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Permafrost sediments contain one of the largest reservoirs of organic carbon on Earth that
is relatively stable when it remains frozen. As air temperatures increase, the shallow
permafrost thaws which allows this organic matter to be converted into potent greenhouse
gases such as methane (CH,4) and carbon dioxide (CO,) through microbial processes.
Along the Beaufort Sea coast in the vicinity of the Tuktoyaktuk Peninsula, Northwest
Territories, Canada, warming air temperatures are causing the active layer above
permafrost to deepen, and a number of active periglacial processes are causing rapid
erosion of previously frozen permafrost. In this paper, we consider the biogeochemical
consequences of these processes on the permafrost sediments found at Tuktoyaktuk
Island. Our goals were to document the in situ carbon characteristics which can support
microbial activity, and then consider rates of such activity if the permafrost material were to
warm even further. Samples were collected from a 12 m permafrost core positioned on the
top of the island adjacent to an eroding coastal bluff. Downcore CHy, total organic carbon
and dissolved organic carbon (DOC) concentrations and stable carbon isotopes revealed
variable in situ CH4 concentrations down core with a sub-surface peak just below the
current active layer. The highest DOC concentrations were observed in the active layer.
Controlled incubations of sediment from various depths were carried out from several
depths anaerobically under thawed (5°C and 15°C) and under frozen (-20°C and -5°C)
conditions. These incubations resulted in gross production rates of CH4 and CO, that
increased upon thawing, as expected, but also showed appreciable production rates
under frozen conditions. This dataset presents the potential for sediments below the active
layer to produce potent greenhouse gases, even under frozen conditions, which could be
an important atmospheric source in the actively eroding coastal zone even prior to thawing.
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INTRODUCTION

The Arctic coast of western North America and northern Eurasia
is undergoing rapid change due to sea level rise, reduction in
seasonal sea ice extent and accelerated rates of coastal erosion
(AMAP, 2019). Air temperatures in these regions are increasing
at a rate that surpasses the average global temperature increase
(GISTEMP, 2019; Lenssen et al., 2019) and projections suggest
that this trend will continue into the future (Christensen et al.,
2013; AMAP, 2019; Bush and Lemmen, 2019). Permafrost that is
widespread and ubiquitous to most Arctic settings is responding
to this warming with changes in near surface processes, such as a
thickening of the active layer (Biskaborn et al., 2019). Warming
permafrost can lead to the release of previously stored dissolved
organic carbon (DOC), which could act as a labile carbon source
for microbial metabolisms. Microbial incubation studies where
permafrost material is thawed to above freezing temperatures,
have shown the potential for the formation of potent greenhouse
gases, such as CH, and CO, (Treat et al,, 2015; Schidel et al,
2016; Knoblauch et al., 2018). Understanding how temperature
affects microbial production rates of these gases, under realistic
temperature scenarios, is key to projecting the role permafrost
may play in future climate change.

Incubation studies assessing the rates of microbial processes in
Arctic soils often concentrate on these near-surface sediments
and the top of permafrost as an area most vulnerable to thaw in
the future (Elberling and Brandt, 2003; Treat et al., 2014; Treat
et al,, 2015). Yet, microbial processes could still occur deeper
within the permafrost that ultimately end in the production of the
same greenhouse gases (Wagner et al.,, 2007; Knoblauch et al,,
2013). Microbial activity in the frozen state is certainly recognized
and studies are moving toward understanding the mechanisms
for specific processes, such as methanogenesis (Hultman et al.,
2015; Nikrad et al., 2016). Studies specifically incubating
frozen permafrost with isotope labeled substrates such as
bicarbonate or acetate, show that these methanogens are
actively producing radiative gases under frozen conditions
(Rivkina et al., 2007). Such activity could occur in unfrozen
water found in the permafrost (Romanovsky and Osterkamp,
2000), possibly as cryopegs (sodium-chloride brines) which
remain liquid down to -11°C (Gilichinsky et al., 2005),
although this remains unclear.

In response to climate warming, a changing mean annual
ground surface temperature regime (Biskaborn et al., 2019) could
manifest in greater microbial activity within the permafrost, even
if temperatures remain below freezing. But warming
temperatures are not the only factor. Frozen sediments at
depth can also experience rapid thaw triggered from coastal
erosion and landslides. In these cases, warming, or abrupt
thaw (Turetsky et al., 2020), can occur from the top down, or
from the sides of exposed cliff faces. If there are accumulated
greenhouse gases within this newly exposed permafrost, it could
be abruptly released to the atmosphere.

In this paper, we consider the biogeochemical consequences of
warming (yet still frozen) and thawing (no longer frozen) of
permafrost from an eroding coastal setting near Tuktoyaktuk,
Northwest Territories (N.W.T.), Canada, on the Beaufort Sea
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coast. This area has experienced prolonged atmospheric warming
and coastal erosion (Hynes et al., 2014). Based on previous
permafrost studies, we hypothesize that there are active
microbial processes occurring in these coastal sediments that
generate CO, and CH, as permafrost is warmed in situ or exposed
to rapid thawing by geomorphic processes such as coastal retreat,
landslides or nearshore transgression. We characterize the
baseline conditions of a 12m permafrost core by measuring
physical properties, in situ CH, concentrations, and organic
carbon quantity and quality. Laboratory incubation studies
document CH, and CO, release from frozen permafrost core
samples as the they are warmed at negative temperatures and
after thawing.

SAMPLE COLLECTION AND METHODS

Geologic and Permafrost Setting
The study area (Figure 1) is part of the Tuktoyaktuk Coastlands

physiographic region, which is characterized by thick occurrences
of unconsolidated sediments (Rampton, 1988). The landscape is
covered by a low arctic tundra vegetation with dwarf birch,
willow, grasses and moss. The climate is characterized by long
cold winters and short cool summers, with low precipitation. The
Tuktoyaktuk area lies within the continuous permafrost zone,
with permafrost thicknesses of ~400 m (Hu et al., 2013). Ground
ice, including ice lenses, ice wedges, and extensive bodies of
massive ice, is common (Mackay and Dallimore, 1992). The
only community in the area is the Hamlet of Tuktoyaktuk,
which was originally an Inuvialuit seasonal harvesting site and
was established as a harbor by the Hudson’s Bay Company in
1934. The Hamlet presently has a population of ~900 people
(Statistics Canada, 2017).

