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ABSTRACT

Ground temperatures have been monitored since 2014 in four shallow boreholes (up to 5.7 m deep) drilled in palsas along the
southeastern Labrador Sea coastline. This borehole network is critical for monitoring the effects of climate change on the
terrestrial cryosphere and includes some of the southernmost coastal permafrost in the Northern Hemisphere. In this region,
there are very few published measurements of active layer thickness, permafrost thickness, and permafrost temperatures. Mean
annual ground temperatures of -1.7 to -0.7 °C at 1 m depth were surprisingly low at the beginning of the study period, given the
relatively thin bodies of permafrost present (< 3 m thick). Statistically significant increases in ground temperatures were observed
from 2015 to 2022 at some but not all depths in the four boreholes, despite decreases in permafrost thickness observed at all
sites. Permafrost thaw resulted from both increased thaw penetration and thaw from the base of permafrost. Thaw penetration
relative to the original ground surface increased by 24 to 92% due to a combination of active layer thickening and ground
subsidence. Permafrost thaw at these sensitive locations may be driven by changes in mean annual air temperature, vegetation,
snow dynamics, hydrology, and human disturbance. These data provide novel insights into the sensitivity of permafrost in this
understudied region and can be used to validate predictive thermal modelling under future climate scenarios.

1 INTRODUCTION

Permafrost is typically present at high latitudes and/or at
high elevations where mean annual air temperatures
(MAAT) are usually below 0 °C. Monitoring of ground
temperatures in boreholes is fundamental to understanding
changes in permafrost conditions (Noetzli et al. 2021;
Isaksen et al. 2022). For the past several decades,
permafrost temperatures have been compiled within the
Global Terrestrial Network for Permafrost, and analyses of
long-term permafrost borehole records have identified
global increases in mean annual ground temperatures
(MAGT; Biskaborn et al. 2019). These temperature records
are critical for understanding permafrost change, which can
have impacts on related social, hydrological, and ecological
systems (Walvoord and Kurylyk 2016; Schuur and Mack
2018; Gibson et al. 2021; Hjort et al. 2022).

Permafrost distribution in Labrador (Figure 1), northeastern
Canada, ranges from continuous at high elevations and
latitudes to discontinuous and isolated patches farther
south (Heginbottom et al. 1995). Recent investigations
identified high densities of permafrost peatlands in lowland ‘
locations along the Labrador Sea coastline that contain eomw s setw
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palsas or peat plateaus (Wang et al. 2023). They extend as
far south as 51.4°N and represent some of the most
equatorward occurrences of coastal permafrost globally
(Dionne 1984; Wang et al. 2023). Recent unmanned aerial
vehicle-based analyses have revealed that these palsas
and peat plateaus are small, fragmented, and highly
vulnerable to thaw (Beer et al. 2023), and this is supported
by historical aerial photograph analyses that show a rapid
decline of peatland permafrost area in the region (Wang et
al. 2024a).

https://doi.org/10.52381/ICOP2024.155.1

Figure 1. (a) Locations of palsa boreholes, selected
communities, and the barrens ecoregion in southeastern
coastal Labrador (Government of Newfoundland and
Labrador 2020). (b) Inset map showing distribution of
permafrost across Canada (Heginbottom et al. 1995) and
location of Labrador.

Despite advances in characterizing peatland permafrost in
coastal Labrador, there remains a paucity of information on
ground thermal conditions and permafrost thicknesses. To
reduce these observational gaps, ground temperature
monitoring was started in 2014 at four palsas located
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between 51.5°N and 53.7°N, forming part of the only active
permafrost borehole monitoring network in Labrador
(Figure 1). This paper summarizes the trends observed in
thaw penetration and permafrost thickness and offers the
first quantification of change in ground temperatures in
permafrost environments in Labrador. This paper
contributes to the advancement of knowledge on
permafrost as an Essential Climate Variable for the Global
Climate Observing System (Smith and Brown 2009).

