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Abstract Long-term warming of the continental shelf of the Canadian Beaufort Sea caused by the
transgression associated with the last deglaciation may be causing decomposition of relict offshore subsea
permafrost and gas hydrates. To evaluate this possibility, pore waters from 118 sediment cores up to 7.3-m
long were taken on the shelf and slope and analyzed for chloride concentrations and δ180 and δD
composition. We observed downcore decreases in pore waters Cl� concentration in sediments from all sites
from the inner shelf (<20-m water depth), from the shelf edge, from the outer slope (down to 1,000-m water
depths), and from localized shelf features such as midshelf pingo-like features and inner shelf pockmarks.
In contrast, pore water freshening is absent from all investigated cores of the Mackenzie Trough. Downcore
pore waters Cl� concentration decreases indicate regional widespread freshwater seepage. Extrapolations to
zero Cl� of pore water Cl� versus δ180 regression lines indicate that freshwaters in these environments
carry different isotope signatures and thus are sourced from different reservoirs. These isotopic signatures
indicate that freshening of shelf sediments pore waters is a result of downward infiltration of Mackenzie
River water, freshening of shelf edge sediments is due to relict submarine permafrost degradation or gas
hydrate decomposition under the shelf, and freshening of slope sediments is consistent with regional
groundwater flow and submarine groundwater discharge as far as 150 km from shore. These results confirm
ongoing decomposition of offshore permafrost and suggest extensive current groundwater discharge far
from the coast.

Plain Language Summary The continental shelves around the Arctic Ocean were exposed to very
low temperatures during the last glacial period more than 12,000 years ago. Precipitation that infiltrated
these areas froze in the soils as permafrost. When climate warmed at the end of the glacial period, sea level
rose and inundated the shelves warming them up. The warming may be reaching the now submarine
permafrost and inducing its melting. This permafrost decomposition may be detected as freshwater seeping
into the seafloor. In this study, we found evidence that in the Canadian Beaufort Sea not only permafrost is
decomposing and seeping into the seafloor but also current groundwater discharge into the seafloor occurs at
distances as far as 150 km from the current shore, likely routed by the permafrost presence in the shelf as a
frozen lid. Active water discharge onto sediments may induce sediment instabilities that result in landslides,
which can trigger tsunamis. In addition, sediment instabilities are a geohazard for sea-based infrastructure.

1. Introduction

Continental shelves of the Arctic Ocean have experienced large changes in average surface temperatures on
glacial to interglacial timescales. During glacial intervals, when sea level was lower, large sectors of previously
flooded shelves became subaerially exposed. As a result, the Canadian Beaufort and Siberian shelves experi-
enced mean annual surface temperatures at least 10 °C lower than today’s (Allen et al., 1988; Bringham &
Miller, 1983; Gavrilov & Tumskoy, 2003; Portnov et al., 2013; Romanovskii et al., 2004, 2005) causing wide-
spread aggradation of terrestrial permafrost. Subsequent interglacial periods were characterized by eustatic
sea level rise and marine transgressions that covered the shelves with relatively warm seawater, which at
minimum had a temperature close to �1.8 ° C. Thus, the ~10° warming that has taken place since the last
deglaciation has been slowly propagating into the subsurface (Allen et al., 1988; Delisle, 1998; Romanovskii
et al., 2005; Taylor, 1991; Taylor et al., 2013), leading to the degradation of the relict permafrost at its base
(Mackay, 1972) and to the decomposition of offshore gas hydrate (Judge & Majorowicz, 1992).
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Destabilization of permafrost and gas hydrate decomposition can lead to significant changes in the sediment
properties. The formation and decomposition of pore ice and gas hydrate can substantially affect the volume
and shear strength of unconsolidated sediments and affect sediment permeability (Arenson et al., 2004;
Czurda & Hohmann, 1997; Winters et al., 2007). Dissociation of gas hydrate would also result in significant
releases of free gas (Winters et al., 2007). In addition to inducing unique geologic processes and posing a
potential geohazard scenario of submarine slides, permafrost thawing and and/or gas hydrate decomposi-
tion due to marine transgressions warming may impact groundwater flows under the shelf. The aim of this
study is to investigate evidence of water seepage into sediments of the Canadian Beaufort Sea margin and
to identify the sources of such fluids as determined by the chemistry of sediment pore waters.

2. Regional Setting of the Beaufort Shelf and Slope
2.1. Sedimentary Setting

The Canadian Beaufort Sea shelf, north of the Tuktoyaktuk Peninsula, is up to 150-km wide (Figure 1) and is
underlain by the unconsolidated Pliocene to Pleistocene-aged strata of the Iperk sequence (Dietrich et al.,
1985), which thickens considerably toward the shelf edge.

Depositional environments within the Iperk sequence are quite diverse, consisting of Pliocene prograded
fine-grained deep water sediments that grade upward into slope and outer to midshelf sediments (Blasco
et al., 1990). The overlying Pleistocene strata consist of interbedded fine-grainedmarine muds deposited dur-
ing interglacial times when sea level was high and coarse-grained glaciogenic sediments deposited when sea
level was lower (Blasco et al., 2012). Midshelf pingo-like features (PLFs) are found on the shelf (Shearer et al.,
1971). These are circular mounds commonly up to 250 m in diameter and ~30 m in height that are formed by
expelled fluidized mud and gas (Paull et al., 2007, and references therein).

