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Sediment-laden sea ice in southern Hudson Bay:
Entrainment, transport, and biogeochemical
implications

D. G. Barber1, M. L. Harasyn1,*, D. G. Babb1, D. Capelle1, G. McCullough1, L. A. Dalman1,
L. C. Matthes1, J. K. Ehn1, S. Kirillov1, Z. Kuzyk1, A. Basu1, M. Fayak1,2, S. Schembri3,
T. Papkyriakou1, M. M. M. Ahmed4, B. Else4, C. Guéguen5, C. Meilleur5, I. Dmitrenko1,
C. J. Mundy1, K. Gupta1, S. Rysgaard1,6, J. Stroeve1,7, and K. Sydor8

During a research expedition in Hudson Bay in June 2018, vast areas of thick (>10 m), deformed sediment-
laden sea ice were encountered unexpectedly in southern Hudson Bay and presented difficult navigation
conditions for the Canadian Coast Guard Ship Amundsen. An aerial survey of one of these floes revealed
a maximum ridge height of 4.6 m and an average freeboard of 2.2 m, which corresponds to an estimated
total thickness of 18 m,far greater than expected within a seasonal ice cover. Samples of the upper portion of
the ice floe revealed that it was isothermal and fresh in areas with sediment present on the surface. Fine-
grained sediment and larger rocks were visible on the ice surface, while a pronounced sediment band was
observed in an ice core. Initial speculation was that this ice had formed in the highly dynamic Nelson River
estuary from freshwater, but d18O isotopic analysis revealed a marine origin. In southern Hudson Bay,
significant tidal forcing promotes both sediment resuspension and new ice formation within a flaw lead,
which we speculate promotes the formation of this sediment-laden sea ice. Historic satellite imagery
shows that sediment-laden sea ice is typical of southern Hudson Bay, varying in areal extent from 47 to
118 km2 during June. Based on an average sediment particle concentration of 0.1 mg mL–1 in sea ice, an
areal extent of 51,924 km2 in June 2018, and an estimated regional end-of-winter ice thickness of 1.5 m,
we conservatively estimated that a total sediment load of 7.8� 106 t, or 150 t km–2, was entrained within sea
ice in southern Hudson Bay during winter 2018. As sediments can alter carbon concentrations and light
transmission within sea ice, these first observations of this ice type in Hudson Bay imply biogeochemical
impacts for the marine system.
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1. Introduction
Hudson Bay is a large, shallow inland sea that is seasonally
covered by a dynamic sea-ice cover. Beyond the coastal
fringe of landfast ice, cyclonic circulation of the pack ice
gives rise to a pronounced west-to-east gradient in ice
thickness, with thinner, younger ice in western Hudson
Bay as a result of the recurrent polynya in the area, and
thicker, deformed ice covering eastern Hudson Bay as
a result of convergence (Landy et al., 2017; Kirillov et al.,
2020). The last summer sea ice in Hudson Bay is typically
found along the southern coast and may remain until

early August before melting out (Hochheim and Barber,
2014). During the Canadian Coast Guard Ship (CCGS)
Amundsen cruise in June 2018 as part of the Hudson Bay
System (BaySys) study, vast areas of thick, heavily
deformed, sediment-laden sea ice were encountered in
southern Hudson Bay. Although the Amundsen is a capa-
ble Arctic class 3 icebreaker, we found ourselves having to
back and ram, even in early summer conditions, due to the
thickness and strength of this ice type.

While these are the first in situ observations of
sediment-laden sea ice in Hudson Bay, similar sediment-
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laden sea-ice types have been observed previously in
nearby James Bay and Foxe Basin (Pelletier, 1986), and
in several areas throughout the Arctic, including the Chuk-
chi Sea (Barnes et al., 1982; Kempema et al., 1989; Reim-
nitz et al., 1993; Ito et al., 2019), Laptev Sea (Larssen et al.,
1987), Sea of Okhotsk (Nomura et al., 2009), Baltic Sea
(Granskog, 1999), and Central Arctic (Pfirman, 1987; Nurn-
berg et al., 1994). Given that this unique ice type can
present hazardous conditions in a region with an active
open-water shipping season (Babb et al., 2019) and impact
local biogeochemical cycles within Hudson Bay in a way
not previously considered (Eicken et al., 2005), an in-
depth analysis of the formation, transport, and melt of
sediment-laden sea ice in southern Hudson Bay is
pertinent.

Sediment-laden sea ice has three main formation me-
chanisms: Aeolian transport, suspension freezing, and
anchor rafting (Reimnitz et al., 1987; Kempema et al.,
1989). Aeolian transport occurs when winds deposit fine
particles (<5 mm) from land onto adjacent sea ice, includ-
ing particles deposited by snow (Pfirman et al., 1989; No-
mura et al., 2009). Aeolian transport is considered to be
negligible in Arctic environments, with deposition rates
ranging from 3.3 to 21 mg cm–2 yr–1 (Pfirman et al., 1989).
Rates of Aeolian transport are not well constrained for
sub-Arctic seas. Suspension freezing occurs when frazil ice
is formed rapidly in turbid waters on sediment particle
surfaces (Ledley and Pfirman, 1997; Darby et al., 2011; Ito
et al., 2019) or due to double-diffusion at a temperature/
salinity interface (Golovin et al., 1999), both of which
subsequently incorporate/aggregate suspended
sediment-laden ice crystals into sea ice. This process occurs
most commonly when ice forms in shallow areas of open
water, as in coastal flaw leads or polynyas, where
enhanced momentum transfer from the atmosphere to
the ocean fosters strong water column mixing and sedi-
ment resuspension coupled with cold air temperatures
that drive rapid ice growth (Pelletier, 1986; Ito et al.,
2019). Finally, anchor rafting occurs when an existing ice

cover entrains sediment ranging in size from silts to
boulders (Reimnitz et al., 1987) through direct contact
with the seafloor, due to tides or wind-induced ridging
(Barnes et al., 1982; Reimnitz et al., 1987; Ledley and Pfir-
man, 1997; Héquette et al., 1999). The latter two mechan-
isms of sediment entrainment occur most frequently in
waters less than 50 m deep (Reimnitz et al., 1993), similar
to depths found in our study region.

Although commonly formed in coastal waters,
sediment-laden sea ice can be transported great distances
if released into the mobile ice pack (Kempema et al., 1989;
Pfirman et al., 1990; Dethleff et al., 2000; Darby et al.,
2011; Krumpen et al., 2019). Sediment-laden sea ice from
coastal flaw leads in the Beaufort and Chukchi seas has
been observed over 100-km offshore (Barnes et al., 1982;
Kempema et al., 1989; Reimnitz et al., 1993; Ito et al.,
2019), while the Transpolar Drift Stream advects
sediment-laden sea ice from flaw leads of the Laptev Sea
across the North Pole to exit the Arctic Ocean through
Fram Strait (Larssen et al., 1987; Wegner et al., 2017) into
the Greenland Sea (Pfirman et al., 1990; Darby, 2003).
Sediment-laden sea ice may not be evident from optical
remote-sensing platforms during winter due to the snow
cover, but as the snow and ice surface melt begins in
spring, sediment concentrates at the ice surface and be-
comes evident from optical remote-sensing platforms
(Huck et al., 2007). The concentration of sediment at the
ice surface subsequently reduces the albedo and limits
light transmission through the ice, modifying the local
surface energy balance (Ledley and Pfirman, 1997; Light
et al., 1998; Frey et al., 2001). As melt progresses, sedi-
ment is released from the ice into the ocean, providing
a means for redistribution of sediment around the Arctic
and export to sub-Arctic seas, thus contributing to the
transport of mass, nutrients, and chemical constituents
in the Arctic Ocean system (Fransson et al., 2001; Nomura
et al., 2009).

