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ABSTRACT

The Mackenzie River is North America’s largest contributor of freshwater and sediment to the Arctic Ocean. Here, we evaluate the potential of rare earth elements
(REE) as tracers of its sediment sources and fate, from the river mouth to the deep Arctic Ocean. We collected sediment cores from 21 sites, from the delta to the
marine shelves, slopes and basins and measured the spatial and down-core distribution of total, leached and residual REE concentrations. Our results show that the
proportion of leached REE is highest in the delta. This proportion decreases with distance from the river, suggesting mixing with other sediment sources, REE loss to
the residual phase, or REE scavenging via adsorption and complexation in coastal waters. Normalized REE concentrations plotted against their atomic number
provide regional signatures. The leached REE signatures indicate medium REE enrichment in the Mackenzie Delta, an enrichment that diminishes with distance from
the delta. We then used a similarity index (SI) to investigate the divergence amongst REE signatures, with riverine and deep marine basin values as endmembers for
the calculation. Our results highlight the influence of the Mackenzie Region sediments on the Beaufort Sea margin. Overall, our findings demonstrate that REE are
relevant tracers for identifying sediment sources and that tracking REE distribution from the delta to the deep Arctic Ocean offers additional insights into sediment

transport mechanisms.

1. Introduction

Arctic river basins are affected by morphological (lelpi et al., 2023),
hydrological (Stadnyk et al., 2021) and biogeochemical (Oziel et al.,
2025) changes in response to global climate change. At the same time,
Arctic permafrost coasts, which account for 34 % of the world’s coastline
(Lantuit et al., 2012), are sensitive to erosion [ (Nielsen et al., 2022);
(Fritz et al., 2017)], with retreat rates that have more than doubled since
the 2000s in some parts of the Arctic coastline [ (Zhang et al., 2022);
(Irrgang et al., 2022)], contributing to an estimated 8-fold increase in
sediment loads over the past decades (Zhang et al., 2022).

Sediments from diverse sources are exported to the Arctic Ocean, and
the location of their burial is not fully constrained [ (Zhang et al., 2021);
(Holmes et al., 2002)], which hampers our understanding of interactions
between maritime boundaries [ (DeRepentigny et al., 2020); (Bostock
etal., 2019)], the impact of global warming on sediment supply [ (Zhang
et al., 2021); (Schwab et al., 2021)] and on the fluxes of organic carbon
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derived from thawing permafrost [ (Nielsen et al., 2022); (Juhls et al.,
2022)], and of the fluxes of nutrients which underpin marine biological
productivity [ (Oziel et al., 2025); (Zhang et al., 2021); (Larkin et al.,
2021)]. In this context, we explore the potential to use rare earth ele-
ments (REE) as geochemical tracers of sediment sources from rivers to
sea, employing the Mackenzie River as a globally relevant case study.

The Mackenzie River, carrying about 128 million tons of sediment
load to its delta and adjacent sea each year, is the largest point source of
sediment to the Arctic Ocean. It flows through both continuous and
discontinuous permafrost zones, and ultimately drains into the Beaufort
Sea where it contributes more than twice as much sediment as all the
other rivers draining into the Arctic Ocean combined (Kuzyk et al.,
2013; Stein et al., 2004; Holmes et al., 2011; Vonk et al., 2015; Carson
etal., 1999). In recent years, riverine freshwater discharge has increased
due to climate change (Rood et al., 2017). This increase is associated
with an observed 46 % rise in suspended particle discharge between
2005 and 2015 (Doxaran et al., 2015).
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The application of the relationship between REE concentrations and
their atomic numbers, a pattern referred to as a “signature”, as a
geochemical tracer was first proposed by Piper (1974). A body of liter-
ature reports on sedimentary REE signatures and enrichment ratios and
uses these to determine the relative contributions of sediment from
various end members, with the assumption that REE signatures are
source-specific (Lim et al., 2014; Song and Choi, 2009; Xu et al., 2009;
Yang et al., 2003). Yet, the use of REE variability to trace sediment
sources is not straightforward. Several studies have highlighted that REE
in sediments can be divided into distinct leached and residual phases,
with the leached phase being more labile and influenced by geochemical
processing of the sediment, while the residual phase reflects the source
rocks. The leached phase primarily consists of labile REE bound to
organic matter, adsorbed onto iron (Fe) and manganese (Mn) oxides and
(oxy)hydroxides, carbonates, clays and apatite (Jung et al., 2021), while
the residual phase consists largely of recalcitrant compounds such as
silicates and aluminosilicates (Su et al., 2017). As such, despite their
similarities, REE elements are susceptible to geochemical discrimination
based on the nature of the sedimentary matrix (Tadayon et al., 2024a).
In this study, we document the spatial distribution and vertical profiles
of leached, residual, and total REE concentrations in sediment cores (up
to 50 cm deep) from the Mackenzie Delta to the abyssal plains of the
Arctic Ocean. We analyze the relative distribution of these phases and
construct REE signatures based on normalized concentrations. Finally,
we evaluate the relative changes in REE signatures across 21 distinct
sites from the Mackenzie River to the central Arctic Ocean, in the context
of particulate REE transport and fate.