A change in the seafloor gradient at approximately the 90 to 100-m isobaths marks the beginning of the shelf
edge transition. The shelf edge morphology includes smooth topography, slope failure deposits (Mosher,
2009; Paull et al., 2011; Saint-Ange et al., 2014), and areas with numerous topographic mounds smaller than
midshelf PLFs (Hill et al., 1982; Paull et al., 2011; Saint-Ange et al., 2014) (Figure 1). A number of mud volcanoes
are found on the upper slope at 290, 420, and 740-m water depths. The fluids emanating from these mud
volcanoes have a distinct chemical and isotopic composition, are sourced at least at the depth of the smectite
to illite transition, and have been discussed elsewhere (Paull et al., 2015). The top of the marine gas hydrate
stability zone is at ≤280-m water depth.

2.2. Shelf Permafrost and Gas Hydrates

More than 100 hydrocarbon exploration wells have been drilled in the Beaufort Shelf providing a basis for
estimating the distribution of marine ice-bonded permafrost (Dallimore et al., 2015). Ice-bonded permafrost
offshore of the Tuktoyaktuk Peninsula is mapped to be more than 600-m thick in the inner shelf and extends
and thins toward the shelf edge where it is absent (Figure 1). Permafrost also thins to the west and is not pre-
sent in the Mackenzie Trough area (Allen et al., 1988; Blasco, 1984; Dallimore et al., 2015; Hu et al., 2013; Issler
et al., 2011; Judge et al., 1987; Pullan et al., 1987). Ice-bonded permafrost and gas hydrate are found mainly in
the Iperk sequence (Blasco et al., 1990; Hu et al., 2013). The distribution of subsea permafrost is thought to be
partly lithologically controlled, with the thickest accumulation in coarse-grained sediments. The top of the
gas hydrates zone presently partially overlaps with ice-bonded and ice-bearing sediments (Judge et al.,
1987; Osadetz & Chen, 2010). Gas hydrates are associated with thick permafrost, occurring to depths exceed-
ing 1,200 m below seafloor (mbsf), deeper than the base of the relict permafrost (Blasco et al., 2013; Judge &
Majorowicz, 1992; Riedel et al., 2017; Weaver & Stewart, 1982).

Because ice-bonded sediments can provide an effective seal to vertical fluid migration, it is conceivable that
gas and water generated in the degradation of permafrost and/or gas hydrates under the shelf of the
Canadian Beaufort Sea could flow laterally and emerge at the edge of the permafrost along the shelf break
and, to a lesser degree, flow vertically along partially unfrozen sediment conduits of increased permeability
and breach the seafloor on the shelf (Frederick & Buffet, 2014; Paull et al., 2007, 2011). Slope failure scars at
the shelf break and upper slope, which Saint-Ange et al. (2014) hypothesized were caused by the failure
within the last 1,000 years of overpressured and gassy sediments, are an example of the potential geohazards
related to temperature changes in the shelf subsurface since the last glacial period.
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3. Methods
3.1. Experimental Approach

Differences in chemical and isotopic compositions between seawater and meteoric water from the Beaufort
Sea region enable the detection of freshwaters inputs into Beaufort Sea sediments. The chlorinity of open
ocean seawater is approximately 558 mM, while precipitation has ≪1-mM chloride. Similarly, there is a clear
isotopic difference between seawater and meteoric water. The isotopic composition of modern meteoric
water collected in Inuvik, the closest station to the study area, by the Global Network of Isotopes in
Precipitation (GNIP, http://www-naweb.iaea.org/napc/ih/IHS_resources_gnip.html) has a δ180 range of
�35.3 to �16.7‰. The isotopic compositions of relict permafrost and gas hydrate under the shelf are
expected to be at least in the same range or more depleted (poorer in 180) because they were formed when
the climate was colder than today. In contrast, the δ180 range of seawater in the Canadian Beaufort Sea, away
from the Mackenzie River estuary, varies from 0.3‰ to as low as �3.5‰, depending on depth, season, and
extent of sea ice formation (MacDonald et al., 1989; MacDonald et al., 1995; Melling & Moore, 1995). Waters
with a δ180 isotopic signature between �16.7 and �3.5‰ can indicate mixtures of water of meteoric origin

Figure 1. Map of the Canadian Beaufort Sea where this study was conducted. Inset map shows location with respect to
Alaska and northwest Canada. Numbers identify cores according to supporting information Table S1. Gray lines are per-
mafrost isopachs (Dallimore et al., 2015). Locations of slopemud volcanoes (Paull et al., 2015) and a landslide scar along the
shelf edge also noted.
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from a modern or glacial period and seawater. In the Beaufort Sea shelf, the dominant freshwater source is
the Mackenzie River output, which delivers annually enough freshwater to cover the entire shelf to a depth
of 6 m (Jackson et al., 2015; MacDonald et al., 1995), whereas yearly precipitation is only 0.26 m.

The isotopic signature of the freshwater component in seawater-freshwater mixtures can be ascertained in a
Cl� versus δ180 plot (Clark et al., 2000; Gieskes et al., 1998; MacDonald et al., 1989; MacDonald et al., 1995).
Seawater-freshwater mixtures plot along a mixing line. Because the freshwater component has almost no
chloride, its δ180 is determined from the projection of the mixing line to zero chloride content.

Chloride versus δ180 plots of pore waters help identify the isotopic composition of the ultimate meteoric
water source but do not unequivocally single out the reservoirs in which the water may have resided in
nor the pathways the water may have taken on its transit to near-seafloor sediments where it was sampled.