Sediment-laden sea ice can be classified into five cate-
gories based on its sediment distribution and ice stratig-
raphy (Table 1; Eicken et al., 2005). In the Chukchi Sea,
Eicken et al. (2005) observed that Types 2 and 3 were the
most common, while Type 1 was the rarest, and Type 5
only appeared later in the melt season as surface melt
progressed.

The seasonal ice cover of Hudson Bay is particularly
conducive to the widespread production of sediment-
laden sea ice. Large semidiurnal tides (up to 5.0 m at Port
Nelson; Canadian Hydrographic Service) drive a dynamic
coastal flaw-lead system that can extend up to 1 km from
the edge of the landfast ice that forms around the periph-
ery of the Bay (Kuzyk et al., 2008b), while periods of
sustained offshore winds create several large recurrent
polynyas around the Bay (Barber and Massom, 2007). Flaw
leads and polynyas promote persistent new ice growth
over shallow coastal waters throughout winter, while con-
vergence of the pack ice against the landfast ice creates
vast rubble fields, or stamukhi, along the landfast ice edge
(Kuzyk et al., 2008b) that are prone to becoming
grounded and scouring the seafloor (Reimnitz et al.,
1987; Héquette et al., 1999).

Table 1. Categories of sediment distribution in sea ice and
ice stratigraphy, from Eicken et al. (2005). DOI: https://
doi.org/10.1525/elementa.2020.00108.t1

Category Description

Type 1 Sediments evenly distributed throughout upper
layers; often referred to as turbid ice (Kempema et
al., 1989)

Type 2 Thick layers of sediment associated with ice growth
and deformation events

Type 3 Rafted and fragmented layers of clean ice for which
the original voids have been filled with frazil and
brash ice that contain sediment

Type 4 Distinct layers of high sediment concentrations
within a turbid or frazil ice matrix

Type 5 Surface sediment patches that have accumulated
during ice melt
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While sediment-laden sea ice has not been studied in
situ within Hudson Bay itself, Pelletier (1986) observed
ice-rafted sediments, from clay (<0.002 mm) to boulders
(>200 mm), on the seafloor throughout the Bay and
ascribed their presence to ice transport from the dynamic
intertidal zone along the coast. The southwest coast is
believed to be an important site of sediment resuspension
and lateral transport due, in part, to high erodibility of the
glacigenic shallow-water deposits and secondarily to flu-
vial inputs (Kuzyk et al., 2009). Although representing
only a small fraction of sediment resuspension (ca.
10%), the fluvial sediment supply to Hudson Bay is stron-
gest in the south. Indeed, the Nelson, Hayes, and Severn
rivers in southwest Hudson Bay have the highest sus-
pended sediment concentrations of the Bay’s rivers (Godin
et al., 2017) and provide an estimated one third of the
total sediment flux to the Bay (Kuzyk et al., 2009). This
southwestern area corresponds to the Hudson Bay low-
lands: an area of low-relief water-saturated soils, generated
from the retreat of the Laurentide ice sheet (Abraham and
Keddy, 2005). The lower reaches of the lowland rivers lie in
deep valleys incised into the lowlands, with near-vertical,
permanently frozen river banks that will be destabilized
increasingly as permafrost thaws (Rosenberg et al., 2005;
Godin et al., 2017). The combination of near freezing,
turbid, sediment-rich freshwater containing frazil ice
being released at the mouth of the Nelson River into
a dynamic marine environment, with temperatures below
the freshwater freezing point, creates a unique situation
where previous in situ observations have documented
large, rubble fields of fresh ice. Furthermore, hydroelectric
regulation upstream on the Nelson River has altered the
hydrography and increased freshwater discharge during
winter (Déry et al., 2011). Based on these observations,
our preliminary assessment was that the large sediment-
laden sea-ice floes that the Amundsen encountered were
rubble fields of freshwater ice from the highly dynamic
Nelson River. Using a mix of in situ and remotely sensed
observations, we determine that the ice was, in fact, of
marine origin, provide the spatial extent and mechanisms
of formation of this ice, and comment further on the
transport of this unique ice type in southern Hudson Bay
and its potential biogeochemical impact on the marine
environment.

2. Methods
2.1. In situ data collection

Over the period May 25 to July 13, 2018, the Canadian
research icebreaker CCGS Amundsen conducted the first
survey of Hudson Bay while the ice cover was still intact
and freshwater runoff (i.e., freshet) was near its annual
peak for unregulated waters (Déry et al., 2011). The
research cruise was conducted as part of the BaySys pro-
ject that focused on the effects of climate change and
hydroelectric regulation of freshwater-marine coupling
in Hudson Bay (BaySys Collaborators, 2018); further de-
tails on the project are available through other papers in
the BaySys special feature in Elementa. The Amundsen was
outfitted to sample a suite of physical and biogeochemical
variables across the ocean–sea-ice–atmosphere interface.

During the 6-week survey, the Amundsen encountered
sediment-laden sea ice, unique to southern Hudson Bay,
which was thicker and far more difficult to navigate than
the ice cover in other areas of the Bay (Figure 1). The area
was comprised of predominantly sediment-laden sea-ice
floes with a heterogeneous visible sediment cover at the
surface, and visibly sediment-free ice floes interspersed
within the ice cover. Sea-ice floes were in an advanced
stage of ice melt, with large melt ponds spanning the
surface and a minimal snow cover present (Figure 1).
Sea-ice samples were collected with a Kovacs Mark II
ice-coring system (9 cm diameter) from one visibly clean
(sediment-free) ice floe at station 32 and one visibly
sediment-laden floe at station 34 of the BaySys cruise
(Figure 2). Two cores were collected on the same floe at
station 34: One core was in an area with sediment present
on the ice surface, and the other core was in an area with
no sediment present on the ice surface (Figure 1C).

Due to time constraints, only the top meter of the ice
was cored at both locations for the sediment-laden floe
(station 34), whereas the full ice thickness was cored for
the clean ice floe (station 32). This top meter was sampled
for a vertical profile of temperature, salinity, total sus-
pended solids (TSS), d18O, and dissolved inorganic carbon
(DIC). Note that TSS was only sampled for the top 0.5 m on
the sediment-laden floe. A sample of the sediment at the
surface of the sediment-laden floe was collected and
stored for later analysis. A DJI Mavic Air remotely piloted
airborne system (RPAS) was used to survey the study area
and map the aerial extent and surface elevation of the
visibly sediment-laden sea-ice floe (station 34). Digital ele-
vation models (DEMs) and orthomosaics were generated
from RPAS imagery using Pix4D1 image-processing soft-
ware. Additionally, ice beacons were deployed on several
sediment-laden sea-ice floes in mid-June, which tracked
the motion of these floes until they melted out in late-
July.

Continuous records of temperature, salinity, and fluo-
rescent dissolved organic matter (fDOM) were collected
along the Amundsen cruise track by a thermosalinograph
seawater system and WETLabs ECOFLD sensors (370 nm
excitation, 460 nm emission; Guéguen et al., 2015)
installed along a water intake line at 7-m depth. Contin-
uous underway samples were validated against discrete
samples collected every 12 h in amber-glass vials with
little to no headspace and stored at 4 �C until analyzed
for fDOM in the laboratory. Lower beam transmission was
collected by the ship’s rosette using a WetLabs C-star
(CST558DR) transmissometer, measured at 657 nm.