2. Materials and methods
2.1. Study region

The study area encompasses the Mackenzie Delta and the Arctic
Ocean (Figs. 1 and 2) and is divided into six distinct regions. Our study
sites cover a range of sediment accumulation rates, with cores repre-
senting timescales of a few years in the Mackenzie Region [ (Graf Pan-
natier, 1997); (Goni et al., 2000)], 100-200 years in the Bering and
Chukchi Shelves, Barrow Canyon (Kuzyk et al., 2017), and Beaufort Sea
Margin (Kuzyk et al., 2013), and far beyond the Holocene period in the

~

Russia °

Bering and Chukchi

Continental Shelf Research 289 (2025) 105464

Amerasian Basin (Gobeil et al., 1999).

1) Mackenzie River and Delta (hereafter, “Mackenzie Region”): This
region experiences strong seasonal variations, particularly in water
discharge (Hill et al., 2001). Conductivity, suspended solids, and
dissolved constituents also vary seasonally [ (Juhls et al., 2022);
(Lizotte et al., 2023); (Emmerton et al., 2008)]. Similarly, salinity
ranges from freshwater within the delta to brackish further from the
coast [ (Juhls et al., 2022); (Lizotte et al., 2023)]. The Mackenzie
River is recognized as the major source of sediment to the Arctic
Ocean (Vonk et al., 2015), with an average yearly sediment load of
128 Mt. It is itself fed by the Peel (21 Mt), the Arctic Red (7 Mt) and
the Liard (35-45 Mt) rivers (Vonk et al., 2015).

Bering and Chukchi Shelves: The shallow shelves of these regions are
considered among the most biologically productive in the world
(Kuzyk et al., 2017). They are greatly influenced by Pacific waters [
(Kuzyk et al., 2017); (Grebmeier and Cooper, 1995)] for the Bering
Sea, and the Siberian coastal currents and the Atlantic Intermediate
Water Mass in the northern part of the Chukchi Sea (Deschamps
et al., 2018). The primary sources of sediment to these shelves are
from the Yukon River, northeastern Siberia, and the Mackenzie River
[ (Deschamps et al., 2018); (Darby et al., 2009)].

Barrow Canyon: This region is also highly productive, influenced by
a range of water masses and sediment sources including the Chukchi
Sea [ (Lin et al., 2021); (Pickart et al., 2021)] and its slope current
(Song et al., 2022), the Beaufort Gyre and Mackenzie River via ice
rafted debris [ (Deschamps et al., 2018); (Song et al., 2022); (Klotsko
et al., 2019)].

Beaufort Sea Margin: This region is oligotrophic due to high turbidity
from river inputs [ (Kuzyk et al., 2017); (Macdonald et al., 1998)]. Its
sediment and freshwater input are majorly influenced by the
Mackenzie River and its delta [ (Vonk et al., 2015); (Kuzyk et al.,
2017); (Deschamps et al., 2018); (Klotsko et al., 2019)]. Sea ice
transport is an important sediment import process, originating from
the Mackenzie River and Delta region, with a smaller proportion
from sediment resuspension in the Beaufort Sea [ (Ficken et al.,
2005); (Hillaire-Marcel et al., 2013)] and the Banks Island area
(Darby et al., 2011). These ice rafted debris are a sediment vector
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Fig. 1. Location of sampling sites and their similarity index (SI) calculated using stations 1 and S26 as endmembers. The area within the red square is shown in Fig. 2.
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Fig. 2. Location of sampling sites in the Mackenzie River Delta region and their similarity index (SI) calculated using stations 1 and S26 as endmembers (526 is
shown in Fig. 1). Purple triangles indicate settlements in the region where field labs where based.