3.2. Sample Collection and Analysis

Since 2003, the Geological Survey of Canada, Fisheries and Oceans Canada, and the Monterey Bay Aquarium
Research Institute have jointly conducted a research program to study the marine geology of the Canadian
Beaufort Sea shelf and slope. The Korean Polar Research Institute joined this collaboration in 2013. New geo-
physical and geological data were collected during four cruises aboard the Canadian Coast Guard icebreaker
Sir Wilfrid Laurier in 2003 (WL03; Paull et al., 2007), 2010 (2010-035-WD; Paull et al., 2011), 2012 (2012004PGC),
and 2013 (2013005PGC) and three on the South Korean icebreaker Araon in 2013 (ARA04C; Jin et al., 2015),
2014 (ARA05C; Jin & Dallimore, 2016; Paull et al., 2015), and 2017 (ARA08C). All cruises were conducted at the
end of summer beginning of the fall, that is, end of August to beginning of October.

The pore water chemistry of large geographical regions and of smaller localized features was investigated.
The large geographical regions were (a) inner to outer shelf, (b) shelf edge, (c) continental slope down to
1,000-m water depth north of the Tuktoyaktuk Peninsula and extending west up to the Mackenzie Trough,
and (d) the Mackenzie Trough (Figure 1). The water depth boundaries between these regions were defined
as 90-m water depth for the transition between the shelf and shelf edge and 240 m between shelf edge
and continental slope. Coring sites were often targeted specifically for pore water sampling, but in other
instances coring was done at locations of hydrographic or biological interest. As a result, sampling was not
always evenly distributed across a geographical region. However, the pore water sampling of the shelf edge
and the Mackenzie Trough is fairly representative. Along the slope, core coverage of the 200–1,000-m depth
range is even but rather limited in its geographic extent. Core coverage of the inner to outer shelf is uneven in
areal extent and water depth.

The localized features sampled include Gary Knolls, midshelf PLFs, and the Kugmalit pockmarks (Figure 1).
However, Gary Knolls, a string of mounds concentrated on the western shelf in water depths of ~50 m, is here
included as part of the shelf edge region (b above) because Gary Knolls and the shelf edge are at the northern
and western ends of the subsea permafrost, respectively (Figure 1). Both areas are possibly impacted by the
same dominant hydrological processes.

We sampled pore waters in the inner to outer shelf in 29 cores (Figure 1 and supporting information Table S1);
the shelf edge was sampled in 28 cores from 94 to 235-m waters deep, and 9 cores were taken from the Gary
Knolls area. On the upper continental slope we collected 17 cores and on the Mackenzie Trough 13 cores.

The localized features sampled include the crests of midshelf PLFs Kopanoar (four cores), Admiral Fingers
(eight cores), and Kaglulik (five cores; Figure 1). Another sampled feature is the Kugmalit pockmarks (five
cores), which occupies <1 km2 in the inner shelf at <10-m water depth, with evidence of gas venting
(Blasco et al., 2010).

Cores were collected with a vibracorer (only in the shelf), a gravity corer, and a piston corer. Core length aver-
aged 2.5 m (range: 0.3 to 7.3 m). During the WL03 cruise pore waters were collected with sediment squeezers
(Paull et al., 2007). In later cruises pore waters were collected with rhizons (Rhizosphere Research Products,
Netherlands; Paull et al., 2011), which are porous ceramic tubes connected to an evacuated small volume syr-
inge at one end and inserted into the cores at the other end to extract pore waters through vacuum action.
Pore water samples were filtered through 0.22-μm filters, diluted 1:100, and injected into a Dionex DX-120 ion
chromatograph. Bracketing standards were run every five samples. Long-term reproducibility of Cl concen-
tration measurements is 3.2% (2σ). Water isotope analyses (δ180 and δD) were done by cavity ring-down
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spectroscopy at Isotech laboratories, Champaign, Illinois, USA. Isotech’s long-term precision is 0.6‰ (2σ) for
δ180 and 4‰ (2σ) for δD. Summaries of chloride and some isotope data from theWL03 cruise were presented
in Paull et al. (2007) and Paull et al. (2011).

Statistical analyses: Where linear regressions models were applied, regression coefficients with p values
<0.05 were considered statistically significant. A coefficient of determination (R-squared) larger than 0.8
was considered indicative of a high degree of association between two variables.

4. Results
4.1. Pore Waters Chloride

Pore waters fresher than seawater (Figures 2 and 3) were found in the inner to outer shelf, shelf edge, and
slope north of the Tuktoyaktuk Peninsula down to 1,000-m water depth, but not in cores from the
Mackenzie Trough. Cl� concentration ranged from open ocean seawater values of ~558 mM to as low as
260 mM, or 47% of seawater chlorinity.

Cl� concentrations of pore waters from shelf sediments (Figure 2b) show geographic and downcore trends.
Sediment pore water chlorinity in sediments from shallow waters sites (<20 m) is distinctly lower than open
ocean seawater, reaching aminimum of 410mMCl�, or only ~73% of open ocean seawater. Away from shore
toward deeper sites (42 to 68-m water depth), pore water Cl� concentrations are higher, between 500 and
520 mM. In addition to this geographic trend, 7 out 12 cores have moderate, though statistically significant
(r2 > 0.8, p < 0.05), downcore gradients in pore water Cl� concentration, which are most pronounced in the
upper sections of cores collected closest to shore (Figure 2b).