Prior to the 2018 Amundsen cruise, other BaySys field
programs took place during fall 2016 and winter 2017,
resulting in the collection of complementary data (Hornby
et al., 2016; Babb et al., 2017) that are also presented in
this work. A short marine survey in fall 2016 aboard the
CCGS Des Groseilliers involved water sampling across
southern Hudson Bay, from the Nelson River estuary to
the mouth of James Bay, for physical analyses. During
winter 2017, both water and ice samples were collected
for physical analyses from the stable, yet heavily
deformed, landfast ice cover near the Nelson River estuary
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Figure 1. In situ observations of the sediment-laden (SL) sea ice. (A) Panorama over an SL sea-ice floe (station 34; Figure
2). (B) Profiles of temperature, salinity, and total suspended solids (TSS) from three ice cores: two from the SL sea-ice
floe (station 34), one clean and one SL at the surface, and one from the clean ice floe (station 32). The gray box
denotes ice sections with TSS > 0.4 mg ml–1; TSS in the clean ice core was negligible. (C) Mosaic of the SL sea-ice floe
(station 34) derived from imagery using a remotely piloted airborne system and digital elevation model, indicating
the location of the two ice cores (clean, red circle; sediment laden, blue circle). (D) Examples of the SL sea-ice
conditions (station 34). DOI: https://doi.org/10.1525/elementa.2020.00108.f1
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and upstream along the Nelson and Hayes rivers. During
the same winter field program, short-term mooring de-
ployments were established at three sites along the land-
fast ice cover (T1, T2, and T3; Figure 2) and recorded
temperature, salinity, turbidity, current velocity, and bot-
tom pressure from February to April 2017. Turbidity was
measured with an RBR XR-420 at 2.3 (T1), 0.4 (T2), and 0.5
m (T3) below the ice, while the bottom-mounted RBR solo
sensors were deployed at a mean depth of 3.8, 4.9, and 7.3
m, respectively. Due to a large semidiurnal tide and a rel-
atively low position of the turbidity sensor at T1, the sen-
sor dropped periodically to the seafloor; the data
associated with these periods were removed. Under-ice
velocities were measured by a downward looking Nortek
Aquadopp Z-cell 600 KHz current profiler.

2.2. Discrete water and ice chemistry

Water samples collected during the campaigns of fall
2016, winter 2017, and spring 2018 were analyzed for DIC,
total alkalinity (TA), oxygen isotopes (d18O), and salinity.
Samples were collected with the ship’s rosette or manually
using a Niskin bottle or submersible pump (Waterra

WSP-12V-1 Cyclone). Water from the Niskin bottle and
submersible pump was transferred to sample vials using
gas-tight tubing. Ice cores were cut into 10-cm sections
and vacuum-sealed in gas-tight polyethylene bags (Cabela,
4-mm thick) to prevent air contamination, then melted
overnight at 4 �C. Once melted, the bags were opened
and subsampled using a 50-mL glass syringe with a piece
of flexible gas-tight tubing on the end. In all cases, water
samples were collected and subsampled without introduc-
ing air bubbles.

The d18O isotopic composition of ice and water was
measured at multiple sites during the spring 2018 cruise,
as well as during previous BaySys expeditions in coastal
southern Hudson Bay (fall 2016 and winter 2017). Oxygen
isotopic measurements combined with salinity are used to
distinguish meteoric water (terrestrial runoff and precipi-
tation) from the other main freshwater source in polar
oceans: sea-ice melt (Redfield and Friedman, 1969; Tan
and Strain, 1996). We used our data to define end-
member properties for seawater (salinity ¼ 32.75; d18O
¼ –2.25) and for meteoric water (from river water sam-
ples; salinity ¼ 0.01; d18O ¼ –14.0); for sea-ice melt, we
used the end member of Granskog et al. (2009; salinity ¼
5.0, d18O ¼ 0.0). Subsamples for d18O analysis were
collected in 2-mL borosilicate glass vials with polytetra-
fluoroethylene septa (Fisherbrand 03-391-18) or 13-mL
polypropylene centrifuge tubes (Sarstedt 60.541.003).
Vials were filled without headspace, wrapped in parafilm,
and stored at 4�C until analysis by Picarro L2140i at the
University of Washington Isolab (O’Keefe and Deacon,
1988). Results are reported relative to Vienna Standard
Mean Ocean Water. This method gives a precision of
<0.1 %.

Ice-core subsamples for DIC and TA were collected fol-
lowing the methods of Geilfus et al. (2015). Samples were
collected in 10-mL glass exetainer vials, preserved with
HgCl2, and stored at 4 �C in the dark. Samples were ana-
lyzed for DIC using a TCO2 autoanalyzer (AS-C#, Apollo
SciTech) via sample acidification (H3PO4

3–) and subse-
quent nondispersive infrared CO2 detection (LI-7000) with
a precision of 2 mmol kg–1. TA was measured using poten-
tiometric titration (Haraldsson et al., 1997) with a precision
of+3 mmol kg–1. DIC and TA results were calibrated using
certified reference material from A. G. Dickson at the
Scripps Institution of Oceanography.

Samples for salinity were transferred to 125-mL glass
bottles and measured using a Salinometer (GuildlineAu-
tosal 8400B) with a precision of <0.001. The instrument
was calibrated using IAPSO Standard Seawater each day.

2.3. Sediment analysis

TSS concentrations were estimated by vacuum-filtering
the entire melt volume of the ice-core sections, using
preweighed Whatman™ GF/F (0.7-mm nominal pore size)
47-mm diameter glass fiber filters. The filtrated samples
were dried at 55�C for 24 h prior to weighing. This process
was repeated three times for a complete loss of moisture
content of the filter paper and filtrate. The volume-
normalized cumulative difference of filter paper weights
with and without filtered sediment of all sections of an ice

Figure 2. Spatial extent of sediment-laden sea ice in
southern Hudson Bay and James Bay. Moderate
Resolution Imaging Spectroradiometer imagery over
southern Hudson Bay and James Bay from June 10,
2018, presenting areas classified as sediment-laden sea
ice in 2018 (purple) and the cumulative spatial
distribution of sediment-laden sea ice from 2008 to
2017 (gray) within the extent of displayed imagery.
The inset graph shows the total area of sediment-
laden sea ice (dark blue) and the fraction of the
regional ice cover that is classified as sediment-laden
sea ice (light blue) during June over the past decade.
Location of ice sampling in 2018 near station 34 is
denoted by a red dot and at station 32, by a red
diamond; ice sampling completed in winter 2017 is
denoted by orange dots (left to right; T1, T2, and T3).
Extent of Hudson Bay lowlands is shown in light yellow.
DOI: https://doi.org/10.1525/elementa.2020.00108.f2
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core represented its bulk TSS concentration (American
Public Health Association, 2005; American Society for
Testing Materials, 2007). Surface sediment samples were
collected on the visibly sediment-laden floe (station 34)
and analyzed for particle size distribution using a Micro-
trac™ Particle Size Analyzer: S3500.

Mineral composition of sediment samples from the ice
were compared to other samples of clean sea ice collected
during the 2018 cruise in central Hudson Bay and the tidal
flats in southern Hudson Bay using X-ray diffraction anal-
ysis to ascertain the provenance of the observed sedi-
ments. Oriented smear mounts were made by finely
crushing and grinding the samples in a mortar and pes-
tle, centering the powdered sample on a glass slide, and
adding several drops of ethanol to spread the wet slurry
across the slide with a needle tool. A Siemens D5000
powder diffractometer, scanning 6�–66� (diffraction
angle 2y), with Cu Ka radiation, at a step size of 0.02�

and a scan speed of 1 s, was used to analyze the material.
The spectra were interpreted off-line using Materials
Data Incorporated (2012) Jade mineral identification
software.