along the Beaufort Gyre, which is an important clockwise current

(Pickart et al., 2021).
5) Amerasian Basin: This region is oligotrophic, with carbon fluxes to
the sediment less than 10 g m? yr. It is also the deepest area covered
in this study [ (Gobeil et al., 1999); (Degen et al., 2015)]. This region
is mostly influenced by the Transpolar Drift, with direct sediment
import from the Laptev Sea and Russians Rivers [ (Darby et al.,
2011); (Charette et al., 2020)]. Large amounts of sea ice transport
occur in the Amerasian Basin, with a high variance in sources due to
the transport capacity of ice (Ortiz et al., 2009).
M’ Clure Strait: Sediment sources at this single station (Station 518N)
are solely influenced by the Canadian Arctic Archipelago (Letaief
et al., 2021) and erosion of Banks Island (Agnew et al., 2008), and
likely not by the Mackenzie River. Sea ice plays an important role in
the delivery of sediment from the surrounding islands (Agnew et al.,
2008). This station serves as a control in this study.

6

-

2.2. Field work

Field work in the Mackenzie Delta region took place in 2019 (Lizotte
etal., 2023). Coastal and fluvial sediment samples were collected from 6
stations (Table 1), either beneath the ice in spring (May), or in open
water from boats in late summer (September). The sampling was carried
out along a transect from river water within the delta (Station 1; 68.31
°N, 133.67 °W) to coastal waters (Station 1030; 69.64 °N, 133.22 °W).
Sediment cores were retrieved at each site using a 9 cm diameter gravity
corer (Uwitec, Austria). The sediment cores were relatively short,
ranging from 5 to 30 cm in length, due to the sandy and rocky nature of
the sediments. No sediment leakages were observed during sampling. As
with previous studies at similar sites, compaction was not accounted for
[ (Kuzyk et al., 2013); (Kuzyk et al., 2017); (Deschamps et al., 2019)-
(Kuzyk et al., 2011)]. Cores were subsampled at 1 cm intervals in field
labs located in Inuvik or Tuktoyaktuk. Additional details on the sam-
pling campaigns are available in Lizotte et al. (2023) (Lizotte et al.,
2023). Beaufort Sea sediments and M’Clure Strait cores (Table 1) were
collected aboard the Canadian Coast Guard Ship (CCGS) Amundsen in
September—October 2021 (Broder et al., 2022). Cores were collected
using a 10 cm diameter multicorer (Oktopus, Germany). At these sites,

Table 1
Station locations and water column depths for the sediment cores collected
during this study.

Region Station Water Depth Latitude Longitude
(m) ) w)
Mackenzie Region 1 1.5 68.318 133.678
RO3 4" 68.390 135.429
840 1° 69.398 133.809
870 4.6 69.282 133.970
1030 57 69.648 133.221
380 1.5 68.862 135.833
PCB17a 20 69.287 137.279
Bering and Chukchi SLIP3 73 63.664 174.436
Shelves SLIP4 73 63.676 173.382
UTN7 58 68.000 168.933
Barrow Canyon BC4 599 71.880 156.018
BC6 2125 72.233 154.037
Beaufort Sea Margin CG1 204 70.562 142.858
PCBO1 411 71.232 125.598
PCBO3 1044 72.113 131.046
PCBO09 675 71.102 135.144
PCB20 782 70.549 139.819
Amerasian Basin S11 2265 76.653 173.385
S18 2860 80.142 173.337
S26 3130 84.063 175.088
M’Clure Strait 518N 526 74.680 121.450

@ Estimated under-ice depth.

the core lengths varied between 17 cm and 45 cm. Cores were sub-
sampled directly on the ship at 1 cm intervals.

Sediment cores from the central Arctic basins were sampled in 1994
aboard the CCGS Louis S. St-Laurent, while cores from the Bering Sea, the
Chukchi Sea, and the Beaufort Sea margin were collected in 2007 aboard
the CCGS Sir Wilfrid Laurier [ (Kuzyk et al., 2017); (Gobeil et al., 1999);
(Macdonald and Gobeil, 2011)]. Cores were collected using a box corer
and subsampling targeted the middle of the box to avoid smeared or
compacted sediment. The cores were subsampled directly on deck, at
every 0.5 cm for the top 2 cm, then at 1 cm intervals between 2 and 10
cm, and 2, 3 or 5 cm intervals for the remainder of the core [ (Kuzyk
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et al., 2013); (Kuzyk et al., 2017); (Macdonald and Gobeil, 2011)]. In all
cases, subsamples were placed in Whirl-Pak bags (Fisher Scientific,
Canada) and stored frozen until they were freeze-dried and homoge-
nized using an agate mortar and pestle.