Cores from the shelf edge (Figure 3a) come from regions where the submarine permafrost thins out or is
absent (Dallimore et al., 2015). Here we measured a consistent decrease in pore water Cl� concentration with
depth (Figures 3b–3d). Cl� concentration gradients are steep, reaching �360 mM/m, and independent of
water depth. In cores from the Gary Knolls area, included here as part of the shelf edge environment because
of its location along the apparent permafrost boundary, downcore chlorinity gradients (Figure 4b) are also
observed. In one Gary Knolls core pore waters freshen by 50% within 30 cm from the seafloor.

Pore waters from cores collected on the continental slope also show downcore decreases in Cl� concentra-
tion, reaching as low as 443 mM (~80% of the Cl� concentration at the top of the core) at 3.5 mbsf (Figure 2c).
This is equivalent to a maximum gradient of�33mM Cl� per meter. No systematic relationship was observed
between the extent of freshening and water depth across the slope. In contrast, Mackenzie Trough cores
from 70 to 1,750-m water depth show no downcore changes in pore water Cl� concentrations (Figure 2d).

The extent of pore water freshening in midshelf PLF’s and pockmarks is also pronounced. For example, in the
Kugmalit pockmarks (Figure 4c) pore water chlorinity is diluted down to 286 mM and in the Kopanoar mid-
shelf PLF (Figure 4d) to even lower values of 155 mM. Both values are ~65% and ~30% of local seawater
chlorinity at the end of summer (MacDonald et al., 1995). Ice nodules were encountered in 14 out 19 cores
taken on midshelf PLFs crests.

4.2. Pore Waters δ180 and δD

In a δ180 versus δD plot (Figure 5a) the isotopic compositions of pore waters from the shelf, shelf edge, and
slope are largely aligned along a Inuvik-seawater line. This line extends between the isotopic composition of
seawater (δ180 = �0.15‰ and δD = �3.7‰, collected on 31 August 2014 from 413-m water depth in the
slope at 70.706°N, 135.818°W), and the isotopic composition of precipitation at this latitude (Inuvik station:
δ180 = �24‰, δD = �180‰, calculated from the volume-weighed mean of monthly data for which values
are reported for both isotopes by GNIP). The isotopic composition of precipitation at Inuvik is within the con-
fidence intervals of region-specific regression lines fitted through the shelf or through the slope samples, but
it is outside the confidence interval of a regression line fitted through the shelf edge samples, which projects
slightly below Inuvik’s isotopic composition (regression lines not shown).

Pore waters from the Kugmalit pockmarks and the midshelf PLF’s plot above the Inuvik-seawater line. This is
best visualized in a plot of δ180 versus ΔδD, that is, the deviation of δD from the Inuvik-seawater line
(Figure 5b). Pore waters frommidshelf PLFs have positive ΔδD and show a large degree of scatter. Pore waters
from the Kugmalit pockmarks plot between the isotopic composition of pore waters from the inner shelf and
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the isotopic composition of pore waters from themidshelf’s PLF’s. The divergence of shelf edge samples from
the Inuvik-seawater line is clearly visible in this plot (Figure 5b).

4.3. Cl� Concentration-δ180, δD Relationships
4.3.1. Regional Pore Waters
There is a significant relationship (r2 = 0.91, p < 0.0001) between the Cl� concentration and the δ180 of pore
waters of shelf sediments in water depths shallower than 70 m (Figure 6). Extrapolation of this trend to zero
Cl� concentration yields an end-member δ180 value of �19‰.

The relationships between Cl� concentration and δ180 (and δD) in pore waters of the shelf edge and conti-
nental slope were examined in individual cores, as a greater number of samples per core were available from
these two environments compared to the shelf. When information from Cl� versus δD and Cl� versus δ180
relationships is redundant, only δ180 results are presented (Figure 7).

Figure 2. (a) Map of the Canadian Beaufort Sea with locations of cores from the shelf, continental slope, and Mackenzie
Trough highlighted. Gray lines are permafrost isopachs (Dallimore et al., 2015). (b–d) Show Cl� versus depth profiles of
shelf, slope, and Mackenzie Trough cores, respectively, with cores water depths noted.
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Statistically significant (p < 0.02) and highly correlated (r2 > 0.8) linear relationships exist between Cl� and
δ180 of pore waters from individual cores from the shelf edge (including Gary Knolls; Figure 7a). The median
δ180 value of the freshwater components, that is, the median δ180 value at zero Cl- concentration of all regres-
sion lines, is�27.3‰ (n = 16; Figure 7c) with a range�4.7 to�55.5‰. Standard errors were calculated for the
linear regressions intercepts (supporting information Table S2). The median δ180 of the freshwater compo-
nents is within 2 standard errors of most individual freshwater end-member isotopic compositions
(Figure 7c). However, the narrowly constrained δ180 values of at least four freshwater end-members are dis-
tinctly different from the shelf edge median δ180 of 27.3‰. Cl� concentration and δD are also highly corre-
lated. The median δD value of the intercepts at zero Cl� of the Cl� versus δD regression lines is �216‰
(n = 14) with a range �147 to �398‰ (not shown).