2 STUDY AREA

Coastal Labrador experiences long, cold winters and short,
cool summers and is strongly influenced by the cold
Labrador Sea current that runs south along the coast
(Banfield and Jacobs 1998; Roberts et al. 2006). MAATs
generally decrease with latitude from 0.6 °C at Blanc
Sablon to 0.0 °C at Cartwright, and to -2.5 °C at the
northernmost community of Nain, Nunatsiavut (56.5°N;
1981-2010 climate normal; Environment and Climate
Change Canada 2023), and have increased by ~1.5 °C
since 1881 (Way and Viau 2015). Coastal Labrador is also
characterized by high amounts of precipitation
(~1000 mml/year; Hare 1950; Banfield and Jacobs 1998)
with snow fractions of 0.37 for Blanc-Sablon, 0.43 for
Cartwright, and 0.51 for Nain (1981-2010 climate normal;
Environment and Climate Change Canada 2023).
Maximum snow depths occur in March, but high winds lead
to significant snow redistribution across the coast’s varying
topography (Way and Lewkowicz 2018). Ecologically, much
of coastal Labrador is classified as coastal barrens (Roberts
et al. 2006), an ecosystem where trees are sparse due to a
combination of both climatic and physiographic limitations
(Figure 1). Wetlands are common (Mahdianpari et al.
2021), and peat thicknesses locally exceed 2 m (Séguin
and Dionne 1992; Way et al. 2018). Peatland permafrost is
especially concentrated in coastal lowland locations
between 53°N and 55°N, where post-glacial marine
incursion led to the deposition of fine-grained glaciomarine
sediments (Hagedorn 2022; Wang et al. 2023). The region
includes coastal portions of the Labrador Inuit Settlement
Area (Nunatsiavut) in the north, a land claims agreement-
in-principle by the Innu Nation in central Labrador, and

areas claimed by the NunatuKavut Community Council in
the south that correspond to the region examined in this
study.

The four monitoring boreholes are all on small palsas
(Figure 2; Table 1). WJD01 and WJDO02 are within the same
peatland in the community of Cartwright. The palsas
measured 0.49 and 0.52 m tall in 2021, and vegetation
cover is intact and up to 30 and 3 cm high, respectively
(Beer et al. 2023). This peatland is subject to high levels of
human disturbance, as persistent snow drifting away from
the palsa mounds has led to community members storing
komatiks (Inuit style sleds) on palsa surfaces through the
winter and over the summer. WJDO3 is the southernmost
borehole and is located in a 1.24 m high palsa near the
community of Blanc-Sablon, Québec. Vegetation cover at
this palsa is up to 12 cm high and is largely intact, with some
patches of exposed peat found in lower parts of the mound
(Beer et al. 2023). WJD04 is positioned on a 0.82 m high
palsa near the community of Red Bay. Peat is exposed on
the majority of the palsa and vegetation, where present, is
up to 4 cm high (Beer et al. 2023).

(a) WJDO1

(b) WJD02

Figure 2. Field photos of the study boreholes and their
surrounding conditions at the time of installation in 2014:
(a) WJDO01, (b) WJDO02, (c) WJDO03, and (d) WJD04.

Table 1. Characteristics of the coastal Labrador palsa boreholes.

Latitude (°N), Mean annual air Date established

Borehole | ngitude (W), Elevation (masl)  temperature (°C)* Sensor depths (m)’ Logger type® vyyy_MM-DD)
WJDO1 53.71, -57.01, 11 05 0.25,0.5, 1,2.15 iB 2014-07-23
WJD02 53.71, -57.01, 14 05 0.5,1.0,2.0, 3.0, 4.25, 5.7 Hobo 2014-07-23
WJD03 51.46, -57.12, 115 0.7 0.25,0.5, 1.0, 2.0, 3.0, 4.2 Hobo 2014-08-05
WJD04 51.76, -56.41, 75 1.1 0.25,0.5, 1.0, 2.0, 3.0, 4.25 Hobo 2014-08-06

"Mean annual air temperatures were aggregated from bi-hourly measurements taken by Hobo Pro v2 Temperature/Relative Humidity U23-001 loggers from adjacent meteorological monitoring
stations. Mean annual air temperatures were calculated over hydrological years (October 1-September 30) from 2015-2016 to 2021-2022 (n=7).