2.3. Sample treatment

The surface samples for Bering and Chukchi Shelves, Barrow Canyon,
Beaufort Sea Margin and Amerasian Basins were digested on a hot plate
using HCl, HNO3 and HF according to Sturgeon et al. (1982) (Sturgeon
et al.,, 1982) and compared to measurements of the LKCD (n = 14)
sediment certified reference material (CRM) from National Research
Council (NRC, Canada). Accuracy was >90 %. The surface sample for
the Mackenzie Delta was instead digested using a microwave with HCl
and HNO3 and validated against the MESS-4 CRM (n = 21). Accuracy of
the digests against CRMs was <6 %, except for Nd and Yb for which it
was <28 %. Total Lu could not be validated.

The leached REE content was assessed by targeted extraction at all
stations. 250 mg of dry, homogenized sediment was placed in a 50 mL
acid-washed centrifuge tube (VWR, Canada) and amended with 50 mL
of 1 N HCI (VWR Chemical, Canada). The samples were placed on a
roller table (Stuart Roller Mixer, Bibby Scientific, UK) for 16 h, after
which the solution was centrifuged at 1500 rpm for 15 min and filtered
through a 0.45 pm PES filter (VWR, Canada).

Finally, REE concentrations in both total digested and targeted ex-
tractions were analyzed via triple quadrupole inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent 8900 ICP-QQQ-MS, Agi-
lent Canada) after filtration on a 0.45 pm PES syringe filter (VWR,
Canada) and dilution of 600 pL to 15 mL in 4 % HNOj3 (for total REE) or
2 % trace-metal grade HCI (for leached REE). Iridium (Ir) was used as an
internal standard (SCP Chemicals, Canada). Promethium (Pm) was not
measured due to its lack of stable isotopes. Since no CRM exists for
partial extraction, precision was assessed using measurements (n = 10)
of an in-house standard, with a coefficient of variation of +£10 %.

2.4. Data treatment and calculation of proxies

We present both REE concentration profiles and REE signatures. The
signatures were built as follows. First, REE concentrations were
normalized to the North American Shale Composite (NASC) values,
which serve as a geological reference representative of the Earth’s crust
(Rollinson and Pease, 2021) allowing for the identification of REE
depletion or enrichment relative to neighboring elements in the periodic
table (Gromet et al., 1984). Chondrite values, representing the concen-
tration of REE found in the solar system, and shale average values,
representing REE concentration averages at different geographical lo-
cations, are two possible bases for comparison (Rollinson and Pease,
2021). Overall, chondrite-normalized signatures are less straightfor-
ward compared to shale-normalized ones because the former reflect
processes occurring between the formation of the Earth and the for-
mation of sediment, whereas shale-normalization shows processes
against the background sediment composition (Rollinson and Pease,
2021). Here, we used the NASC because of its wider usage in the
geochemical community (Gromet et al., 1984).

Concentrations were also normalized to Praseodymium (Pr) to
reduce the effect of the absolute concentrations when comparing sig-
natures of cores with low and high REE concentrations (Abbott et al.,
2015). REE were grouped into light- (LREE) (La to Nd), medium-
(MREE) (Samarium (Sm) to Dysprosium (Dy)) and heavy-mass REE
(HREE) (Holmium (Ho) to Lu) to allow calculations of three indices: (i)
Ce anomaly, (ii) MREE:LREE ratio, and (iii) similarity index.

The Ce anomaly represents the relative enrichment or depletion of Ce
compared to its neighboring elements. Since Ce can exist under the Ce
(III) or Ce(IV) oxidation states, with Ce(IV) being less soluble than Ce
(III) (Rollinson and Pease, 2021), oxidizing conditions are thought to
enrich the samples in total Ce. It can be used as a redox condition
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indicator (Tostevin et al., 2016). The anomaly value is obtained by the
equation:

Cey
Ceanomaly = W
N N

Where Cey, Lay and Pry represent the normalized concentrations of
those elements. A value lower than 0.95 indicates a negative anomaly
and a value greater than 1.05 indicates a positive anomaly (Rollinson
and Pease, 2021).

The MREE:LREE ratio is a numerical value that serves as a proxy in
signature plots (Haley et al., 2004) to enable quantitative comparison. It
is calculated here by dividing the average normalized MREE by the
average normalized LREE.