2.4. Remote sensing and reanalysis data

Moderate Resolution Imaging Spectroradiometer (MODIS)
imagery (250 m spatial resolution) was obtained from the
NASA EOSDIS Worldview site (https://worldview.
earthdata.nasa.gov/) for the southern coastal region of
Hudson Bay and James Bay for the past 10 years (2008–
2018) during early June (Figure 2). A MODIS image was
also retrieved for 2019 for comparison with Ice, Cloud and
Land Elevation Satellite (ICESat-2) freeboard data (Section
4.1). Image dates were chosen based on the lowest cloud
coverage, ranging from June 5 to June 17. Land area was
clipped from all images, and a supervised classification
was completed in ArcMap 10.5 specifying 5 classes: open
water, turbid water, rubble ice, sediment-laden sea ice, and
clean ice. Supervised classification methods and reflec-
tance spectra of surface types were based on those pro-
vided in Rösel et al. (2012) and Huck et al. (2007).
Fractional reflectance values in the optical channels (red:
620–670 nm, green: 545–565 nm, and blue: 459–479
nm) for each class type were input into the classification
algorithm manually (open water, sediment-laden sea ice,
and clean sea ice) or, if not presented previously in the
literature, selected from an area of known class cover in
the MODIS imagery (turbid water and rubble ice). Initial
class fractional reflectance values were specified using
imagery for the year with the clearest distinction between
class areas (2018). Delineation of the five classes in the
optical bands is governed by the albedo of these surface
types and the proportional reflectance in the red, green,
and blue wavelengths, as outlined in Huck et al. (2007).
Area totals were calculated for each class, and the ratio of
sediment-laden sea ice to all ice classes was determined.
Sediment-laden sea-ice fractional areas were calculated
using the boundary provided in Figure 2 for total ice area.

To contrast the thickness and roughness of sediment-
laden sea ice from clean sea ice, ice freeboard data col-
lected by the ICESat-2 (Kwok et al., 2019a) during winter

and spring 2019 were analyzed. Note that ICESat-2 was
launched in fall 2018, so there are no coincident data to
our in situ observations. Instead, monthly gridded fields of
sea-ice freeboard during winter 2019 were analyzed, while
a specific profile through southern Hudson Bay during
June 2019 was partitioned between sediment-laden and
clean ice types from a classified MODIS image. ICESat-2
houses a laser altimeter that counts individual photons to
measure elevation along three pairs of strong and weak
beams. In ice-covered waters, ICESat-2 provides estimates
of freeboard by defining the mean sea-surface height
within approximately 10 km along track windows and
then determines the elevation of the sea ice or snow sur-
face relative to the sea surface. The sea-ice freeboard data
set ATL10/L3A was acquired from the National Snow and
Ice Data Center and provides sea-ice freeboard estimates
at approximately 15 m resolution along the strong beams
(Kwok et al., 2019b).

Weekly ice charts produced by the Canadian Ice Service
were used to determine the average width of landfast ice
along the southern shore of Hudson Bay (Nelson River to
James Bay) during winter (January–March) between 2010
and 2019. Based on expert manual interpretation of
remotely sensed imagery, and in situ and airborne obser-
vations, ice charts delineate different ice regimes with
polygons according to the World Meteorological Organi-
zation egg code. Landfast ice polygons were used to cal-
culate the width of the landfast ice at 100-km intervals
along the southern shore and provide a measure of the
average landfast ice conditions during winter.

Given the absence of in situ observations of sea-ice
melt from the area of sediment-laden sea ice, the onset
of surface melt was inferred from the seasonal time series
of air temperatures from the nearby Environment Canada
station at Fort Severn, Ontario (https://weather.gc.ca/
canada_e.html) and the ERA-5 (ECMWF re-analysis; Coper-
nicus Climate Change Service Climate Data Store, 2017)
point nearest to the sediment-laden sea-ice site. Environ-
ment Canada observations were collected hourly with an
automated weather tower near the community of Fort
Severn, which is located near the mouth of the Severn
River (Figure 2). ERA-5 provided 2 m air temperatures
at 6-h intervals.

3. Results and discussion
3.1. Extent and physical properties of sediment-

laden sea ice

Relative to the ice cover encountered by the Amundsen in
other regions of Hudson Bay, the sediment-laden sea ice
along the southern Hudson Bay coast was much thicker
and nearly impassable even with the icebreaker. The
sediment-laden sea ice was heavily deformed with exten-
sive ridges and hummocks that created a very rough ice
surface with some features extending 4.6 m above sea
level (Figure 1; Harasyn et al., 2019). The extreme thick-
ness of the ice prohibited the physical measurement of ice
thickness, although an RPAS-generated DEM of the visibly
sediment-laden sea ice floe (approximately 200 � 100 m,
station 34) revealed an average freeboard of 2.2 m (Figure
1), which, assuming an ice density of 930 kg m–3 (Timco

Art. 9(1) page 6 of 20 Barber et al: First in situ observations of sediment-laden sea ice in southern Hudson Bay
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/9/1/00108/463657/elem

enta.2020.00108.pdf by U
niversity C

ollege London user on 12 July 2021

https://worldview.earthdata.nasa.gov/
https://worldview.earthdata.nasa.gov/
https://weather.gc.ca/canada_e.html
https://weather.gc.ca/canada_e.html


and Weeks, 2010), corresponds to a total ice thickness of
18 m in hydrostatic equilibrium. In comparison, ice thick-
ness at all of the other BaySys stations located across the
Bay ranged from 0.46 to 2.65 m.

While operating within the sediment-laden sea ice area
in southern Hudson Bay, all five forms of sediment-laden
sea ice defined by Eicken et al. (2005) were observed, with
particularly noteworthy sediment bands in broken or
turned-over floes (Types 2–4) and considerable sediment
accumulation at the surface of the ice floe (1–2 cm thick,
Type 5; Figure 1). In situ observations revealed that the
top meter of the ice was isothermal and fresh, which in
combination with the observed accumulation of sediment
at the ice surface (Figure 1) indicates that ice melt was
underway. Interestingly, the ice core collected from an
area with 1–2 cm of sediment at the surface (station 34
sediment-laden site; Figure 1) was notably warmer and
fresher than the ice cores collected where no sediment
was present at the surface (station 32, station 34 clean
site; Figure 1), which leads us to infer that increased
absorption of solar radiation by dark sediments on the sea
ice surface had enhanced surface melt and brine drainage.
The two cores taken from the same sediment-laden floe
had differing temperature and salinity profiles, suggesting
that the effects from increased absorption of solar radia-
tion are localized to areas immediately underneath
sediment.

The sediment profiles from the two ice cores collected
at the sediment-laden and clean sites of the same ice floe
were quite different (Figure 1B). The profile from the
visibly sediment-laden site had a peak sediment concen-
tration of 0.4 mg mL–1 at the surface but declined to
values between 0.08 and 0.22 mg mL–1 at 0.5 m. Con-
versely, the surface-clean site had low sediment concentra-
tions through the upper 0.85 m but a pronounced
sediment band below, with sediment concentrations
exceeding 0.4 mg mL–1 at 1 m. The observed sediment
concentrations align with the range of 0.03–0.6 mg mL–1

presented by Reimnitz et al. (1993) from sea ice in the
Chukchi Sea. Analysis of particle size of sediment found
within the ice ranged from 9 to 415 mm, while larger
particle aggregates and rocks as large as golf balls (40-
mm diameter) were evident on the surface (Figure 1). The
observed particle size distribution indicates that the sed-
iment was entrained within this ice through a combination
of suspension freezing (fine sediments) and anchor rafting
(larger sediments and rocks).

