice. An innovative
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model of plume behaviour on land-fast sea ice suffi-
ciently captured the distribution of river water above
and below the fast ice’® but has not explored effects on
morphological change. Incorporating process rules for
interactions between river ice and sea ice influences the
migration dynamics of a deltaic network and creates
incised submarine channels and a subaqueous shallow
ramp”, typical of Arctic delta systems, but an opportu-
nity exists to explore these and more complex process
interactions in more robust physics and fluid dynamics
models.

To add realism to wave reworking near deltas, ongo-
ing improvements in modelling wave-ice interactions
in the marginal ice zone'*>*"*~*"* will improve on the
wave models available at present. Importantly, refin-
ing current model predictions to better represent wave
dynamics in the shallow nearshore zone will be a criti-
cal improvement compared to the current data, which
are representative only of water depths exceeding 30 m.
Improved capture of nearshore wave dynamics will aid
in understanding of wave resuspension and the export of
fine sediment and associated carbon to the offshore sink.
Both theoretical improvements and higher-resolution
coastal morphology change predictions are essential,
given that we expect open-water conditions to expand
dramatically, much more so than riverine influxes.
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