The similarity index (SI) uses the MREE:LREE ratio of selected end-
members to determine the relative contributions (with values between
0 and 1) of those endmembers to a station’s signature. The SI values
were determined as:

_ 2 |Cix — Can|
22 1Ci — Ca| 4+ 37 |Cix — Cao

Equation 1

SI

Equation 2

Where i represents the element or ratio of elements used for determining
the specific SI, C;, represents the content of i at the site under consid-
eration, while Cj; and Cj, represent the content of i at each of the two
endmembers (Fei et al., 2017).

3. Results
3.1. REE concentrations and spatial distribution of REE signatures

Measured concentrations of leached La, Ce, Eu and Gadolinium (Gd)
are shown in Fig. 3. The profiles are grouped by region, showing that
concentrations are an order of magnitude higher in the Beaufort Sea
Margin and the Amerasian Basin than on the Bering or Chukchi Shelves.
In the Amerasian Basin, concentration profiles show an increase with
depth, with Ce peaking between 8 and 14 cm depth in cores S18 and S26.
Additionally, La, Ce and Eu all peak at the same depths in core S26. Total
and residual REE concentrations vary much less within a region
compared to the leached fraction. Furthermore, the leached REE fraction
constitutes a significant part of the total REE (Fig. 4). For all MREE, the
ratio of leached to total is approximately 0.6 close to the Mackenzie
Delta (Stn 380), whereas it drops as low as 0.25 in the Amerasian Basin
(Stn S26).

NASC and Pr-normalized concentrations as a function of an ele-
ment’s mass from the Mackenzie Region sites all exhibit a similar
signature (Fig. 5). Not only are these signatures homogeneous within the
region, but they also show no considerable variation with depth in the
sediment cores. Based on these results, an average Mackenzie Signature
is provided in Fig. 6 to serve as a basis for comparison.

Signatures from the Bering Sea and Chukchi Sea sites (Fig. 5) show a
slight enrichment in MREE, although the magnitude of this enrichment
is less than for the Mackenzie Region sites. The Barrow Canyon (Fig. 5)
diverges further from the Mackenzie Signature, with a notable relative
enrichment of MREE at stations BC-4 and BC-6. A slight signature dif-
ference is also seen between the top and bottom of cores in the Barrow
Canyon. The signatures from the Beaufort Sea Margin closely resemble
those from the Mackenzie Region, but with less pronounced enrichments
and depletion, i.e., the MREE area of the signature plot is flatter
compared to the Mackenzie Signature. The deepest sites in the Amer-
asian Basin (S11, S18, S26; Fig. 5) show the greatest differences from
signatures from the Mackenzie Region. These sites display a relative
enrichment of MREE compared to both lighter and heavier REE, though
this enrichment gradually decreases moving northward, with S26
exhibiting the least pronounced enrichment. This region is also where a
positive Ce anomaly emerges, reaching an excess of 1.44 in the deep
basins. Samples from the M’Clure Strait show enrichment in LREE
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Fig. 3. Concentration profiles of leached La, Ce, Eu and Gd as a function of depth for each site for the Mackenzie Region (inverted triangles on the upper panels), the
Bering and Chukchi Shelves (squares on the middle panels), the Beaufort Sea Margin (triangles on the middle panels), Barrow Canyon region (circles on the lower
panels), the Amerasian Basin (diamonds on the lower panels) and M’Clure Strait (crosses on the lower panels).

relative to the HREE, while also exhibiting a “medium REE bulge” [
(Abbott et al., 2015); (Haley et al., 2004)], similar to the average
Mackenzie Signature.

3.2. Depth profiles of normalized REE ratios

MREE:LREE ratio profiles for the Mackenzie Region (Fig. 7) range
between 1.7 and 2.3, with little variation with depth. The Bering and
Chukchi Shelves exhibit lower MREE:LREE ratios ranging from 1.4 to
1.6, without overlapping with the Mackenzie Region average. In

contrast, the Barrow Canyon cores exhibit values between 1.6 and 2.0
that almost reach those of the Mackenzie Region towards the top of the
cores. In the Beaufort Sea Margin, MREE:LREE ratio profiles are constant
with depth in the core, but the MREE:LREE ratio values are higher at
sites closer to the Mackenzie Delta (e.g., PCBO9 and PCB20), and
approach the Mackenzie Region average. Finally, profiles of the Amer-
asian Basin sites are distinct from the other regions, showing substantial
variation with depth and overall lower MREE:LREE ratios throughout

the cores.
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4. Discussion

4.1. Factors influencing REE concentration profiles and ratio profiles in
the sediments

In this study, we found that the highest proportion of leached REE is
present in the Mackenzie Region sediments, and that this proportion
diminishes with increasing distance from the delta (Fig. 4). This trend
suggests that leached REE changes from source to sink as it travels to the
seafloor. Although we cannot definitively ascertain the processes
involved, one plausible mechanism is the exchange of particle-reactive
substances during particle transport. This process is referred to as
“boundary scavenging” [ (Kuzyk et al., 2013); (Bacon et al., 1976)], and
may enrich particles in labile REE as they exit the Mackenzie Delta into
the coastal mixing zone. Leached signatures, as well as the ratio total:
leached, are similar among coastal sites, consistent with such scavenging
occurring in coastal waters.