At the time that we encountered the sediment-laden
sea ice in southern Hudson Bay, it covered approximately
52,000 km2, or 8% of the remaining sea-ice area (landfast
and pack ice) in southern Hudson Bay, and extended in
a narrow band from Cape Churchill to James Bay (Figure
2). Comparatively, over the last decade, sediment-laden
sea ice has on average covered 64,289 km2 (+standard
deviation of 18,119 km2, n ¼ 11) or 12.2% (+4.1%) of the
remaining ice cover during early June, ranging in areal
extent from 47 to 118 km2 (Figure 2). While the narrow
band of landfast ice in southern Hudson Bay is typically
sediment-laden, the historic extent of sediment-laden sea
ice within the mobile pack ice is highly variable (gray

shading in Figure 2). The presence of sediment-laden sea
ice is particularly pronounced in James Bay (Figure 2),
which is a relatively large (about 68,000 km2) and shallow
(mean depth of approximately 25 m) southern extension
of Hudson Bay with high riverine inputs and tidal and sea-
ice conditions similar to southern Hudson Bay.

3.2. Mineralogical characteristics of sediment-

laden sea ice

Analysis of filtered samples from the sediment-laden sea
ice (station 34) and the tidal flats near the Nelson River
estuary (Figure 3) reveal that all samples contain albite,
anorthite, and quartz. These minerals are consistent with
an igneous (diorite-granodiorite) source for the sediments
and the Precambrian geology of the region (Desharnais,
2004). In addition, they contain calcite and dolomite,
which is consistent with a dolomitic limestone source and
the Silurian and Devonian geology of the Hudson Bay
lowlands (Lavoie et al., 2015; light yellow shading in
Figure 2). Therefore, we infer that sediment from the tidal
flats is the source of the sediment observed on and within
the ice in southern Hudson Bay.

3.3. Source waters of sediment-laden sea ice

Our initial in situ observations of the thickness, low salin-
ity, and relative hardness of the sediment-laden sea ice led
our field teams to presume initially that this ice was rub-
bled freshwater ice that we had observed previously near
the mouth of the Nelson River. To further consider the
potential source waters of this sediment-laden sea ice,
we used d18O measurements from both water and ice
collected during the various BaySys field campaigns
(Figure 3). Ice formation preferentially retains heavy oxy-
gen isotopes, causing ice to have a d18O value 1.5%–2.6 %
higher than the water from which it formed (Macdonald et
al., 1995; Toyota et al., 2013; Moore et al., 2017). The d18O
value of sediment-laden sea ice (–0.9%) is approximately
2% higher than seawater in southern Hudson Bay (–3.0
%) and 11% higher than water from the Nelson River
(–12.6%; Figure 3). Similarly, Nelson River ice is approxi-
mately 2% higher than Nelson River water and much
more negative than southern Hudson Bay water or
sediment-laden sea ice. Landfast ice collected from the
Nelson River estuary during winter 2017 has a d18O
signature between that of Nelson River ice and
sediment-laden sea ice. Therefore, we conclude that the
sediment-laden sea ice was formed from marine waters.
However, the sediment-laden sea ice was very fresh
(salinity ¼ 0–1) relative to typical sea ice, suggesting that
it was in an advanced stage of melt and that most of the
brine had been drained.

The difficulty that the Amundsen had in breaking
through this ice is counterintuitive to the notion that it
was well-drained first-year sea ice.We have many examples
of breaking through thick first-year and multiyear sea ice
in the Beaufort Sea with the Amundsen during summer
(e.g., Barber et al., 2009, 2014), yet this ice was different
and presented difficult navigational conditions typical of
freshwater ice formed from riverine sources. We know
from the d18O analysis (Figure 3) that the ice sampled
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had formed from marine water, yet most of the salt had
been drained by the time we sampled the floe (Figure
1C). Concentration of sediment at the ice surface shows
that surface melt had occurred, and surface air tempera-
tures for the region show that daily high air temperatures
had exceeded 0 �C over 2 months prior to the date of
sampling (Figure 4). Since mid-April, the region had expe-
rienced diurnal freeze-thaw cycles that would have grad-
ually warmed the ice cover and led to both vertical and
lateral brine drainage of the warming and increasingly
porous ice cover (Figure 4). Additionally, the elevated
freeboard of the ice floe sampled at station 34 (Figure
1) would have created a pressure head to drain brine from
the upper portion of the ice as it warmed, freshening this
part of the ice, which was the source of our samples. The
subsequent refreezing of melt water in the ice through
diurnal freeze-thaw cycles would have created a more
solidified ice medium, thus explaining the difficulty of
navigating through this ice.

3.4. Sediment entrainment

From our analysis, sediment-laden sea ice (1) was heavily
deformed (Figure 1) and much thicker than the surround-
ing clean level ice, (2) had formed along the southern
coast of Hudson Bay independent of large rivers (Figure
2), (3) contained sediment similar to that found on the
tidal flats of southern Hudson Bay, and (4) had formed
from marine waters (Figure 3). The combination of these
observations leads us to speculate that the sediment-laden
sea ice observed in southern Hudson Bay formed through-
out winter in the tidal flaw lead that forms semidiurnally
between the stable landfast ice and mobile ice pack.

Hudson Bay is characterized by high tidal ranges and
therefore strong tidal currents, which not only open the
flaw lead and promote new ice growth but also drive
sediment resuspension in coastal areas. In situ observa-
tions of under-ice turbidity and sea-level height collected
near the landfast ice edge during spring 2017 (positions
noted in Figure 2) clearly demonstrate that tidal

Figure 3. The d18O values for sea-ice and water samples from Hudson Bay. The box and whisker plots in Panel A show
the median d18O value (horizontal line in box), interquartile ranges (upper and lower edge of each box), and mean
value (x). Upper and lower whiskers denote the most positive and most negative isotope values that are within 1.5
times the interquartile range above the upper and lower quartiles, respectively. Outliers are denoted by dots outside
the whiskers. Samples were collected during June 2018, except the Nelson Estuary ice samples which were collected
during winter 2017 at sample locations shown in Panel B. DOI: https://doi.org/10.1525/elementa.2020.00108.f3

Figure 4. Air temperature time series over southern
Hudson Bay. Air temperatures at 6-h intervals from
the Environment Canada weather station at Fort
Severn (red) and 2-m air temperatures from ERA-5
(blue) at the site of sediment-laden sea-ice sampling
from January to July 2018. The vertical dashed line
indicates the date of sea-ice sampling at station 34.
DOI: https://doi.org/10.1525/elementa.2020.00108.f4
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dynamics drive turbidity near the flaw lead (Figure 5). The
observed range of sea-level height changed around a storm
event on March 7–8 (coincident with other sampling done
during BaySys in winter; e.g., Petrusevich et al., 2020) that
compressed the pack ice against the landfast ice and
extended the landfast ice cover several kilometers off-
shore. Prior to the storm, the tidal amplitude of 1.5–2
m was associated with observed tidal velocities greater
than 0.30 m s–1, whereas after the storm, the extensive
landfast ice dampened the tidal signal and reduced the
tidal amplitude to approximately 0.5 m and decreased
tidal velocities to 0.10–0.15 m s–1. Tidal velocities prior
to the storm were above the critical threshold of 0.20 m
s–1, which Miller et al. (1977) identified as the threshold to
resuspend silty sediments with a mean grain size of 0.018
mm. This size is on the lower range of our observed par-
ticle size analysis (0.009–0.415 mm). After the storm, the
dampened tidal velocities were insufficient to resuspend
sediment, leading to reduced turbidity at the mooring
sites. However, we presume that tidally driven turbidity
still occurred along the new landfast ice edge, albeit in
slightly deeper waters, and continued to promote sedi-
ment resuspension near the flaw lead.