2Note that sensor depths are relative to the ground surface at the time of installation in 2014.

3Hobo = Hobo V2 U23-003 loggers; iB = DS1922L High Resolution Thermochron F5 iButtons.
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3 METHODS

The four boreholes were drilled using the water jet
technique in 2014, and the base of permafrost was reached
and exceeded at three of the four locations (not at WJDO01;
Way et al. 2018). Boreholes were cased with PVC pipe
immediately after drilling and were instrumented at four to
six depths with either Hobo V2 U23-003 loggers (accuracy
+ 0.2 °C; resolution + 0.02 °C at 22 °C but > 0.02 °C at
0 °C), recording ground temperatures every 2 hours, or
DS1922L High Resolution Thermochron F5 iButtons
(accuracy = 0.5 °C; resolution + 0.0625 °C), recording
ground temperatures every 4 hours (Table 1). Ground
temperature records were interpolated to hourly increments
using a spline and then aggregated to daily, monthly, and
annual metrics for comparison between sites. Short data
gaps in the ground temperature record at 5.7 m at WJD02
were infilled using cross-correlation between records from
different depths in the same borehole (Way et al. 2018), but
longer data gaps exist where loggers failed. Ground
temperatures measured for one full hydrological year post-
drilling were excluded to reduce the thermal impacts of
disturbance during establishment (Way et al. 2018).

Thaw penetration depths were estimated by linearly
extrapolating maximum annual ground temperatures to the
depth corresponding to 0 °C using measurements from two
depths within the active layer over each hydrological year
(October 1 to September 30; Riseborough 2003, 2008).
WJDO02 lacked the two measurement depths in the active
layer necessary for extrapolation, so measurements from a
0.25 m depth ground temperature logger located at an
adjacent palsa monitoring station (AMET13) was used
together with the existing 0.5 m measurement. The 0.25 m
depth measurement from AMET13 were linearly scaled to
better match WJDO02 local site conditions using an equation
(y=1.3836x-0.2585; R2=0.96) derived from overlapping
~50 cm depth measurements at AMET13 and WJDO02 over
2015-2016. Thaw penetration relative to the initial ground
surface was considered instead of thaw depth from the
current ground surface to account for the impacts of both
active layer thickening and ground subsidence (O’Neill et
al. 2023), which can occur simultaneously in ice-rich
landforms, including palsas. Total subsidence at the
borehole locations from the time of initial installation in
Summer 2014 to the most recent field visit in Summer 2023
was calculated from the difference in the depths of the
shallowest logger within the borehole casing relative to the
ground surface between the two summers. The depths
corresponding to the zero annual amplitude were identified
from linear interpolation from minimum annual and
maximum annual temperature curves, calculated over
hydrological years (October 1 to September 30), where the
range in minimum and maximum annual temperatures was
less than 0.1 °C. The depths corresponding to the base of
permafrost were defined as the greatest depth where the
maximum annual temperature curve, calculated over
hydrological years (October 1 to September 30),
intersected with 0 °C (£ 0.04 °C to account for decreased
logger resolution near 0 °C).

ICOP2024: Y. Wang et al.