Variation of REE signatures with depth in sediment cores has been
attributed to changes in sediment sources over time (Fei et al., 2017).
The relatively stable signatures over depth and thus over time in most
cores suggest that the relative influence of the Mackenzie region on
these sites has remained constant. The two exceptions are the Barrow
Canyon cores and the Amerasian Basin cores. In the Barrow Canyon
sites, a recent shift toward the Mackenzie Signature points to an
increasing relative influence of the Mackenzie River over the past two to
five decades, consistent with documented increases in the export of
suspended particulate matter from the river (Tarasenko et al., 2023).

In the Amerasian Basin, depth profiles of Ce concentrations exhibit

more variability compared to other regions (Fig. 8). Our data shows Ce
anomalies at sites S18 and S26, which align with previous observations
(Ye et al., 2019a). These anomalies likely result from diagenetic pro-
cesses rather than from direct inputs, as they occur in oxidizing sedi-
ments with high oxygen penetration and low organic carbon fluxes at
this site (Macdonald and Gobeil, 2011). This has implication for using
REE as sediment source tracers, suggesting that REE signatures may not
persist over the timescale of millennia [ (Liu et al., 2019); (Zhang and
Shields, 2022)] characteristic of the Amerasian Basin sediment.

4.2. Spatial persistence of the mackenzie REE signature

We present an average signature for the Mackenzie Region data,
referred to as the “Mackenzie Signature” (Fig. 6). The Mackenzie
Signature shows a relative enrichment in MREE compared to both
heavier and lighter REE, a pattern previously noticed as the MREE bulge.
Prior research has shown that the preferential scavenging of MREE is
influenced by the mineral composition of the particles, with carbonates,
Fe-Mn oxides, apatite and organic matter all linked to MREE enrichment
(Lim et al., 2014). Among our normalized measurements, Gd shows the
highest values (2.5 £ 0.1; Fig. 6), which falls within the range of natural
Gd anomalies (1.20-1.35) and aligns with previously reported natural
values of 1.3 (Lafreniere et al., 2023), well below the anthropogenic
signal typically ranging from 15 to 100.

Below, we compare other signatures to the Mackenzie Signature and
quantify their compositional similarity using similarity index (SI)
values. Although our SI values do not represent the mixing of two
sediment sources — since the only source for which we have a signature
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Fig. 6. Average NASC and Pr-Normalized leached signatures (circles) for all the
Mackenzie Region samples. The shaded area indicates the standard deviations
(n = 57).

is the Mackenzie River — they represent the relative contributions of
distinct patterns to the overall signature. We used Station 1, located
upriver in the Mackenzie Delta, as the most terrestrial site, and S26, in
the Amerasian Basin, as the most distant site. We also used two distinct
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ratios (MREE:LREE and La:Lu) to compute the signatures. A value closer
to 1 represents a strong influence of the Mackenzie River while a value
closer to O represents a weak influence (color scales on Figs. 1 and 2;
numerical values in Table 2). Based on the MREE:LREE ratio, we further
calculate the average contribution of the Mackenzie to be 68, 68, 35, 24,
and 14 % for the Beaufort Sea Margin, the Barrow Canyon, the Bering
and Chukchi Shelves, the M’Clure Strait, and the Amerasian Basin,
respectively.