Statistically significant (p< 0.03) and highly correlated (r2> 0.84) regression lines between Cl� and δ180 were
fitted to pore waters from eight individual cores from the continental slope (Figure 7b). The median δ180
value of the freshwater component, that is, the median δ180 value at zero Cl concentration of all

Figure 3. (a) Map of the Canadian Beaufort Sea with locations of cores from the shelf edge. Gray lines are permafrost iso-
pachs (Dallimore et al., 2015). (b–d) Show Cl� versus depth profiles of pore waters from cores taken along different
transects across the shelf edge with cores water depths noted.
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regression lines, is�22.3‰, with a range extending between�16 and�29.7‰ (Figure 7d). The median δ180
is within or very close to the 2 standard errors of all slope freshwater end-member isotopic compositions
(Figure 7d). Cl� concentration and δD are also highly correlated. The median δD value of the intercepts at
zero Cl� of the Cl� versus δD regression lines is�142‰ (n = 14) with a range�117 to�176‰ (not shown).

The δ180 (and δD) values of the freshwater components in the shelf edge and in the slope are statistically sig-
nificantly different (Wilcoxon Rank sum test, p< 0.05), which indicates that these are freshwater populations
with different distributions and medians. In δ180 and δD coordinates (Figure 8), the two groups cluster differ-
ently: the freshwater components in the slope are isotopically heavier than the precipitation at Inuvik, and all
but one of the shelf edge freshwaters components are isotopically lighter than precipitation at Inuvik.
4.3.2. Pore Waters of Localized Seabed Features
The relationship between Cl� and δ180 in pore waters from PLFs was evaluated in the two cores where
more than one sample per core was available. The slope of the Cl� versus δ180 relationship of midshelf
PLFs pore waters is positive (Figure 9), in contrast to the negative slope of shelf and slope pore waters

Figure 4. (a) Map of the Canadian Beaufort Sea with locations of cores from Gary Knolls and from localized features. Gray
lines are permafrost isopachs (Dallimore et al., 2015). (b–d) Show Cl� versus depth profiles of pore waters from cores taken
in Gary Knolls, the Kugmalit pockmarks, and the crests of midshelf PLFs, respectively.
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(Figures 7a and 7c), and is aligned toward the composition of ice found in the core (core 104, supporting
information Table S1).

5. Discussion

Chloride profiles demonstrate that regional subsurface inputs of freshwater into near-surface sediments in
the Canadian Beaufort Sea north of the Tuktoyaktuk Peninsula and east of the Mackenzie Trough are wide-
spread out to at least 1,000-m water depths. Chemical and isotopic results (Figures 5a, 6, 7a, and 7c) show
that pore waters in this margin are binary mixtures of seawater and freshwater of ultimately meteoric origin.
We will discuss in the following sections the possible sources and pathways of freshwater, starting in the shal-
low nearshore environment and continuing toward the deeper continental slope regions farther
north (Figure 10).

5.1. Freshwater Contribution to Inner Shelf Sediments

The linear relationship between Cl� and δ180 of pore waters from shelf sediments shallower than 70-m water
depths projects to a δ180 value of �19‰ at zero Cl� concentration (Figure 6). Also, pore water Cl� profiles
exhibit slight downcore decreases, which are most pronounced in the upper sections of cores from the shal-

lowest water depths (Figure 2b).

The range in shelf pore waters chlorinity is largely related to water depth.
The downcore Cl� concentration decreases are minimal compared to the
shoreward gradient. The shoreward decrease is consistent with mixing of
seawater and Mackenzie River waters in the water column that then infil-
trates into the upper sediment. The freshwater end-member identified in
these cores (δ180 = �19‰; Figure 6) is in agreement with the isotopic
value of the modern Mackenzie River outflow (δ180 between �18 and
�19‰; MacDonald et al., 1995; Yi et al., 2010). The Mackenzie River dis-
charges 75% of its yearly outflow during the summer (MacDonald et al.,
1995) and provides a considerable freshwater input to the shelf as its
waters move eastward over the shelf within 50 km from shore (Carmack
et al., 1989; O’Brien et al., 2006; Vilks et al., 1979). By the end of the summer
this freshwater input is restricted to the upper 20 m of the water column
(MacDonald et al., 1995).

Melting of offshore subsea permafrost, stimulated by the seasonal near-
shore Mackenzie River outflow over shallow shelf sediments, is a

Figure 5. (a) δ18O versus δD of pore waters from all environments. The dotted line extends between the isotopic composi-
tion of seawater measured on the slope at 413-m water depth and the isotopic composition of precipitation in Inuvik,
Mackenzie delta. (b) δ18O versus ΔδD for all environments sampled. ΔδD is the deviation in δD from the line extending
between the isotopic compositions of seawater and Inuvik precipitation in panel a.

Figure 6. Chloride concentration versus δ18O of pore waters from shelf sedi-
ments of less than 70-m water depth.
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possible explanation for the downcore freshening of pore waters with proximity to shore. The freshening of
pore waters is restricted to the nearshore regions where the warming effect of the Mackenzie River discharge
would be capable to induce permafrost thawing (Taylor et al., 2013), freshwater release, and upflow. The
slight downcore decreases in Cl� concentration would result from the mixing of overlaying seawater with
subsurface freshwater inputs.