Tidal dynamics make the flaw lead a very dynamic sea-
ice environment, creating heavily deformed and thick
pieces of ice (approximately 18 m, from RPAS-calculated
elevations) that either remain grounded within the stamu-
khi or are advected within the mobile ice pack. Remotely
sensed fields of ice thickness do show an increase in ice

thickness in southern Hudson Bay, but the mean ice thick-
ness during March varied from 1.5 to 2 m in southern
Hudson Bay and ice thickness distributions over this area
do not show the presence of very thick ice (Landy et al.,
2017). This apparent absence of very thick ice may be the
result of the relatively coarse along-track resolution of
CryoSat-2 (200 m) or the filtering that was applied to
remove such elevated freeboards as erroneous values.
Examining sea-ice freeboard as measured by the more
recent satellite altimeter ICESat-2, which has an along-
track resolution of 14 m (Kwok et al., 2019a), reveals con-
siderably higher sea-ice freeboards along the southern
coast of Hudson Bay during the winter of 2019 (Figure
6). Monthly maps of the gridded sea-ice freeboard reveal
the seasonal increase in freeboard as the ice cover grows
thicker during winter, as well as the pronounced west–
east gradient in ice thickness across Hudson Bay first iden-
tified by Landy et al. (2017). The southern Hudson Bay
area routinely had the greatest freeboards within the Bay
in winter 2019, and the spatial extent of the higher free-
boards expanded throughout the season, as expected if
the deformed ice was transported both along- and off-
shore under the Hudson Bay cyclonic circulation pattern.

A more detailed analysis of an ICESat-2 track from June
18, 2019, where we distinguished between sediment-laden
sea ice (blue shading) and sediment-free pack ice, revealed
a considerable difference in freeboard between the two ice
environments. The modal draft of the sediment-laden sea
ice (16 cm) was more than twice that of the sediment-free

Figure 5. Mooring-retrieved under-ice turbidity and sea-level height anomaly during the BaySys spring 2017 field
campaign. Panels from top to bottom correspond to locations T1, T2, and T3 in Figure 2. Sea-level height (SLH)
anomaly is relative to the mean SLH over the record. DOI: https://doi.org/10.1525/elementa.2020.00108.f5
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pack ice (6 cm), while the sediment-laden sea ice also had
a much broader distribution (Figure 7B). Additionally, the
sediment-free pack ice shows a secondary mode of open
water, which indicates the presence of leads within a diffuse
ice cover, whereas the sediment-laden sea-ice cover re-
mained consolidated with very little open water present.
ICESat-2 observations revealed that the sediment-laden
sea ice was much thicker and deformed than the nearby
pack ice, which, as we alluded to above, can be related to
the dynamic flaw lead where this ice had formed and
entrained sediment. The ICESat-2 freeboards, however,
do not reflect the extreme mean freeboard of 2.2 m,
which we observed at the sediment-laden floe sampled.
The along-track resolution of ICESat-2 is at the length
scale of these extreme features, though the ICESat-2 pro-
files may not have passed over such a feature, or such an
extreme freeboard may have been filtered as an outlier.
Either way, a more detailed analysis with the newly avail-
able ICESat-2 data sets may provide more information on
the presence of extreme freeboards within coastal areas
of southern Hudson Bay.

Beyond suspension freezing within the tidal flaw-lead
system, there was evidence that the sediment-laden
sea-ice floes encountered by the Amundsen had been
grounded at one time and had also experienced ice rafting
or overturning, as the accumulation of larger particles,
such as rocks, on the surface cannot be explained by sus-
pension freezing (Reimnitz et al., 1987). While grounded
ice stabilizes the landfast ice cover and promotes expan-
sion throughout winter, as we observed in March 2017,
the tidal activity limits the extent of the landfast ice cover
to shallow areas where the ice is anchored and water
depth decreases to only a few meters during low tide.
Grounded ice was observed frequently within the landfast
ice during winter surveys conducted in 2017 as part of
BaySys (author observations), with some areas grounding
only during low tide and other larger deformed ridges
remaining grounded throughout the tidal cycle. During
these landfast ice surveys, the sea surface height was only
1.5, 2.5, and 6 m near the landfast ice edge at the T1, T2,
and T3 transects (Figures 2 and 6), respectively. Further-
more, in terms of sediment supply, rivers provide a vast

Figure 6. Monthly fields of sea-ice freeboard from ICESat-2 from January to May 2019. Seasonal increase in freeboards
can be seen in southern Hudson Bay and James Bay, along with the development of a west–east gradient in ice
thickness. ICESat ¼ Ice, Cloud and Land Elevation Satellite. DOI: https://doi.org/10.1525/elementa.2020.00108.f6
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quantity of the sediment into the coastal areas of Hudson
Bay (Kuzyk et al., 2008a) that is available for suspension
freezing. Yet the marine source of the sediment-laden sea
ice indicates that sediment from the rivers is only en-
trained within the ice once it has been mixed with marine
waters or deposited and subsequently resuspended by
tidal currents or during strong wind events.

Mechanisms of sediment-laden ice formation in
a dynamic environment such as southern Hudson Bay are
summarized as a conceptual diagram in Figure 8.
Although the location of the landfast ice edge varies along
the coast and through winter, averaging 11.33 km from
shore, the tidal flaw lead opens during ebb tide as the
pack ice is advected offshore, creating an environment for
frazil/new ice formation in turbid waters. The width of the
flaw lead represents an area for future research in Hudson
Bay, but it was estimated by Kuzyk et al. (2008b) as
approximately 1 km near Churchill from March to May
2005, while in situ observations during winter 2017 re-
vealed widths ranging from hundreds of meters to several
kilometers. The flaw lead reaches its maximum width dur-
ing low tide and begins to close with the onset of flood
tide, thereby compressing the recently formed frazil/new
ice against the landfast ice edge and dynamically thicken-
ing the ice cover. This process incorporates sediment-laden
frazil ice into both the landfast and pack ice. Tides also
lead to grounded ice, as thicker deformed pieces are
forced against the landfast ice edge and, therefore, into
shallower waters during flood tide, while floes may
become grounded during ebb tide if they are not advected
offshore into deeper waters. Grounded ice leads to the
incorporation of larger sediment from the seafloor into
the bottom of grounded ice. The repetition of this cycle

through the winter and spring results in highly deformed
thick sediment-laden ice both within the coastal landfast
ice and in the mobile ice pack, within which sediment-
laden ice may be advected both alongshore and offshore.

In terms of the total mass of sediment transported by
sea ice in southern Hudson Bay, we conservatively esti-
mated a total sediment load of 7.8 � 106 t, or 150 t
km–2, entrained within the sea ice of southern Hudson
Bay during winter 2018. This estimate is based on our
observed average sediment concentration of 0.1 mg mL–1

in southern Hudson Bay sea ice, an areal sediment-laden
sea-ice extent of 51,924 km2 in southern Hudson Bay in
June 2018, and an estimated regional sea-ice thickness of
1.5 m at the end of winter (from the data presented in
Landy et al., 2017). The estimated sediment load of 150 t
km–2 is greater than that reported by Eicken et al. (2005)
for the Chukchi Sea (128 t km–2). It is also a conservative
estimate, because not all sediment is visible at the ice
surface leading to a underestimation of sediment-laden
sea-ice extent (e.g., Figure 1).