The relationship between MREE:LREE ratio and distance from the
Mackenzie River mouth is presented in Fig. 9, showing a clear decrease
with distance that points to the diminishing influence of Mackenzie
River sediments across the Arctic Ocean. When using the Mackenzie
Signature as a basis for comparison, we find that the sediment REE
signature at the Bering Sea Shelf sites is distinct from that of the
Mackenzie Region, showing a slight enrichment in MREE and a pro-
nounced enrichment for LREE. The Chukchi Sea Shelf site displays a
nearly identical signature to the two Bering Sea Shelf signatures. Pre-
vious modelling and field studies suggest that the primary source of
sediment for the Chukchi Sea is the Bering Strait and Sea, driven by the
Transpolar drift from the Pacific Ocean (Charette et al., 2020). Studies of
strontium (Sr) and Nd isotopes (Asahara et al., 2012) as well as miner-
alogy [ (Ortiz et al., 2009); (Viscosi-Shirley et al., 2003)] further support
this, indicating that most sediment in the Chukchi Sea originates from
the Yukon River via the Bering Sea and Siberia and the Aleutian-arc
volcanics [ (Schwab et al., 2021); (Asahara et al., 2012)]. The small
contribution of the Mackenzie River shown in our results aligns with
established expectations [ (Schwab et al., 2021); (Deschamps et al.,
2018); (Deschamps et al., 2017)], with our calculated MREE:LREE ratio
suggesting that this contribution amounts to 35 %.

The signatures at the Beaufort Sea Margin remain closely aligned
with that of the Mackenzie River, exhibiting varying levels of MREE
enrichment that decrease with distance from the delta (Fig. 1; Fig. 5).
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Fig. 7. Leached MREE:LREE ratios (average NASC and Pr-normalized concentrations of MREE over LREE) as a function of depth for the five main regions. Symbols
indicate individual cores, and the light grey solid lines represent the average ratios from the Mackenzie.
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Table 2

Similarity indexes (SI) calculated using Stations 1 and S26 as endmembers
representative of the Mackenzie Region and the Amerasian Basin, respectively.
Two possible ratios to calculate SI are shown. SI values closer to 1 point to higher
influence of the Mackenzie Region. MREE = medium-mass REE. LREE = light-
mass REE.

Station MREE:LREE La: Lu Geographical Zone

1 1.00 1.00 Mackenzie Region

1030 0.95 0.86 Mackenzie Region

380 0.92 0.88 Mackenzie Region

840 0.91 0.95 Mackenzie Region

RO3 0.86 0.91 Mackenzie Region

PCB17a 0.84 0.91 Mackenzie Region

PCB20 0.82 0.86 Beaufort Sea Margin

870 0.82 0.79 Mackenzie Region

BC-6 0.79 0.82 Barrow Canyon

PCB09 0.79 0.82 Beaufort Sea Margin

CG1 0.67 0.77 Beaufort Sea Margin
PCB03 0.61 0.69 Beaufort Sea Margin

BC-4 0.58 0.69 Barrow Canyon

PCBO1 0.48 0.72 Beaufort Sea Margin

SLIP-4 0.42 0.77 Bering and Chukchi Shelves
UTN-7 0.34 0.58 Bering and Chukchi Shelves
SLIP-3 0.31 0.43 Bering and Chukchi Shelves
S11 0.29 0.32 Amerasian Basin

518N 0.24 0.46 M’Clure Strait

S18 0.13 0.21 Amerasian Basin

$26 0.00 0.00 Amerasian Basin

This observation is consistent with previous evidence drawn from
sedimentary profiles of radio elements 3’Cs and 21°Pb (Kuzyk et al.,
2013). The primary influence on sediments at these sites is expected to
come from the Mackenzie River [ (Macdonald et al., 1998); (Leitch et al.,
2007; Yunker et al., 1993; Macdonald and Thomas, 1991)], given the
geographical proximity to the delta’s mouth and transport direction of
the Beaufort Gyre (Jakobsson et al., 2004). Previous estimates suggest
that the Mackenzie River contributes up to 95 % of the total sediments to
the region [ (Vonk et al., 2015); (Deschamps et al., 2018); (Goni et al.,
2013); (Hill et al., 1991)], with the remaining 5 % contributed by coastal

erosion (Vonk et al., 2015).

For Barrow Canyon, our results show that the Mackenzie River is a
less important source of sediment (68 %). The northern Barrow Canyon
site (BC-6) is more influenced by the Mackenzie River, likely via the
Beaufort Gyre [ (Klotsko et al., 2019); (Goni et al., 2013)]. In contrast,
the southern site (BC-4) is more influenced by the Chukchi Sea and
possibly the Yukon River [ (Kuzyk et al., 2017); (Lin et al., 2021);
(Pickart et al., 2021); (Klotsko et al., 2019)]. Our calculated SI values at
those two sites, from 0.79 in the north to 0.58 in the south, are consistent
with this trend, but are higher than previous estimates which showed
the Chukchi Sea and Yukon River constituted the majority of sediment
imports [ (Kuzyk et al., 2017); (McManus et al., 1969)]. In fact, the
Barrow Canyon is the only site for which our calculated MREE:LREE
ratio appears to overestimate the influence of the Mackenzie River.
Determining the MREE:LREE signature of sediments from the Yukon
River, a suspected contributor to the Barrow Canyon, would enable
better estimates of the contributions of key endmembers.