The coastal environment of the Tuktoyaktuk area is
experiencing relatively rapid coastal retreat. The seaward side
of Tuktoyaktuk Island, located approximately 1km from the
Hamlet, has eroded at an average rate of ~2.5m/a since 1950
(Figure 1; Hynes et al., 2014). The majority of the erosion occurs
during wind-induced storm surge events. Although storm surges
can occur at any time of the year, the largest erosional impact is
during the late summer and early fall when the Beaufort Sea coast
is ice free, the dominant storm winds are from the northwest and
fetch length is at its maximum (Manson and Solomon, 2007).
Increases in mean annual air temperatures from approximately
—-11°C to —-8.5°C have been recorded over the past 5 decades
(Figure 2; GISTEMP, 2019). A linear fit to this trend gives an
increase of 0.52°C/decade, about twice the global average for this
same period (Hansen et al, 2010). Changing permafrost
conditions are affecting building foundations and other
infrastructure, storm surges are causing flooding, and
accelerated coastal retreat is forcing the relocation of buildings
(Gruben, 2018; Zingel, 2019).

Core Collection
The permafrost core utilized for our study was collected from a

drilling program, conducted by the Geological Survey of Canada
in March 2018, to document the properties of the eroding
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FIGURE 1 | Location of 12 m borehole collected from Tuktoyaktuk, Northwest Territories, Canada (69.442°N, 133.031°W). The Hamlet of Tuktoyaktuk is marked
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FIGURE 2 | Mean annual air temperature at Tuktoyaktuk from
1968-2018. Linear fit shows positive slope of 0.052°C/year. Data from
GISTEMP (2019).

permafrost as a basis to assess the consequences of ongoing
warming and erosion of Tuktoyaktuk Island (Figure 1). Four
drill holes were completed using a CRREL core barrel (10 cm
diameter, Midnight Sun Drilling, Whitehorse, CA, Figure 3A) for

on left.

e frozen sediments and a solid stem auger for unfrozen sediments.
. n The CRREL core barrel was specifically designed to collect
%i 74 permafrost samples with minimal contamination or thermal
o disturbance to the core. The core samples utilized for this
*E 8 project (Figures 3B,C) were retrieved from a terrestrial
1 borehole positioned at the surface of the Island, ~6 m above
% 94 sea level ~30 m from the eroding coastal bluff (Figure 4A). In
% August 2018, a thermistor cable was installed in a borehole to
T 101 measure ground temperatures. The thermistor sensor depths
g ranged from just below ground surface to a maximum depth
I 114 of 14 m with a data logger (RBR XR-420, 8 channel) set to record
3 temperatures hourly. In July 2019, the temperature data was

= 424 y=0.052x-113.7 recovered and presented here.
./ Samples used in this study were collected from 10 cm length
-13 T T T T T whole round core sections selected from 10 depth intervals
1970 1980 193(;ar 2000 2010 representing a range of in situ ground temperatures (0.6, 0.9,

1.5, 1.7, 2.2, 2.8, 3.4, 3.9, 7.8, and 11.6 m). The drilling was
undertaken in March with air temperatures <—25°C and samples
were stored in plastic bags and maintained at in situ air
temperature until transportation to the Aurora Research
Institute in Inuvik, N\W.T. Care was taken to minimize
contamination by handling sediment sections with nitrile
gloves. Cores were then transferred frozen to the Chesapeake
Biological Laboratory (Solomons, MD, USA), and stored at —20°C
until further analysis. Given the care to prevent contamination or
warming during coring, storage and transport we assume that
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Pictures from Paul Fraser.

FIGURE 3 | (A) Picture of field operations, (B) the surface sediments at this site consisted mainly of pebbly sands which were very slow to core, (C) deeper in the
section some fine grained sediments with clasts and nodules of pure ground ice were encountered, and (D) a sub-section sampled for the analyses described in study.

measured physical and geochemical parameters reasonably reflect
in situ conditions of the subsurface permafrost.

Chemical and Physical Characterization of
the Core

In situ CH, Content

Within 1 month of collection, the 10 core sections were subsampled
under frozen conditions by drill with a flame sterilized hole saw
(3 cm long, 1.5 cm outer diameter) from the center of the section to
obtain ~3-6 g of undisturbed sediment (Figure 3D). Material was
placed into pre-weighed 20 ml glass serum vials and capped with
black butyl rubber stoppers and aluminum caps, in a manner similar
to CH, determination in marine sediments (Lapham et al., 2008).
Vials were weighed to determine the mass of each sample, and
basified to arrest further microbial activity (3 ml 1M potassium
hydroxide). CH, concentrations were determined via a headspace
equilibration method, and 6 ml of headspace gas were injected into a
gas chromatograph (SRI 8620 Multi Gas, thermal conductivity and
flame ionization detectors, 3' HaysepD and 6' mol sieve 13X
columns). Concentrations were corrected for solubility, as
previously described in Magen et al. (2014), and analytical
precision is 2%.

Physical Parameters
Fresh subsamples were drilled from each depth, in triplicate, to
determine porosity, wet bulk density and gravimetric water

content. Determinations were made on ~6ml of drilled
sediment that was pre-weighed and then placed into a pre-
weighed volumetric cylinder with ~10ml of prefiltered
deionized water to determine the volume. The cylinder was
then dried at 60°C until constant weight was obtained after
seven days. Porosity, wet bulk density, and gravimetric water
content was then calculated from these masses and volumes.
Analytical accuracy was around 5%.