3.5. Transport and release of sediment from sea ice

While sediment-laden sea ice is formed in the coastal tidal
flaw lead, it can be advected within the mobile ice pack or
transported offshore when the landfast ice cover breaks
up during spring. Sediment-laden sea ice is thus a pathway
for the transport and redistribution of a substantial vol-
ume of material from the tidal flats, which underlie the
dynamic coastal flaw lead, to the offshore area where it is
deposited during ice melt (e.g., Pelletier, 1986). Interan-
nual variability in atmospheric forcing, and therefore ice
motion (e.g., Kirillov et al., 2020), will drive variability in
the transport and extent of sediment-laden sea ice which

Figure 7. Sea-ice freeboard from ICESat-2 over sediment-laden sea ice on June 18, 2019. Blue area represents sediment-
laden sea ice, determined from supervised classification of Moderate Resolution Imaging Spectroradiometer imagery.
Track segments and probability density function bars in red represent clean ice, whereas blue track segments and
probability density function bars represent sediment-laden sea ice. ICESat ¼ Ice, Cloud and Land Elevation Satellite.
DOI: https://doi.org/10.1525/elementa.2020.00108.f7
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in turn will affect where sediment is deposited. In situ
tracking using ice beacons deployed on four sediment-
laden sea ice floes from mid-June to the end of July
2018, when the ice cover melted out, revealed that the
floes, although mobile, were not advected great distances.
The floes drifted through tidal oscillations at speeds up to
2.5 km h–1 but ultimately melted out within 30 km of
their initial location 6 weeks prior (data not shown). Con-
versely, Petrusevich et al. (2020) ascribed a peak in acous-
tic backscattering at a mooring in western Hudson Bay
during spring 2017 to sediment being released from
a melting sediment-laden sea-ice floe: The mooring was
approximately 100 km offshore from the west coast of
Hudson Bay and the sediment-laden sea ice had likely

formed in the coastal areas near the polynya in western
Hudson Bay.

While we did not directly observe the release of sedi-
ment from melting sediment-laden sea ice, the Amund-
sen’s underway system measured an area of low salinity
waters (approximately 20) that had high fDOM (up to
9,000 counts; Figure 9) within one of the patches of
sediment-laden sea ice encountered near station 32 by
the Amundsen. This peak in fDOM was considerably
greater than in the rest of southern Hudson Bay (750
counts), which was already three times greater than fDOM
observations measured elsewhere in the Bay. The observed
high fDOM signal was confirmed by the analysis of dis-
crete water samples (data not shown).

Figure 8. Conceptual diagram of sediment-laden sea-ice formation in a dynamic tidal flaw-lead environment. Sediment
becomes entrained during frazil/new ice formation when the flaw lead opens (A) and becomes incorporated into
larger ice floes when the flaw lead closes (B). Thick ice floes become anchored in shallow coastal waters during high
tide, allowing for the incorporation of larger sediment particles from the sea floor. Horizontal scale of the flaw lead is
exaggerated for display purposes. DOI: https://doi.org/10.1525/elementa.2020.00108.f8
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The high fDOM signal in these waters has several
potential sources: (1) river water, (2) resuspended sedi-
ments or suspended particles, and (3) organic material
released from melting sediment-laden sea ice. A river
influence appears likely based on the high fraction of
meteoric water (by d18O analysis) in the fDOM patch: At
10-m depth, the fraction of meteoric water was 0.12 at
station 32 and 0.11 at station 34. This patch was located
approximately 400 km from the Nelson River, with marine
waters of lower fDOM occurring between the high fDOM
patch area and the river. Additional rivers along southern
Hudson Bay (e.g., Severn River) are located east of this area
with their plumes transported further east under the
cyclonic circulation of surface waters in Hudson Bay (Gran-
skog et al., 2009). In the area of the high fDOM patch, we
found negative values for the fraction of sea-ice melt
water (–0.06 to þ0.01) in six of the seven samples within
the upper 10 m of the water column in this area (four
stations total), suggesting that the patch waters were en-
riched in brine, a potential source of fDOM as previously
observed in the western Arctic Ocean (Dainard et al., 2019).
Because the Hudson Bay shelves are generally shallow, sea-
ice interactions with organic-rich sediments may also be an
important source of fDOM ( Skoog et al., 1996; Guéguen et
al., 2007), particularly during storm events, alongshore cur-
rents and ice rafting (Reimnitz et al., 1992; Eicken et al.,
1997). Sediment resuspension is likely as lower beam

transmission was observed in the fDOM patch. Ultimately,
these observations lead us to speculate that this patch of
fDOM-rich waters was the combined result of freshwater
mixing, release of brines, and melting sediment-laden sea
ice and represents the next stage in the redistribution of
organic carbon and sediment from the coastal flaw leads to
the deeper waters in southern Hudson Bay via sea ice that
was first identified by Pelletier (1986).

3.6. Biogeochemical implications of sediment-laden

sea ice

Beyond the formation and presence of sediment-laden sea
ice, understanding how its presence may modify marine
biogeochemical cycles and local radiation budgets is
important. The upper 1 m of sediment-laden sea ice that
we analyzed had DIC levels of 44–53 mmol kg–1 and TA of
97–108 mmol kg–1, both of which are lower than in sea ice
from central Hudson Bay during spring 2018: 220–640
mmol DIC kg–1 and 300–680 mmol TA kg–1. The observed
TA: DIC ratio of approximately 2:1 in the sediment-laden
sea ice is typical for sea ice (e.g., Rysgaard et al., 2007),
while the low concentrations could have resulted from
removal of these dissolved constituents through brine
drainage (consistent with the lower salinity of sediment-
laden sea ice relative to central Hudson Bay sea ice) or
from ice formation in seawater with lower initial concen-
trations of DIC and TA. On the latter, river water is typically
lower in both DIC and TA relative to marine waters
(Azetsu-Scott et al., 2010; Tank et al., 2012; Azetsu-Scott
et al., 2014; Burt et al., 2016). Coastal waters in Hudson
Bay (within approximately 100 km of the coast) contain
large fractions of meteoric water (i.e., runoff, precipita-
tion) relative to offshore waters (Granskog et al., 2009;
Burt et al., 2016). Little is known about the biogeochem-
istry of sea ice formed in areas heavily influenced by river
discharge (Thomas et al., 2010). Runoff-influenced sea ice
may be characterized by lower salinity, porosity, and ice-
algal growth than typical marine sea ice (Granskog et al.,
2005; Granskog et al., 2006).

Sea-ice melt can drive the marine carbonate system
toward conditions of undersaturation for CaCO3 minerals
(Yamamoto-Kawai et al., 2009). This effect is particularly
true for aragonite, which is used to build the shells of
many marine organisms. In Arctic and sub-Arctic seas,
aragonite undersaturation events can be caused by the
low salinity and low DIC/TA concentrations of sea-ice
melt, which dilutes CO2�

3 concentration. The relatively
high TA: DIC ratio of the sediment-laden sea ice in Hudson
Bay may offset this effect by increasing the buffering
capacity of surface water; however, the vast volume of
sediment-laden sea ice creates the potential for wide-
spread (but transient) undersaturation in surface waters
during the melt season. The TA: DIC ratio of sea ice is
typically higher than the seawater from which it formed,
due to the precipitation of calcium carbonate (ikaite)
within sea-ice brine (Rysgaard et al., 2007). An additional
source of high TA may be the presence of carbonate-rich
sediments derived from the limestone-rich geology in the
region (Fransson et al., 2020). The presence and offshore
transport of carbonate minerals by sediment-laden sea ice

Figure 9. Underway measurements of salinity and
fluorescent dissolved organic matter (fDOM) along the
Amundsen’s cruise track through southern Hudson Bay.
Moderate Resolution Imaging Spectroradiometer image
from June 18, 2018, 1 day prior to sampling at station
32 (red diamond) and 2 days prior to sampling at station
34 (red dot). Color scale indicates underway
measurements for salinity (top) and fDOM (bottom).
The Nelson River estuary is shown on the left-hand
side of the map. DOI: https://doi.org/10.1525/
elementa.2020.00108.f9
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could alter the inorganic carbon system in offshore waters,
depending on the magnitude of the carbonate load (Frans-
son et al., 2015). The deep offshore waters of Hudson Bay
are rich in DIC, have low pH, and are undersaturated with
respect to calcium carbonate (Azetsu-Scott et al., 2014;
Burt et al., 2016). The low CaCO3 saturation state could
be offset, to some degree, by dissolution of the CaCO3

supplied by sea ice. Biological processes occurring within
the ice can also alter nutrients and inorganic carbon con-
centrations, causing the nutrients released during melt to
differ from those originally incorporated during ice forma-
tion (Nomura et al., 2009). However, future work is
needed to determine whether the upper 1 m we were able
to analyze is representative of the entire ice profile.