4 RESULTS
4.1 Changes in thaw penetration and permafrost
thickness

Thaw penetration in 2015-2016 was less than 1 m at all
borehole locations, ranging from 0.53 to 0.85 m (Table 2;
Figure 3). The depth of the base of permafrost exceeded
215 m and ranged up to 3.53 m, giving permafrost
thicknesses of up to 2.92 m. Thaw penetration increased at
all locations over the monitoring period (almost doubling at
WJD01 and WJDO02 to 1.01 and 1.02 m, respectively), and
permafrost thicknesses decreased (to as little as 0.50 m at
WJDO01; Table 2). The increase in thaw penetration
represented 42 to 59% of the change in permafrost
thickness at the sites. Thaw from the base of permafrost
also accounted for a substantial proportion of the change in
permafrost thickness (41 to 58%; Table 2). Total
subsidence observed at the boreholes was 5 to 50 cm
(Table 2), accounting for at least 10% of the increase in
thaw penetration (O’Neill et al. 2023).
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Figure 3. Minimum, mean, and maximum ground thermal
profiles for (a) WJDO01, (b) WJDO02, (¢) WJDO03, and
(d) WJDO04 for October 2015 to September 2016 (Oct—
Sept). Note that the depths on the y axes are scaled
according to the depth of each borehole.
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Table 2. Summary of permafrost characteristics at the palsa boreholes for the earliest (2015-2016) and most recent
hydrological years of record (2021-2022). Depths of thaw penetration, base of permafrost, and zero annual amplitude are
relative to the initial ground surface at the time of installation in 2014.

2015-2016 2021-2022 2014-2023
Depth of Depth of
Depth of Depth of
Borehole Thaw. base of Permafrost zero Thaw. base of Permafrost zero Subsidence
penetration ermafrost thickness annual penetration ermafrost thickness annual (m)
depth (m) P (m) amplitude  depth (m) P (m) amplitude
(m) (m) (m) (m)
WJDO01 0.54 >2.15 >1.61 >2.15 1.01 1.51 0.50 2.09 0.05
WJD02 0.53 3.39 2.86 4.11 1.02 3.05 2.03 2.88 0.50
WJDO03 0.61 3.53 2.92 3.44 1.00 3.26 2.26 1.92 0.12
WJD04 0.85 3.30 2.45 2.90 1.05 3.04 1.99 2.30 0.40
4.2 Changes in ground thermal regime (@) WJIDO1 1 erature () (D) WID02 | e )
Considering the thin permafrost present at the borehole 2 10 1 2 3 2 10 1 2 3

sites, mean ground temperatures in 2015-2016 were L L1 L L1
surprisingly low, varying from -0.7 °C at a depth of 1 m at
WJDO04 to -1.7 °C at a depth of 1 m at WJDO02 (Figure 3).
The range in ground temperatures was up to ~25 °C at the
shallowest depth of 0.25 m (Figure 3), but decreased rapidly
with depth at all sites, with depths of zero annual amplitude
declining from 4.1 m in 2015-2016 to 2.9 m in 2021-2022
(Table 2).

Mean ground temperatures increased through the
monitoring period (Figure 4), but not monotonically (Figure
5). Exceptionally high ground temperatures were observed
at all locations in 2020-2021 in response to anomalously e
warm air temperatures, which were 2.2—-2.5 °C warmer than

the annual average for 2015—-2020. Supra-permafrost taliks (c) WJD03
were not observed at any of the sites, and ground

conditions cooled slightly in the following year (2021-2022) 2t o123 210 1 2 3

(Figure 4; Figure 5). Statistically significant ground o o -
temperature warming was observed within the permafrost "

at WJDO01, at all depths at WJD02, beneath the permafrost f
at WJDO03, and both above and beneath the permafrost at
WJDO04 (Figure 6).
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5 DiscussION

5.1 Thaw and subsidence of peatland
permafrost in coastal Labrador o | \

The coastal Labrador palsa monitoring network has helped

to characterize the thermal conditions of thin, yet

surprisingly cold, bodies of permafrost along the 2015-2016  2016-2017

southeastern Labrador Sea coastline. The combination of 2019-2020  2020-2021  2021-2022

relatively low temperatures but limited permafrost thickness Figure 4. Mean annual ground temperature profiles at

has been attributed to lateral heat flow from the surrounding (a) WJDO01, (b) WJD02, (c) WJDO03, and (d) WJD04 from

non-permafrost area, possibly combined with advective 2015-2016 to 2021-2022. Mean annual ground

heat fluxes due to groundwater flow beneath the mounds temperatures were calculated over hydrological years

(Osterkamp 2003; Way et al. 2018). (October 1-September 30). Note that the depths on the y
axes are scaled according to the depth of each borehole.
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Figure 6. Summary of linear trends in mean annual ground temperatures at (a) WJDO01, (b) WJDO02, (c) WJDO03, and
(d) WJD04 from 2015—-2016 to 2021-2022. Mean annual ground temperatures were calculated over hydrological years
(October 1-September 30). Horizontal black lines represent 95% confidence intervals.