Organic Matter, Sulfate (SO42°) and Chloride (CI")
Contents

After the physical parameter testing, the remaining sediment was
ground and then treated with acid (1M HCI) to remove
carbonates and measured for total organic carbon (TOC) and
organic nitrogen (TON) concentrations, as well as stable isotope
ratios (5*C-TOC, §"°N-TON). Aliquots of sediment were
measured on an elemental analyzer (Costech elemental
combustion system) interfaced to a Delta V Plus Isotope Ratio
Mass Spectrometer (Thermo Scientific, Waltham, MA, USA).
The 5"°C and §"°N values were reported in %o vs VPDB and %o vs
Air, respectively. Precision on the stable isotope measurement
was +0.1%o for §">C and 0.2%o for 5'°N. Carbon to nitrogen (C:N)
ratios are also reported.

On a freshly drilled sediment sample, DOC concentrations
were analyzed by placing sediment subcores in a 10 ml centrifuge
tube and diluting with ~3.5 ml milli-Q water. After centrifugation
(3000 RPM, 30 min, 20°C, Sorvall® RT 6000D), the supernatant
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FIGURE 4 | Down core physical properties. (A) Photograph of coastal exposure near field site. (B) Core description. Red arrows and gray bars indicate depths
chosen for incubation experiments. (C) Permafrost annual temperature range presented in this study (blue line Tuk Island 2018-2019) and a close location (orange line
Involuted Hill (IH88-2) in 1995). (D) Physical properties measured of core: water content (green ling), porosity (red line) and wet bulk density (blue line). PW = porewater,

liquid was filtered using 0.2 um pore size Whatman 25 mm GD/X
syringe filters and diluted 1:2 with milli-Q water for DOC and
optical property analyses. Samples were acidified to pH 2 with
concentrated HCI (Sigma Aldrich 32%, pura) and analyzed on a
total organic carbon analyzer (Shimadzu TOC-Vcpy) using
potassium hydrogen phthalate solution as DOC standards.
Final DOC concentrations were corrected for dilutions and
reported in volume of pore-water present at each depth. An
aliquot of this water was then used to determine SO,*~ and Cl~
concentrations on an ion chromatograph (IC, Dionex ICS1000)
at 13.5 times dilution with milli-Q water. Concentrations were
calculated from IC response compared to standard curve made
from IAPSO seawater (35 ppt) and dilutions down to 0.35 ppt.
Precision of the measurement was 3% for these samples. Final
80,°" and CI” concentrations are reported after correcting for
two dilutions made during manipulations for DOC
measurements.

Dissolved organic matter (DOM) optical properties were
measured on the above diluted pore water samples (not
acidified) by recording ultraviolet (UV)-visible (VIS)
absorbance (A(A)) spectra and excitation emission matrix
(EEM) fluorescence spectra (Horiba Aqualog
Spectrofluorometer). Excitation or A(A) spectra were collected
at 3 nm intervals between 240 and 700 nm and emission spectra
were collected at fixed 3 nm intervals between 245 and 600 nm.
Milli-Q water served as the absorbance and fluorescence blank
and the water Raman peak (excitation = 350 nm) was measured
to normalize all EEM data. Thus, fluorescence intensities are

expressed in water Raman units (RU). EEM spectra were also
corrected for Raleigh scattering following a method established
previously (Zepp et al., 2004). Raw absorbance data was corrected
for any offsets between pore water and the pure water blank or
instrument drift by subtracting all spectra by their absorbance
value at 700 nm. From the A(A) spectra scans, we only report
specific UV absorbance at 254 nm (SUVA,s4; m ™' L mg™'), which
is the A (254) normalized to pathlength (m) and DOC
concentration (mg LY. A(254) is reported in Supplemental
Figure 1. SUVA,s5, has been used as an indicator of DOM
aromatic content (Weishaar et al.,, 2003) and thus the quality
of the organic carbon (i.e., higher aromatic content indicating
lower quality). The full EEM dataset was further examined for
organic matter quality using Parallel Factor Analysis (PARAFAC)
(Stedmon and Bro, 2008; Murphy et al., 2013). However, since
this analysis is beyond the scope of this paper, the methods,
results, and discussion associated with this analysis are presented
in the supplemental material.

Anaerobic Incubations
Laboratory incubations lasting ~6 weeks were carried out on sub-

samples from four depths. For each depth, the incubations were
conducted under anaerobic conditions at different temperatures,
and compared to killed (basified) controls to determine if any
abiotic processes contributed to CH, release. The depths were
chosen to document the range of sediment, permafrost and
chemical characteristics down core: 0.6 m corresponded to the
only sample at the base of the active layer, 1.5 m corresponded to a
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peak in CH, concentrations, 2.8 m corresponded to a peak in DOC
concentrations, and 11.6 m was the deepest sample collected which
was near the depth of zero annual temperature amplitude.

For each incubation, approximately 6-9 g of freshly drilled
sediment was placed into six pre-combusted (550°C) 10 ml glass
serum vials and capped with black butyl rubber septa and
aluminum cap. Vials were then flushed with nitrogen (UHP
Airgas) to obtain an anaerobic headspace and placed back at
—20°C. To obtain replication within treatments, to three of these
vials, 3 ml of a 1M KOH solution was added to arrest microbial
activity and referred to as the “killed control” (in triplicate). Since
flushing the vials with nitrogen may have removed any in situ
CH,, the killed controls act as a way to follow the diffusion of
remaining CHy to the headspace, which is an abiotic process. The
remaining three vials were not amended with base and referred to
as the “experimental treatment” to examine the gross potential of
microbial production of CH4 and/or CO, during the incubation
(also done in triplicate). As the vials were devoid of oxygen, there
was no electron acceptor for aerobic microbial CH, oxidation, so
the CH,4 production rates should be considered a high-end for
gross production potential, and not net rates expected under real-
world conditions where oxygen would likely be present.