5.2. Freshwater Contribution to the Shelf Edge

The extrapolated δ180 values of freshwater found at the shelf edge have a median of�27.3‰ (Figure 7c) and
mostly fall within the range �22 to �40‰. These values are characteristic of glacial meteoric waters, as
recorded in relict Pleistocene ground ice bodies found on land at these high latitudes (Fritz et al., 2011;
Lorrain & Demeur, 1985; Mackay & Dalllimore, 1992; Michel, 1986, 2011; Murton et al., 2004; Zdanowicz
et al., 2002). The divergence of the shelf edge freshwater isotopic values from the seawater-Inuvik line
(Figure 5b) does not support a modern meteoric contribution to shelf edge pore waters. The extreme and
distinct isotopic compositions of some of the freshwater end-members (Figure 7c) indicate that freshwaters
seeping into sediments of the shelf edge are not a homogenous population and therefore do not originate in
a single well-mixed reservoir. When the Beaufort Sea shelf was subareally exposed during glacials and the
transgressive early stages of deglaciations meteoric water was sequestered within the sediment at depth
as permafrost or even gas hydrates (Blasco et al., 2012; Mackay, 1972). Consequently, the isotopic composi-
tion of permafrost (and gas hydrate) would be expected to have a vertical structure reflecting the climate
conditions at the time of precipitation, with more isotopically negative horizons reflecting cold conditions
and heavier isotopic values sequestered during warmer conditions. Both permafrost and gas hydrate are

Figure 7. (a) Chloride concentration versus δ18O of pore waters from (a) the shelf edge and (b) slope. Regression lines were
calculated for individual cores to obtain the δ18O intercepts at Cl� = 0. (c) Distribution of the δ18O intercepts at Cl� = 0 ± 2
standard errors of the regression lines of panel a. (d) Distribution of δ18O intercepts at Cl� = 0 ± 2 standard errors of
the regression lines of panel b. The δ180 intercepts at Cl� = 0 from the shelf edge and slope are statistically significantly
different (Wilcoxon rank sum test, p < 0.05).
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predicted to be decomposing at depth due to the downward propagating
warming pulse of the Holocene (Judge & Majorowicz, 1992; Majorowicz
et al., 2008; Taylor et al., 2013). A possible interpretation for the variability
in the isotopic composition of the shelf edge freshwater components
(Figure 7c) is that they originate in discrete permafrost or gas hydrate hor-
izons of different isotopic compositions and did not travel extensively,
which prevented mixing and dilution of the isotopic signal. Data collected
in this study do not allow to discriminate between permafrost or gas
hydrate sources because waters from gas hydrate decomposition or per-
mafrost degradation cannot be distinguished isotopically since the isoto-
pic fractionations factors between water and ice and water and gas
hydrate are not significantly different (Maekawa, 2004).

5.3. Freshwaters Contributions to the Upper Continental Slope

The extensive freshening of continental slope pore waters is the most sur-
prising finding of this study. With the exception of areas of active gas
hydrate decomposition, it is highly unusual to observe this extent of
near-seabed pore water freshening in continental margin sediments as
far away from shore as documented here (e.g., Hathaway et al., 1979;
Ussler III & Paull, 2001). Based on the isotope results, we propose below
a number of possible origins for these waters.

The median δ180 of freshwaters found in slope sediments is �22.3‰
(Figure 7d), 5‰ heavier than the median δ180 of freshwaters found in
the shelf edge (�27.3‰), the latter being consistent with a glacial origin.

The heavier isotopic signature of slope freshwaters suggests that it is either meteoric water from an intergla-
cial or a warm pre-Pleistocene period, or, if it is glacial water, it precipitated south from the study area and has
been transported northward. These sources and mechanisms of transport are explored below.
5.3.1. Origin of Slope Freshwaters, Hypothesis 1: Regional Groundwater Flow of Interglacial Waters
A source of modern regional groundwater, recharged south of the Beaufort Sea, is proposed for freshwater
found in slope sediments because the isotopic composition of this freshwater component falls within the
range of modern precipitation and underground waters recharged during the Holocene in northern conti-
nental Canada. The freshwater end-member δ180 value of �22.3‰ is within the isotopic range of precipita-
tion in continental Canada north of 62° latitude as recorded in GNIP stations (20.5 to�23.5‰) and of springs

and frozen Holocene sediment of the Central Mackenzie Valley (�21 to
�23.7‰; Michel, 1986). It falls within the δ180 range of �22 to �24.5‰
or heavier of modern ice reported by Michel (2011), and between the
δ180 value of the modern permafrost active layer (�18 to �20‰;
Mackay, 1983), and the annual volume-weighted average δ18O of preci-
pitation of �24.2‰, recorded by GNIP in Inuvik, 1° south of the
Tuktoyaktuk Peninsula.

The chloride gradients measured in slope sediments (up to �33 mM/m)
are unusually steep. Very steep Cl� gradients in marine sediments pore
waters have only been observed in nearshore environments where sub-
marine groundwater discharge is active (Jiao et al., 2015; Oehler et al.,
2017; Schlüter et al., 2004; Tokunaga et al., 2011). Here the observed steep
Cl� gradients (Figure 2) are interpreted to be the result of flushing of the
original connate seawater deposited with the sediment by upflow of fresh-
water that mixes with it and dilutes it.

Despite of the presence of permanent permafrost, groundwater systems
are not necessarily impeded because breaks in the permafrost cover (i.e.,
taliks) can allow for the recharge of aquifers. The presence of year-round
open water lakes, springs, river winter base flow, river icings (Aufeis), and
geographic heat flow variations provides evidence for the existence of

Figure 8. δ18O versus δD plot of the freshwater end-members in shelf edge
and slope pore waters. The isotopic values are the intercepts at Cl� = 0
of the regression lines Cl� versus δ18O and Cl� versus δD of sediment pore
waters of individual cores. Error bars are the confidence intervals (2 SE)
of the Cl versus δ18O (and versus δD) regression lines intercepts at the δ18O
(and at the δD) axis.