A high sediment load strongly affects the optical prop-
erties of sea ice by reducing the surface albedo and by
enhancing light attenuation within the sea ice and there-
fore affecting photosynthetic activity underneath (Light
et al., 1998; Perovich et al., 1998; Frey et al., 2001; Ehn et
al., 2008; Gradinger et al., 2009). Frey et al. (2001) sam-
pled sediment-laden sea ice near Barrow, Alaska, and
observed a low albedo of 0.29 and absorption of 74%
of the incoming solar radiation in the uppermost centi-
meters of the sediment-laden sea ice. Photosynthetic or-
ganisms, such as ice algae inhabiting the sea ice,
phytoplankton in the underlying water column, and mi-
crophytobenthos on the seafloor of coastal regions, rely
on a sufficient transmission of light to grow and accu-
mulate biomass, the primary food source for pelagic
(water column) and benthic (seafloor) communities.
Reduced light availability caused by less transparent
sediment-laden sea ice could potentially inhibit or delay
the onset and magnitude of spring primary production,
as previously shown in a delayed ice-algal bloom in
coastal Alaskan waters (Gradinger et al., 2009). Low pri-
mary production might be one of the factors contribut-
ing to the low abundance of copepods observed at
station 34. Copepods, an important group of zooplank-
ton that transfer energy up the food chain from primary
producers, had a mean biomass of only 42.1 mg C m–2 at
station 34 compared to 738.5 mg C m–2 at sea-ice sta-
tions sampled in Hudson Bay in 2018 (S Schembri, per-
sonal communication, 2018).

A prolonged reduction in under-ice light levels (after
snowmelt) due to a high sediment load also has the poten-
tial to impact the development of polar cod (Boreogadus
saida) larvae, which rely on higher light intensities to
detect prey (Varpe et al., 2015). Nonetheless, polar cod
were present in similar abundances among sediment-
laden sea ice as elsewhere in Hudson Bay (S. Schembri,
personal communication). Moreover, polar cod have been
observed to hatch earlier beneath sea ice in Hudson Bay
(Graham and Hop, 1995; Bouchard and Fortier, 2008),
presumably due to the thermal refuge provided by fresh
and brackish water at the surface (Bouchard et al., 2015).
Ultimately, knowledge about how sediment-laden sea ice
impacts the biogeochemical and related physical dynam-
ics throughout the year is sparse and requires further
investigation.

4. Conclusions
During a research cruise through Hudson Bay in spring
2018, the CCGS Amundsen encountered and struggled to
navigate through vast areas of heavily deformed sediment-
laden sea ice in southern Hudson Bay. Sediment-laden sea
ice had previously been observed in James Bay and Foxe
Basin, and was known to be a transport mechanism for
sediment from coastal areas to the central Bay, but these
are the first in situ observations in southern Hudson Bay.
The difficulty of ship navigation through this ice initially
led to speculation that it was freshwater ice that had
formed in coastal areas of the Nelson River estuary, which
had been observed previously during coastal-based sur-
veys in winter. However, isotopic analysis revealed that this
ice had formed from marine waters. Previous work has
shown that sediment-laden sea ice is typically formed
through either suspension freezing within flaw leads and
polynyas or anchor rafting in shallow coastal areas. In south-
ern Hudson Bay, large tides form a flaw lead semidiurnally,
creating an area of open water up to 1 km wide where new
ice forms rapidly and sediment is resuspended by tidal veloc-
ities. Intuitively, this dynamic coastal area presents unique
conditions for expansive formationof sediment-laden sea ice
through suspension freezing while also creating a deformed
ice cover and agglomerate floes. These floes may become
grounded, anchoring the landfast ice cover to the coast, or
driven offshore into the pack ice through advection.

Within the region of sediment-laden sea ice, the ice
cover was heavily deformed with layered sediment bands
visible in passing floes and concentrated mattes of sedi-
ment on the ice surface indicative of sediment accumula-
tion through surface melt. An RPAS survey determined an
average freeboard of 2.2 m over one of the sediment-laden
sea-ice floes, which corresponds to a mean ice thickness of
18 m. ICESat-2 observations highlighted the development
of thicker ice along a coastal band in southern Hudson Bay
throughout winter and also demonstrated that sediment-
laden sea ice during June has a considerably greater free-
board than the nearby clean ice. Direct observations from
ice cores collected on the sediment-laden sea ice revealed
sediment bands below areas of “clean” surface ice and an
average sediment concentration of 0.1 mg mL–1. Addition-
ally, vertical temperature and salinity profiles showed that
the top meter of the ice floe was warm and relatively fresh,
indicating that surface melt had begun and brine had
been drained from the ice. However, given the difficulties
of traveling through this area, the internal melt of the
encountered sediment-laden sea-ice floes had not likely
started, which could prolong hazardous shipping condi-
tions for communities along the southern shore of Hud-
son Bay into the summer months.

The role of tides in the formation of sediment-laden sea
ice distinguishes southern Hudson Bay from other areas of
the Arctic where sediment-laden sea ice forms. Tidal am-
plitudes are low in both the Laptev and Beaufort/Chukchi
seas, precluding the semidiurnal formation of a flaw lead
where new ice production occurs. Extending the work of
Reimnitz et al. (1987), we have shown that the environ-
mental conditions that drive sediment entrainment in
southern Hudson Bay differ from these other two regions
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and provide a mechanism for persistent sediment resus-
pension and entrainment that may lead to an overall
greater ice-borne sediment load than in either the Laptev
or Beaufort/Chukchi Seas, where sediment is entrained
episodically when large coastal polynyas form. Future
research is required to confirm our proposed method of
sediment ice formation and to fully understand the trans-
port and biogeochemical impacts of sediment-laden sea
ice in southern Hudson Bay.
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Dainard, PG, Guéguen, C, Yamamoto-Kawai, M, Wil-
liams, WJ, Hutchings, JK. 2019. Interannual vari-
ability in the absorption and fluorescence
characteristics of dissolved organic matter in the
Canada Basin polar mixed waters. Journal of Geo-
physical Research: Oceans 124(7): 5258–5269. DOI:
http://dx.doi.org/https://doi.org/10.1029/
2018JC014896.

Darby, DA. 2003. Sources of sediment found in sea ice
from the western Arctic Ocean, new insights into
processes of entrainment and drift patterns. Journal
of Geophysical Research: Oceans 108(C8, 3257): 1–
10. DOI: http://dx.doi.org/10.1029/2002JC001350.

Darby, DA, Myers, WB, Jakobsson, M, Rigor, I. 2011.
Modern dirty sea ice characteristics and sources: The
role of anchor ice. Journal of Geophysical Research:
Oceans 116(9). DOI: http://dx.doi.org/10.1029/
2010JC006675.
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