Monitoring of ground temperatures at the four boreholes
shows increasing thaw penetration and permafrost thaw
since installation in 2014. Warming occurred at all sites, but
rates were not statistically significant at all depths in all
boreholes. Inter-borehole differences may be attributed to
variations in site characteristics, including vegetation cover,
peat thickness, underlying sediment type and texture,
hydrological connectivity, and human disturbance (Thie
1974; Allard and Rousseau 1999; Zuidhoff and Kolstrup
2005). For example, higher vegetation heights at WJDO01
and the placement of komatiks by community members
near WJD01 and WJDO02, could lead to greater snow
trapping and reduced energy escape from the ground in
winter, while the thicker snow could also increase surface
moisture during snowmelt. At WJDO04, vegetation cover has
mostly disappeared through processes of degradation and
deflation, such that the top of the palsa is mostly
characterized by exposed peat. As a result, the palsa at
WJDO04 likely has a lower albedo and different moisture
characteristics compared to the other three sites.

Mechanisms of permafrost thaw were similar across all four
locations, with a combination of thaw from both the bottom
and top of permafrost. Thaw from the base of permafrost,
which occurred by 27 to 64 cm, was likely caused by

ICOP2024: Y. Wang et al.

increased energy fluxes from the warmer surrounding
unfrozen wetland and by water around and/or beneath the
thin bodies of permafrost (Osterkamp 2003). Thaw from the
top of permafrost is more complicated, as increases in thaw
penetration occurred as a result of both active layer
thickening and ground subsidence (O'Neill et al. 2023). By
taking measurements of the borehole sensor depths
relative to the surrounding ground surface in Summer 2023,
the amount of subsidence could be estimated for each
borehole since 2014 (Figure 7). In the absence of more
precise measurement techniques, such as using a
differential GPS to measure changes in the elevation of the
ground surface from year to year, this comparative
technique provides a reasonable approximation of the
subsidence that occurred in the surrounding palsa at each
borehole. This estimate then allowed us to differentiate
between the proportion of thaw penetration as subsidence
(5 to 50 cm, 11 to 200%) versus the proportion of thaw
penetration as active layer thickening. This varied between
sites, with 11% occurring as subsidence and 89% occurring
as active layer thickening at WJD01 and 31% occurring as
subsidence and 69% occurring as active layer thickening at
WJDO03. This likely reflects differences in ground ice content
between the landforms at WJD01 and WJDO03, as
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permafrost with higher ground ice content is expected to
have greater potential for subsidence as it thaws, while
permafrost with lower ground ice content may experience
change in a more subtle manner (Kokelj and Jorgenson
2013; Olefeldt et al. 2016). At WJD02 and WJDO04, the
amount of subsidence measured in Summer 2023 relative
to Summer 2014 exceeded the total thaw penetration that
was calculated for the study period. This may reflect
potential changes in buoyancy within the wetland (Seppéla
1994), frost heave and jacking of the borehole casing itself,
or limitations in using loggers (i.e., accuracy, resolution)
when monitoring permafrost temperatures close to 0 °C.

Figure 7. Field photos of WJDO02 in (a) 2014 and (b) 2023.
Since 2014, residents of the nearby community of
Cartwright have parked a komatik on the WJDO02 palsa.
There was also visually evident subsidence at this site
between 2014 and 2023.