Figure 9. (a) Chloride concentration versus δ18O of pore waters and ice of
cores 103 and 104 (supporting information Table S1) from midshelf PLF
Kopanoar.
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suprapermafrost and subpermafrost groundwater flows (Clark et al., 2001;
Deming, 1993; Deming et al., 1992; Kane et al., 2013; Lecher, 2017; Lemieux
et al., 2016; Utting et al., 2013; Walvoord & Striegl, 2007). The Mackenzie
River year-round flow with temperatures consistently above freezing sug-
gests hydraulic connection between surface waters and a regional subsur-
face reservoir. Groundwater flow under the shelf can occur within the Iperk
sequence, which is composed of gravels and sands with favorable hydrau-
lic conductivity. Modeling of submarine permafrost under the shelf sug-
gests that groundwater flow below offshore permafrost is required to
explain its current seaward extent under the shelf (Frederick & Buffett,
2015). This groundwater flow freshens the pore space and raises the freez-
ing point, allowing the permafrost under the shelf to persist to its current
seaward extent.

The absence of pore water freshening in sediments of the Mackenzie
Trough stands in contrast to the widespread freshening observed in shelf edge and slope sediments imme-
diately to the east of the trough. A plausible explanation for this difference may be related to the seaward
extent of permafrost. The Mackenzie River year-round flow with temperatures above freezing likely prevents
the formation of permafrost along its course. Submarine groundwater discharge may be taking place near
the river mouth, as is observed in the vicinity of the Lena River Delta in the Laptev Sea (Charkin et al.,
2017), but not farther offshore where cores were collected. In contrast, the submarine permafrost east of
the trough acts as a confining layer since the hydraulic conductivity of frozen media is orders of magnitude
lower than that of unfrozen porous media (Walvoord & Kurylyk, 2016). This constrain effectively moves the
area of submarine groundwater discharge to at least the submarine permafrost boundary.

5.3.2. Origin of Slope Freshwaters, Hypothesis 2: Long-Distance Transport of Glacial Meteoric Water
This scenario considers glacial meteoric water that precipitated in the Canadian interior and was transported
along an ice stream of the Laurentide ice sheet (LIS) reaching a grounded ice shelf on the Beaufort margin.
Here freshwater would have infiltrated slope sediments either via basal melting of the ice stream or from pro-
glacial lakes nested against the ice stream. Indeed, glaciogenic bedforms parallel to the continental slope
along the Alaska Beaufort Sea, in particular a bathymetric bench at 400- to 550-m depths in the Beaufort
Sea Alaskan margin, are interpreted as evidence for a grounded ice shelf that originated in LIS outlets to
the east and that flowed clockwise around the Arctic Ocean margin, buttressed against the slope (Engels
et al., 2008).

However, the mismatch between �22.3‰, the δ180 value of the slope freshwater component, and the mea-
sured or estimated isotopic values of LIS-derived glacial freshwaters do not support the long-distance trans-
port of glacial water hypothesis. First, the isotopic value of the slope freshwater component is heavier than
the bulk LIS δ180, estimated between �25.4‰ (Ferguson & Jasechko, 2015) and �31‰ (Sima et al., 2006)
and heavier than the modeled isotopic range of LIS at the last glacial maximum (�27 to �35‰; Sima
et al., 2006). Second, it is heavier than the measured isotopic composition of �25 to �29‰ of frozen soil
waters of glacial age in the Central Mackenzie Valley north of 64°N (Michel, 1986). Third, the isotopic value
of the slope freshwater component is more enriched than the estimated δ180 value of glacial water at the
point of inception of the potential ice stream: The δ180 difference of 5‰ between the shelf edge and slope
freshwater components is roughly equivalent to eight to 10° of latitude difference, based on a latitudinal iso-
topic gradient in precipitation of ~ �0.5‰/degree at high latitudes, which steepens northward (Bowen &
Wilkinson, 2002; Rozanski et al., 1993), or �0.63‰/degree observed in the Canadian non-marine stations
of GNIP. This estimate would place the source of the glacial ice stream at 60° to 62°N. Glacial meltwater at
62° was estimated to be �28‰, on the basis of chemistry relationships of groundwater (Clark et al., 2000).
This is considerably heavier than the freshwater component of slope sediments of �22.3‰. Overall, the iso-
topic evidence indicates that freshwaters in slope sediments are too enriched isotopically to be derived from
a glacial source and must be meteoric waters from an interglacial or warm climate.

5.3.3. Origin of Slope Freshwaters, Other Possible Sources
Another possible source of freshwater to the slope includes horizons of submarine permafrost aggraded dur-
ing deglaciatons. Unfortunately, limited information exists about the isotopic composition of relict submarine
permafrost. Furthermore, a simple comparison of published isotopic compositions with the slope freshwater