All vials were then placed in temperature-controlled chambers
maintained at specific temperatures within 1°C. For 0.6 m,
incubations were carried out at —20 and 15°C, to replicate
natural range in temperature conditions in the active layer at
this site (Figure 4). For 1.5 and 11.6 m, incubations were carried
out at —20°C (coldest surface temperatures sediments experience),
—5°C (average air temperature), and +5°C (to replicate modest
warming comparable to other studies). For 2.8 m, incubations
were carried out at the same frozen temperatures (—20 and -5°C);
for the warm treatment, 15°C was chosen for comparison to other
studies incubating active layer sediments (Treat et al., 2015). All
treatment and temperature pairings were carried out in triplicate.
During the incubation, vials were stored in the dark and upside
down in a small tub of water (or ice) at their respective
temperatures to prevent gases from escaping the septa
(although independent experiments show this process would
be minimal during the incubations (Magen et al., 2014)).

Time points were collected as discrete headspace samples,
approximately once a week, to determine the CH, and CO,
concentrations. To do this, 6 ml of nitrogen (UHP Airgas) was
injected into the vial to displace 6 ml of the headspace, and this
aliquot was injected onto the gas chromatograph described above.
Vials never experienced an overpressure of gas. Sample areas were
compared to certified standards (Airgas, 30 ppm CH,, 2000 ppm
CO,) and converted to ppmv in the headspace. Analytical
precision was 3%. CH, concentrations were averaged between
the three triplicates and reported as an average +/— standard
deviation. Concentrations were then converted to cumulative
production for CH, and CO, and reported as pmol CH, or
CO, carbon per gram dry weight (umol CH4—-or CO,—C/gdw)
and plotted against incubation time. To calculate a rate of CH,
generation on a per carbon basis, a line was fitted to the linear
portion of the cumulative production time-series and converted
to a per carbon basis by multiplying by the %TOC measured for
each depth. It should be noted that while CO, concentrations

CH,4 and CO, Permafrost Incubations

were measured in the killed controls, the values were expected to
be 0 since base drives gaseous CO, into the water phase. The
results are still shown as a way to verify our basic assumptions.

Modeling Diffusion
When the sediment plugs are first placed in the vials and flushed

with N, gas, it is possible that CH, dissolved in the sediment
interstial spaces will diffuse out and be measured as an increase in
CH, concentrations over time due to the concentration gradient
present at the beginning of the incubations. This theoretical
diffusion can be estimated using a one-dimension model to
calculate how much CHy4 could diffuse from the sediment plug
in the incubation vials to the headspace over the time of the
incubations (Lapham et al., 2014). We used a diffusion coefficient
of 8.6 x 10° cm?/sec for CH,, which is corrected for temperature,
salinity, and pressure in the vials (Riley and Skirrow, 1975). We
estimated salinity based on the ClI™ concentrations reported in
Organic Matter, Sulfate (S0,27) and Chloride (CI”) Contents. The
starting CH, concentration was the in situ value we measured
from the triplicate sub-sections (In situ CH, Content). The results
of this model will thus be an overestimate, since CH, was most
likely lost in the vials during headspace flushing. We assumed the
distance for diffusion was 3 cm, the distance in the vials.

RESULTS

Physical and Chemical Parameters of in situ

Permafrost

Cored sediments consisted of bedded glaciofluvial sands with
interbeds of gravel and silt, thought to have been deposited
during the waning stages of the late Wisconsinan glaciation
(~12,000 years before present; Rampton, 1988). The stratigraphy
consisted of a near surface organic-rich interval (containing
rootlets) that extended to ~60 cm depth, ice-bonded fine sands
with occasional pebble and silt-rich layers and intervals of massive
ice with >80% excess ice by volume (Figure 4B). Thermistor data
shows that sediment temperature fluctuates annually to a depth of
~11.5m, with a mean annual ground surface temperature of
approximately —5°C. The active layer is interpreted to be within
the upper 0.6 m based on where the maximum temperature crosses
0°C (Figure 4C). Similar ground temperature measurements from
a nearby site (~15 km east of Tuktoyaktuk 69.4736°N, 132.6285"W)
carried out in 1995 (Dallimore et al., 1996; Figure 4C), show that
mean annual ground temperatures may have increased 3-4°C in
the past 25 years.

The in situ sediment physical properties varied with depth
(Figure 4D) reflecting changes in the geology at the site (mainly
grain size) and ground ice content. Permafrost sediment porosity
averaged 0.48 + 0.09 down core (Figure 4D). Gravimetric water
content was ~1.0 g/gdwt (grams dry weight) near the surface and
at ~2m, decreased to ~0.25 for the remainder of the core
(Figure 4D). We observed an ice-rich interval at 3.5m
sediment depth (Figure 4B), which corresponded to an
increase in both gravimetric water content and porosity. There
was no indication of gas bubbles in the ice. Wet bulk density
mirrored the other physical parameters (Figure 4D). Compared
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FIGURE 5 | Downcore profiles from permafrost core: (A) Total organic carbon (TOC), SUVAgs4, and dissolved organic carbon (DOC). (B) Stable carbon and
nitrogen isotopes of organic matter and C:N ratio. (C) Chloride and sulfate concentrations within thawed permafrost interstitial waters. (D) Methane concentrations (mg
methane per kg wet soil) compared to concentrations equilibrated with two ppmv CH,4 atmosphere (0.001 mg/kg soil). Gray horizontal bars indicate depths chosen for
incubation experiments.

to unfrozen settings, the permafrost samples had very low bulk

densities and high porosities, especially those with elevated 00257

ground ice content. 0o = Kiled 06
TOC concentrations (given in weight %) in the uppermost = killed, 1.5m

surface sample (~0.6 m deep) was 2% in one replicate and 7% in < Z oo1s - t:::zg 3.1§6mm

the other two replicates, indicating heterogeneity of material in S -5C, kiled, 11.6 m

the active layer (Figure 5A). TOC then decreased to ~0.5% by ('; f 0014

1 m, exhibited a sub-surface peak at 2.8 m (3%) and decreased =t %

again to 0.5% for the remainder of the core. Similar to TOC, DOC 5 £ o005+

concentrations were highest in the surface sample (60 mg/L) and

exhibited a sub-surface peak of 25mg/L at 2.8m depth 0t o

(Figure 5A). DOC concentrations remained at 11-17 mg/L for "

the remainder of the core. Specific UV absorbance SUVA,s, 0054 , : : :

values of the DOM throughout the core ranged from 1.3 to
89m ' Lmg ' (Figure 5A). The values were variable down core
with two small sub-surface peaks which corresponded to the FIGURE 6 | Methane production rates in killed controls (symbols)
highest CH, values (highest SUVA value of 8.9 +2.5 m_l) and the compared to modeled diffusion rates at 5°C starting with measuréd in situ
TOC/DOC sub-surface Peak (43 +22 m 'L mg_l). concentrations (solid lines). The 1.5 m depth diffusion line is much higher
§'3C-TOC values ranged between —26.7 and —-7.4%o and because the in situ methane concentrations were also so much higher.