Enhanced thaw, manifested as both active layer thickening
and subsidence, occurred in Summer 2021, following an
exceptionally warm winter (+5 °C higher than the baseline
average for 1961-1990; Environment and Climate Change
Canada 2021) in coastal Labrador in 2020-2021. Summer
2021 was the first time that ground temperatures at a
nominal depth of 1 m at WJD03 and WJD04 exceeded
0 °C, while ground temperatures at 1 m depth at WJD01
and WJDO02 were right at the point of thaw (Figure 5), thus
we hypothesize that most of the observed ground
subsidence occurred that year. Ground temperatures
returned to slightly lower values in Winter 2021-2022.
Continued monitoring of these landforms will be critical to
understanding the long-term impacts of extreme winter
events like 2020-2021 on peatland permafrost in the
region.

5.2 Possible limitations

Differences in patterns and mechanisms of permafrost thaw
between WJDO01 and the other three palsa boreholes,
especially with WJD02 located only 60 m away, may be
potentially due to the sensitivity and accuracy of the data
loggers that were used. As WJDO01 is instrumented with less
accurate DS1922L High Resolution Thermochron F5
iButtons (accuracy * 0.5 °C; resolution + 0.0625 °C)
compared to Hobo V2 U23-003 loggers (accuracy + 0.2 °C;
resolution + 0.02 °C at 22°C but > 0.02 °C at 0 °C), it is
possible that ground temperatures at WJDO01 are lower than

ICOP2024: Y. Wang et al.

recorded and that permafrost is thicker than presented here
(Table 2). Additional investigations, such as geophysical
surveys (Way et al. 2018), may help resolve the
interpretation of permafrost thickness at this location.

Estimates of thaw penetration were especially challenging
for WJD02 due to the arrangement of the temperature
loggers at this borehole. While it was possible in this case
to estimate the ground temperature at 25 cm at WJDO02 for
2015-2016 based on an overlapping record at an adjacent
monitoring location (AMET13), a closer spacing of
thermistors at the boreholes, especially within the active
layer, will be needed to assess ongoing and future changes
in thaw penetration.

5.3 Other boreholes in the region

The only other palsa borehole in this region of northeastern
Canada is located ~5 km north of WJD03 at 51.50°N,
57.15°W. Ground temperatures at this borehole from 2004—
2005 to 2011-2012 were near 0 °C (MAGT of -0.46 °C at
1 m), and temperature records showed consistent active
layer thicknesses just under 1 m and a base of permafrost
deeper than 10 m throughout the study period (Centre
d’études nordiques 2013). This borehole experienced
statistically significant warming at 4 m by 0.02 °C/year from
2004 to 2012 and simultaneous statistically significant
cooling at 5, 6, 9, and 10 m by up to -0.29 °C/year. This
temperature record unfortunately does not overlap
temporally with our four borehole records, and it does not
reflect significant changes in air temperature, vegetation,
and snow that have occurred in the region since 2012
(Barrette et al. 2020; Wang et al. 2024a). The continued
monitoring of existing permafrost landforms and the
expansion and installation of new boreholes in other
peatland permafrost landforms in the region will be
essential for characterizing permafrost change in the
context of a warming climate.

6 CONCLUSIONS

Borehole records reveal progressive thaw at four palsa
sites in coastal Labrador from 2015 to 2022. Thermal
changes were subtle, as is characteristic of permafrost that
is close to 0 °C (Smith et al. 2005), but when coupled with
apparent physical changes, these data show ongoing
increases in thaw penetration and declines in permafrost
thickness. Permafrost thickness decreased by 18 to 69%,
while thaw penetration increased by 24 to 92%. Thaw
penetration was found to be attributed to a combination of
active layer thickening and ground subsidence, and
differences in the proportion of active layer thickening
versus ground subsidence may reflect variations in ground
ice content between palsas. Six additional boreholes, drilled
in palsas (n=4) and peat plateaus (n=2) from 2015 to 2022
via water jet or percussive drilling techniques, will
supplement this existing dataset and provide additional
context for ground thermal conditions in peatland
permafrost landforms found as far north as 56.6°N in
coastal Labrador. The ground temperature data that
support this study are publicly available in the Nordicana D
data repository (Wang et al. 2024b).
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