Figure 10. Schematic representation of freshwater flow paths to Canadian
Beaufort Sea sediments. (a) Mackenzie River freshwater input to shelf
sediments, (b) permafrost melting and/or gas hydrate decomposition input
to shelf edge, (c) submarine groundwater discharge to the slope, and
(d) freshwater extrusion in midshelf PLFs. Hatched and stippled patterns
represent permafrost and gas hydrate zones, respectively.
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isotopic value of �22.3‰ could be misleading. The latter is an isotopic
value extrapolated to zero Cl�, whereas the Cl� content of potential
matching sources, which could be mixtures of marine and meteoric water,
is usually not reported. For example, isotopic values for offshore relict per-
mafrost have been reported (�2.5 to �27‰; Michel, 2011) including the
observation of sympathetic changes between δ180 and salinity, but the
Cl� concentration necessary to relate these value to the freshwater found
in the slope is not available. It has been proposed that permafrost is com-
posed mostly of isotopically depleted glacial meteoric water formed dur-
ing low sea level stands but incorporating some interglacial meteoric
waters with heavier isotopic values. Permafrost intervals with these latter
heavier isotopic values, possibly aggraded during transgressions intervals
(Blasco et al., 2012), could be the source of the isotopically heavier fresh-
water component found in slope sediments. This would necessitate that
freshwaters now found in the slope in the extensive ~220 to 1,000-mwater
depth range originated from the narrower permafrost intervals aggraded
during deglaciations, whereas freshwaters found in the shelf edge in the
smaller depth interval of 100 to 220 m were derived from the larger per-
mafrost glacial sections.

Another possible source of freshwaters to the slope is waters from a pre-
Pleistocene warm climate trapped in shelf sediments beneath relict sub-
marine permafrost. Although the existence of these waters is hypothetical,
this possibility is conceivable since there is evidence for extensive meteo-
ric flushing of waters below the shelf down to 5 km (Hitchon et al., 1990).
However, such old waters tend to accumulate dissolved solids (e.g., Cl�) as
a result of water-rock interactions. If these old waters are the source for the
freshwater component of slope sediments, its extrapolated isotope value
in the Cl versus δ180 plot (Figure 8b) would be even heavier than

�22.3‰. This is because the Cl versus δ180 relationship is already prescribed by the isotopic measurements
(Figure 7b), and the higher the Cl concentration of the freshwater end-member along this relationship, the
heavier its isotopic value.

5.4. Pore Water Signatures of PLFs

Midshelf PLFs are mounds created by extrusion from depth of sediment, gas, and fluids, driven by overpres-
sure generated in the decomposition of gas hydrate under the shelf (Paull et al., 2007). The δ180 composition
of pore waters frommidshelf PLFs ranges from�2 to�7‰ (Figure 5b), indicating mixtures of seawater and a
freshwater component. The heavy isotopic value of ice found in a core from a midshelf PLFs (Figure 9) indi-
cates that ice is formed near the seafloor from seawater-freshwater mixtures cooled to their freezing point by
the cold bottom waters. The freshwater component observed in midshelf PLFs appears to be present also in
the deeper pore water samples of Kugmalit pockmarks cores, which have isotopic compositions plotting
along the isotopic field of the midshelf PLFs (Figure 5b).

The distribution of midshelf PLFs pore waters isotopic compositions is consistent with formation of gas
hydrate by segregation, similar to that described for the formation of permafrost by the continuous arrival
of groundwater at a stable freezing front (Lorrain & Demeur, 1985; Mackay, 1971), followed by gas hydrate
decomposition and freshwater mixing with seawater when ascending through the pore water space.
Assuming that the original freshwater source of gas hydrate is meteoric water (Figure 11, Point A on the local
meteoric water line defined by the GNIP Inuvik station isotopic data), the initial gas hydrate composition is
represented by Point B. As gas hydrate continuously forms, the remaining liquid becomes progressively iso-
topically depleted, such that gas hydrate formed in equilibrium from this water changes with time to a more
depleted composition. Most isotopic compositions frommidshelf PLF pore waters plot in the field defined by
mixing lines between the isotopic compositions of seawater and gas hydrate in equilibrium with meteoric
water with no segregation (Figure 11, Point B), and seawater and gas hydrate segregated from a water reser-
voir with 1% of the original water volume remaining (Figure 11, Point C). One environment where this process

Figure 11. Schematic representation of the isotopic evolution of gas hydrate
formed by segregation from a stable freezing front. LMWL: local meteoric
water line. See text for details.
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could take place is the base of the permafrost, which is within the gas hydrate stability zone. As the base of
the permafrost migrates upward due to warming or sediment subsidence, water released in permafrost
degradation may become segregated into a rising front of gas hydrate.

6. Conclusions

In the Canadian Beaufort Sea, north of the Tuktoyaktuk Peninsula, there is widespread freshwater seepage
into sediments of the shelf edge and slope down to at least 1,000-mwater depth. This freshening of sediment
pore waters is not observed in sediments of the Mackenzie Trough to the west. The widespread presence of
freshwater in marine sediments of the Canadian Beaufort margin indicates the existence of large offshore
freshwater reservoirs. It is possible that this feature is not unique to the Beaufort area and it is also present
in other slope sediments surrounding the Arctic Ocean, as some preliminary evidence has indicated (Hart
et al., 2011; Pohlman et al., 2011).

Different freshwater sources discharge into Beaufort Sea sediments. The fresh/brackish water reservoir dis-
charging into sediments of the shelf edge appears to be degradation of submarine permafrost or gas hydrate
under the continental shelf that aggraded during glacial times. In the continental slope, regional ground-
water discharge of waters from a warm climate period best account for the isotopic composition of fresh-
waters detected there. Other possible origins, such as glacial water transported northward in Laurentide
ice sheet ice streams, transgressive horizons of the relict permafrost under the shelf, or pre-Pleistocene
waters from beneath the offshore permafrost, are either inconsistent with the isotopic signature of slope
freshwaters or there is not enough information available to distinguish between them.
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