Time (Days)

average -18.6 + 5.9%o (Figure 5B). The highest 5">C-TOC value
of —7.4%o was found at the deepest depth. 5'°N-TON values ranged
between 2-5%o for the whole core with a sub-surface peak 0of 8.6%0  samples collected within or just below the modern active layer
at ~1 m. TON concentrations were highest at the surface (0.4%) (0.6 and 0.9 m depth) had the lowest CH, concentrations, despite
and decreased to 0.06% at 3.4 m and was undetected at our deepest ~ having the highest TOC values. Beneath the sub-surface peak,
depth (data not graphed). C:N values ranged between 15-24 forthe ~ CH, concentrations decreased and became constant at ~0.03 CH,
whole core (Figure 5B). SO,%” and Cl” concentrations were per kg sediment down to 11.6 m in the core (Figure 5D).
between 10 and 20 mM in the upper 3 m with large variability
within replicate samples (Figure 5C), likely indicating variable ice Incubation Results
concentrations in subsamples. Below 3 m, concentrations  Sediment incubations were carried out at four depths (0.6, 1.5,
decreased to ~2 mM SO,*” and 6 mM CI". 2.8,and 11.6 m) that had varied in situ geochemistry and physical
CH, concentrations in the core samples exhibited a sub-  properties. As shown on Figure 4C, these depths also experience
surface peak at ~1.5m of 028mg CH, per kg sediment  different seasonal permafrost temperature regimes. CH,
(Figure 5D). Above this sub-surface peak, the two shallowest  concentrations in the killed control treatments slightly
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FIGURE 7 | Cumulative CH, and CO, production rates and CO,:CHj ratios from incubations at (A-C) 0.6 m, (D-F) 1.5 m, (G-1) 2.8 m, and (J-L) 11.6 m. Red
triangles denote warmest treatment (either +15°C or +5°C), orange squares are —5°C, and blue circles are —20°C. Black squares are average of all killed controls across all
temperatures. Black solid line in panel D denotes production rates as calculated from diffusion. Note x-axis for 11.6 m depth is different than other depths and y-axis
scale is broken in CH,4 production rates to show all data on one scale. The black dashed line in CO.:CH, panels shows the 1:1 line. Error bars are standard deviation

increased over time for all the depths except 1.5m, which
decreased over time (data points in Figure 6). When a simple
1-D diffusion model was applied to the incubation results, for all
depths except the 1.5m, the slight increase was explained by
simple diffusion of in situ CH, out of the sediment plug upon
incubation set-up (model lines in Figure 6). The results from
these controls gave us confidence that any values above those
measured in the killed controls could be interpreted as the gross
potential for microbial CH, production stimulated by the
incubations.

For all depths of the incubations, CH, and CO, concentrations
increased over time in all treatments (including some of the
frozen treatments; Figure 7). The gross production rates were
faster at the higher temperatures than at the lower temperatures.
The cumulative gross production rates increased linearly at first,
indicative of the growth phase, and then plateaued, indicative of
sustained production. The active layer incubation (i.e., 0.6 m) had
the lowest CH, production rates of any incubation at +15°C
(0.0012 pmol CH, per gdw, Figure 7A). At —20°C, the rate is
0.000012 umol CHy4 per gdw (Figure 7A). This active layer also
had the highest CO, production rates (Figure 7B), with the CO,:
CH, ratio reaching 10,000 at the end of the experiment
(Figure 7C). The incubation of sediment with the highest in

situ CH,4 concentration (i.e., 1.5m) exhibited the highest gross
CH, production rates of any incubation (0.15 umol CH,4 per gdw
at 5°C and 0.03 umol CH, per gdw at —5°C; Figure 7D). The CO,
production rates in this sample were similar for the +5°C and
—5°C treatments at about 3 umol CO, per gdw (Figure 7E),
resulting in CO,:CH, ratios less than 100 for all temperatures
and a pattern where ratios were higher at the colder temperatures
(Figure 7F). The incubation of sediment from the sub-surface
organic carbon peak (i.e., 2.8 m) had the highest CO, production
rates at frozen temperatures compared to the other depths
(averaging pmol CO, per gdw at all temperatures, even in the
15°C treatment; Figure 7H). Gross potential CH, production
rates reached as high as 0.024 pmol CH, per gdw at +15°C in this
sample (Figure 7G). Rates decreased with colder temperatures
but remained above the killed controls even at —20°C. The CO,:
CHy, ratios in this sample showed a similar pattern as the above
depth but were an order of magnitude higher (Figure 7I). In the
deepest permafrost sediment incubation (ie., 11.6m), gross
potential rates of CH, production were near the diffusion line
for the frozen temperatures, indicating no microbial production,
and there was a ~25 days lag phase before rates increased to
0.015 umol CH, per gdw in the 5°C incubation (Figure 7J). CO,
production rates were the lowest observed in the incubations
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(Figure 7K), resulting in CO,:CH, ratios that showed no pattern
with time (Figure 7L) and that were negative at times (data not
shown). Negative ratios mean that CH, production exceeded CO,
production.