Westward transport of the Mackenzie River sediment along the
Beaufort Sea margin may be attributed to several mechanisms: (1) The
Beaufort Gyre, while primarily an anti-cyclonic circulation in deeper
waters, has a coastal branch that can transport ice-rafted sediments
westward along the Beaufort Shelf edge, especially during periods of
strong northeasterly winds (Pickart et al., 2009). (2) Intermittent re-
versals of the shelf break jet occur during upwelling-favorable wind
events, creating easterly flows that can transport suspended sediments
westward [ (Lin et al., 2019); (Nikolopoulos et al., 2009)]. (3) Sea ice
can entrain Mackenzie River sediments during freeze-up in autumn and
transport them along irregular trajectories influenced by both the
Beaufort Gyre and seasonal wind patterns (Eicken et al., 2005). The
combination of these mechanisms likely explains the Mackenzie River
signature detected in our Barrow Canyon samples, with the northern site
(BC-6) showing stronger Mackenzie influence due to its position closer
to the path of the Beaufort Gyre.

Finally, the signature and SI data from the Abyssal Amerasian Basin
Region indicate a geochemical dissimilarity to that of the Mackenzie
Delta. This finding is consistent with chemical analyses and comparisons
of sediment and mineralogical data in the central Arctic Ocean,
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indicating predominantly Eurasian sources and little contribution from
the North American continent [ (Martinez et al., 2009); (Kaparulina
et al., 2016)]. Nevertheless, the increasing values of the MREE:LREE
ratio towards the sediment surface (Fig. 7) could suggest an increasing
influence of Mackenzie-type signatures. This potential increase in con-
tributions from the Mackenzie River has been supported by studies
utilizing lead (Pb) and neodymium (Nd) isotope measurements in Cen-
tral Arctic sediments (Fagel et al., 2014). To strengthen this approach, it
would be beneficial to identify a distinct Eurasian endmember for REE.
In addition, the signatures from M’Clure Strait sediments do not reflect a
source from the Mackenzie River, and most likely reflect known sources
from the Banks Island and Canadian Archipelago [ (Letaief et al., 2021);
(Agnew et al., 2008)]. Most of the sediment reaching this site is trans-
ported via drifting sea ice (Letaief et al., 2021), which is known to
contain little sediment derived directly from the Mackenzie River
(Darby, 2003).

REE signatures generally result from the sediment sources, the na-
ture of the weathering process prevailing at the site, and the physico-
chemical conditions at the onset of sediment genesis [ (Lim et al., 2014);
(Jung et al., 2021); (Su et al., 2017)]. In this study, an MREE enrichment
consistent with metal oxide-humic complexes with REE (Tadayon et al.,
2024b) is found in the leached fraction. Although there is no consensus
on whether the total or leached REE fractions represent a distinctive
signature that remains unchanged during transport and diagenesis [
(Jung et al., 2021); (Su et al., 2017); (Tostevin et al., 2016); (Zhang and
Shields, 2022)], our calculated proportion of the influence of the
Mackenzie River aligns with known sediment sources at our sites. As
such, we suggest that leached REE shows a clear influence of the dis-
tance from the source.

5. Conclusions

Our data suggest that REE signatures, particularly the MREE:LREE
ratio, provide a reliable geochemical fingerprint for tracing sediment
sources and transport in the Arctic Ocean. We have established that the
contribution from the Mackenzie River decreases with increasing dis-
tance from the delta. Our results show that the Mackenzie River supplies
up to two-third of the sediments accumulating in the Beaufort Sea
Margin and the Barrow Canyon, one-third in the Bering and Chukchi
Shelves, and about 15-25% in the M’Clure Strait and deep Amerasian
Basin.

Future research should focus on better understanding the processes
in the water column that modify the relative distribution of REE. The
Beaufort Gyre region, which primarily receives sediment from the
Mackenzie River (Jakobsson et al., 2004), represents a valuable natural
laboratory to further investigate such REE transport and transformation
processes in the Arctic. Future research should also aim to better
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understand the impact that ongoing climate-driven changes in the car-
bon cycle will have on REE transport and burial. Finally, it should
address the lack of comprehensive REE signature data from other po-
tential sediment sources, particularly from Siberian rivers such as the
Lena, the Yenisei and the Ob.
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