DISCUSSION

The main objective of this study was to assess microbial
greenhouse gas dynamics associated with a permafrost type
section that is presently experiencing the effects of climate
warming and coastal erosion. The motivation derives from the
fact that release of these gases may accelerate the pace of global
warming, but the magnitude of gas release from settings typical of
the geology of the Beaufort Sea coast is not well constrained. We
carried out the study on a permafrost core drilled on Tuktoyaktuk
Island, where increased ground temperatures are documented.
The site also experiences event driven, coastal erosion primarily
by undercutting of an eroding cliff face, which exposes frozen
permafrost to relatively warm air temperatures resulting in rapid
thawing. At current erosion rates, the core site presented here
could be exposed to the sea in ~12years. Our experiments
document significant potential for microbially-mediated
greenhouse gas release under still-frozen conditions and after
thawing (Figure 7). Here we discuss the implications of the in situ
conditions of the permafrost and for microbial processes to occur
in frozen and unfrozen soils.

Geochemistry of Carbon Reservoir
While most of the permafrost sediment depths analyzed had

relatively low organic carbon content (TOC: ~0.5 weight%; DOC:
~10 mg/L), as might normally be expected for glaciofluvial
sediments, we observed some depths with high TOC
(2-7 weight%) and DOC (20-60 mg/L) contents (Figure 5).
The active layer had the highest TOC and DOC
concentrations, and a secondary peak was observed at ~3 m
depth. This depth may represent an organic-rich (not peat)
paleo-active layer formed under warmer temperature
conditions in the past. Indeed, other studies conducted in this
area have documented the presence of older and deeper organic
horizons thought to have formed during the Hypsithermal warm
period in the early Holocene (Burn, 1997).

The permafrost organic matter observed in the core samples
suggested possible terrestrial and marine sources, based on the
*C and "°N signatures of organic matter (Figure 5B). Terrestrial
ecosystems (dominated by C3 plants) typically have *C values
that range from —23 to —34%o, whereas marine systems range
from —10 to —25%o (Ehleringer et al., 1993). Values measured in
our core are slightly enriched in '>C, compared to sediments from
the Lena River Delta ranged from —29 to —26%o (Knoblauch et al.,
2013). The "*C-organic matter in the surface samples was —26%o,
suggesting a predominantly C3 terrestrial source, whereas more
positive '>C values of deeper layers indicate mixed C3 terrestrial
and marine sources. The '>C-organic matter value of —7.4%o for
the deepest layer does not reflect either of these sources. Such
heavy values have been measured when the terrestrial system is
dominated by C4 plants, which are typically tropical and warm-
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temperate plants. Certainly tropical plants are not supported at
this site; however, unconsolidated Tertiary strata, which were
deposited during much warmer climate conditions, do occur at
shallow depth in the Tuktoyaktuk area, and reworked Tertiary
pollen is often seen in Quaternary sediments (Ritchie, 1974). This
may be a possible source for the enriched isotope values observed
in this sample.

The stable isotope values give us a bulk view of the organic
matter available to the microbial community, but
microorganisms typically access carbon from the dissolved
pool. Therefore, to compliment the stable isotope work, we
also assessed the quality of the DOM with optical methods
(Supplementary Material). We focus the discussion on
SUVA,s4, which relates to the aromatic content of the
molecules in the dissolved pool (Traina et al., 1990; Weishaar
et al, 2003; Fellman et al, 2008). We recognize that this
parameter has limitations in that there is no way to
distinguish between a low concentration of highly absorbing
material and a high concentration of low absorbing material.
Furthermore, permafrost pore waters may have a very different
chemical composition than the organic matter isolates analyzed
in previous studies, so the relationship to DOM aromatic content
may be different here. But, as a generalization, the higher the
aromatic content, the less “labile” and more “refractory” the
organic carbon is for microbial processes. Given the debate in
the literature now with such labels as “labile” and “refractory”
(Hansell, 2013) we use this measurement here only as an
indicator of organic matter quality and not a definitive
measurement. The permafrost sediment layer with the highest
in situ CH, concentration (Figure 5A), the highest potential for
CH, production (Figure 7D), and some of the lowest CO,
production potential (Figure 7E), had the highest SUVA,s,
value (Figure 5A). This indicates that the labile carbon to fuel
microbial  heterotrophic  or  fermentative  respiration
(i.e,, producing CO,) is less available at this depth, and that
methanogens are likely using more refractory carbon to produce
CH,. Likewise, the deeper permafrost sediment layer with a
subsurface TOC peak also had relatively high SUVA,s, values
(Figure 5A), the second highest CH, production potential
(Figure 7G), and modest CO, production potential
(Figure 7H). By contrast, the sediment from the active layer
had low SUV A,;, values (i.e., was more labile) and the lowest and
highest CH, and CO, production potentials, respectively
(Figures 7A, B). Overall, these patterns support the
observation that permafrost carbon quality, in addition to
quantity, plays an important role in determining greenhouse
gas production potential (Schidel et al., 2014; Kuhry et al., 2020).

In situ CH4 Present in Permafrost and

Potential for Atmospheric Release

We detected in situ CH, in all frozen core samples with values
ranging from 0.03 to 0.28 mg CH, per kg sediment (Figure 5A).
The highest value was measured in the organic-rich layer just
below the modern active layer. These values are consistent with
published values from other permafrost settings with low organic
contents. For example, Alaskan discontinuous permafrost
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sediments contained ~0.001-22mg CH, per kg sediment
(Kvenvolden and Lorensen, 1993), and silty sediments with
ground ice near Prudhoe Bay, Alaska, had 0.2-11 mg CH,4 per
kg sediment (Rasmussen et al., 1993). Higher values have been
observed in organic-rich active layer sediments with lacustrine
vegetation (15 mg CH, per kg sediment (Rivkin, 1998); in the
active layer of a permafrost floodplain and within a polygon
center (6.5 and 8,656 mg CH, per kg sediment, respectively
Ganzert et al. (2007)), and Lena Delta permafrost setting
(4.8 mg CH, per kg sediment (Wagner et al, 2007)). Our
study adds to the body of work on this topic and
demonstrates that in situ CH, is common in Arctic permafrost
in a variety of sediments and geologic settings.

In addition to the concentration of in situ CH, in permafrost,
the state of CH, (i.e., as bubbles trapped in ice, free gas in the
sediment, and/or dissolved) is important when evaluating the
potential for greenhouse gas release from these environments and
for understanding operative geologic processes. Given that all of
our core samples were collected in the winter when ground
temperatures were well below —5°C, and that they were stored
at —20°C until testing, we envisage that the CH, detected was
residing within a heterogeneous matrix consisting of sediment
grains (sand, minor silt and some organics), pore ice and possibly
a very small fraction of liquid water [even in sand, small amounts
of unfrozen water can occur at negative temperatures (Watanabe
et al., 2011)]. By comparing the in situ ice content (as estimated
visually and from gravimetric water content and density
determinations) vs. CH, concentrations, we can estimate if
CH, existed as bubbles within ice. The highest ground ice
contents within the samples investigated were within the
active layer and at 3.5 m depth (Figure 4D), where the lowest
CH, concentrations were measured (Figure 5D). This indicates
that the CH, is not dominantly residing as bubbles in the ground
ice, as coarse-grained sands are almost completely frozen at
temperatures slightly below 0°C (Williams, 1967). Thus, we
envisage that a significant fraction of the in situ CH, may
reside within the sediment matrix as free gas, and a small
amount dissolved within unfrozen water. While the presence
of free gas in permafrost settings is poorly studied, free gas was
detected in permafrost research wells in the Mackenzie Delta
(Dallimore and Collett, 1995), and has been implicated in the
formation of permafrost craters in coastal settings in Siberia
(Leibman et al, 2014). Likewise, some active geomorphic
features may be associated with free gas release (Mackay,
1965). As finer-grained, organic rich sediments may be more
conducive to free gas occurrence, additional studies are needed to
constrain the physics and chemistry of CH, residing with the pore
space of permafrost sediments.

We envisage that a number of coastal processes could cause
direct release to the atmosphere of the in situ CH,4 observed in the
Tuktoyaktuk Island permafrost. Tuktoyaktuk Island is
undergoing rates of coastal erosion of ~2.5m per year, mostly
during storm events which is significant when compared to other
Arctic coastal settings (Lantuit et al., 2012). These storms can
cause erosional niche formation creating block failures (Figure 8
upper left photo). When these events occur, the in situ CH, can be
immediately exposed to the atmosphere on the cliff faces. The
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permafrost away from the cliff faces can also rapidly thaw over a
period of hours or days. Because the thawing is very rapid we
speculate that the in situ CH, could be released without being
oxidized to form CO,. At Tuktoyaktuk Island coast, 6 m of
permafrost is exposed on the exposed cliff edge (see
Figure 4A). If we assume an average concentration of 0.15 mg
CH, per kg sediment in this upper 6 m, and an erosion rate of
2 m/yr, we estimate an annual CH, flux rate from the eroding
sediments could be ~3,500 g CH,/yr/km of shoreline. Eroding
coastal areas in the Canadian Beaufort Sea comprise at least
1,000 km in length (Solomon and Gareau, 2003; Manson et al.,
2019) thus, if similar sediments were encountered elsewhere in
the region, there is potential for atmospheric release of 3.5 x 10° g
CH,/yr. While this is a relatively small amount compared to the
~1 x 10"*g CH, estimated to be released from the global
permafrost reservoir annually (Saunois et al.,, 2020), it should
be noted that the glaciofluvial sediments we have studied from
Tuktoyaktuk Island are not particularly organic rich. A full
assessment of the potential for release of CH, to the
atmosphere from this process is only possible with further
testing of the different types of eroding sediments along the
coast. Other eroding sedimentary deposits commonly found
along the Beaufort coast include glacial till, lacustrine and
deltaic sediments (Rampton, 1988) which may contain higher
in situ CH, concentrations and therefore result in increased
atmospheric release from event driven erosion.

Microbial Greenhouse Gas Production
Associated With Warming Ice-Bonded

Permafrost

The observation of in situ CH, in permafrost environments raises
the question of how this CH, was formed and if in situ CH,
concentrations could be increasing in association with warming
of the permafrost due to climate change? Our incubation
experiments clearly document that microbial activity remediate
permafrost organic matter producing CO, and CH, with
warming under still frozen conditions. Previous studies have
documented the presence of viable microorganisms (Ganzert
et al, 2007; Jansson and Tas, 2014; Stapel et al, 2016;
Altshuler et al., 2017; Margesin and Collins, 2019) and active
bacteria (Elberling and Brandt, 2003; Wagner et al, 2007;
Mykytczuk et al.,, 2013) in frozen permafrost. Our incubations
support these findings that there is an active, viable population of
microorganisms producing CH, at below freezing temperatures.
We can not, however, speculate on the mechanism driving
methanogenesis without further experiments with isotope
labeled substrates (as done in Rivkina et al., 2004).

In terms of the geothermal setting of the cores from
Tuktoyaktuk Island, we note the geothermal environment of
the sediments is within the interval that experiences annual
seasonal fluctuations in temperatures with warming and
cooling that ranges from perhaps >10°C at 1 m depth to only
a 1-2°C at 10 m depth. At in situ temperatures, our results
demonstrate that CH, and CO, is potentially produced when
the upper intervals of sediment experience seasonal warming.
Indeed the in situ CH, concentrations we observed likely result
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from slow but repetitive seasonal formation of biogenic gas, that
is then trapped within the ice bonded sediment matrix.

Our experiments may also have implications when
considering future climate warming and its impact on in situ
greenhouse gas concentrations and geomorphic processes. While
the pace of warming of subsurface permafrost is clearly somewhat
slower than the pace of atmospheric warming, our work suggests
that temperature increases of only a few degrees can enhance
activity of the in situ microbial communities, generating
greenhouse gases. This creates the potential for build-up of
CH, and CO, under warming permafrost conditions than might
be expected from seasonal temperature variations alone. This
points to the potential for subsurface biogenic gas
accumulations which are continually being charged or
pressurized over time. Such conditions may create the
potential for the in situ pressure regime to exceed the
confining pressure of the permafrost cover. This in turn
could cause the trapped gas to leak to the surface through
cracks in the permafrost or even cause more catastrophic
pressure release as is inferred for the formation of permafrost
craters described in Siberia (Leibman et al., 2014). There is also
the potential for the formation of intrapermafrost CH, gas
hydrate within the permafrost interval at depth (Dallimore
and Collett, 1995).

Microbial Greenhouse Gas Production
Associated With Thawing Ice-Bonded

Permafrost
At incubation temperatures above freezing, the amount of CH,4
produced in the Tuktoyaktuk Island samples, in terms of moles
CH, per weight sediment or petagrams CH,4 per gram carbon
(Figure 9) was comparable to rates observed in incubations with
sediments from other settings with higher organic carbon
contents (Roy Chowdhury et al, 2015; Treat et al, 2015).
These results suggest that glaciofluvial sediments found along
the coast of the Beaufort Sea, which might not normally be
considered as candidates for high greenhouse gas production
upon thawing, could be contributing significant amounts of
modern microbial greenhouse gases in association with
ongoing climate warming. A key consideration for our
experiments however is that they were conducted under
anaerobic conditions. If sediment processes associated with
thawing change the in situ biogeochemical environment from
anaerobic to aerobic conditions, of course there is potential for
oxidation of CH, to form CO,.

We anticipate a number of settings, found within a landscape
such as Tuktoyaktuk Island, that experience greenhouse gas
release from coastal processes. The first, and most widespread
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setting, is in association with a deepening of the active layer due to
atmospheric warming along the coast (Figure 8A). In this case,
CH, and CO, can be generated under anaerobic conditions
similar to our experiments at the base of the active layer by
microorganisms that already exist within the permafrost but
become more active under thawed conditions. In addition, if
new labile organic material thaws at the base of the active layer,
there is potential for new microbial communities to become
active and generate CH,. If CH, and CO, concentrations at
the base of the active layer are substantive there is potential for
free gas migration through the active layer quickly without
oxidation. However, as observed in other settings, it is likely
that at least some of the CH, is oxidized to CO, in the upper
portion of the active layer which is likely to be oxygenated (Oh
etal., 2020 and references within). The second candidate geologic
setting relate to the possible mobility of organic material through
an unstable landscape as it thaws and is re-deposited in new
sedimentary environments (Figures 8B-E). At Tuktoyaktuk
Island, this might include terrestrial landslide deposits, beach
sediments or shallow nearshore settings on the north side of the
Island, which are in oxygenated waters. Our experiments,
conducted under anoxic conditions do not directly address
this environment, however new studies (Tanski et al., 2019)
are beginning to better characterize these conditions
demonstrating potential for CO, production and potential
atmospheric release. However, we note that in Tuktoyaktuk
Harbor on the south side of Tuktoyaktuk Island, deep water
pockets allow for anoxic conditions to form year round creating
conditions similar to our incubation experiments (Figure 8E;
Lawrence et al, 1993). Local CH, and CO, production may
possibly be quite vigorous in this setting. And finally, as the

coastal setting is inundated with sea level rise, organic matter can
accumulate in the offshore setting and host similar microbial
processes to release CH, and CO, to the overlying waters
(Figure 8D).

CONCLUSION AND FUTURE DIRECTIONS

At a broader scale, this study emphasizes the value of
characterizing in situ geology and biogeochemistry for
understanding greenhouse gas dynamics, as highlighted by
others recently (Barbier et al., 2012). Permafrost sediments are
thought to contain an enormous amount of trapped carbon
that could be converted to CH4 and CO, by microbial activity.
In fact, many previous incubation studies reveal significant
CH, production when permafrost is thawed, as might be
expected in the case of a deepening active layer. However,
current global CH, budgets consider terrestrial permafrost
sediments only as a small source of atmospheric CH, release
(~1 Tg/yr; Saunois et al., 2020). This is in part because CH,4
can be consumed within the oxygenated portion of the active
layer. Our study characterizes a field example that is
experiencing atmospheric warming and rapid coastal
erosion and reveals that there is considerable potential for
the greenhouse gas generation under anoxic conditions, even
with modest concentrations of organic carbon. We envisage
that these gases within the frozen permafrost could be rapidly
released to the atmosphere when episodic coast erosion causes
sediment block failures. There is also potential for the
generation of free gas within the permafrost that could
trigger unique permafrost processes or indeed migrate to
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the surface where it could be released to the atmosphere.
While the observation of CH, dynamics in frozen sediments
needs to be verified across a variety of permafrost sediment
types, there are several biogeochemical questions it opens:
How are microbes functioning at freezing temperatures? Are
there microzones of liquid water within the pore spaces that
are enriched in active microbes? What organic matter source is
being used? Future work could characterize the small organic
acids that could be used in CH, and CO, production; along
with the total DOM pool change over the time scale of an
incubation.

Our study also highlights the need for more
characterization of in situ CH, and CO, concentrations
and production potential within permafrost sediments,
especially in the coastal zone where such sediments could
soon erode into the ocean. Notably, in our experiments,
microbial degradation of organic matter to CO, was
generally 100-1,000 times higher than CH, production, to
make the CO, release from these warming soils also a
significant component of the greenhouse gas potential. In
order to move toward a better constraint on the potential
release rates in global models, in situ greenhouse gas
concentrations within permafrost sediments across a
variety of geologically distinct areas is necessary.
Currently, the global CH, model (Saunois et al., 2020)
the potential release of CH,; from permafrost
sediments from  very actual  measurements
(Kvenvolden and Lorensen, 1993; Rasmussen et al., 1993).
By measuring more environments, and even repeating
measurements in these early papers, we can confirm this
flux currently estimated in global budgets.
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