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ARTICLE INFO ABSTRACT

Handling Editor: Dr. P. Rioual Extreme events, including tsunamis, storm surges and hurricanes, affect the western North Atlantic coast,

threatening communities and impacting ecosystems. Although these extreme coastal events (ECEs) are currently

Keywords: thoroughly monitored in the area, older ECEs are known only from short historical evidence. Therefore,
Newfoundland establishing a reliable ECE history that extends more than several decades into the past requires data from
Tsunami

geological records. This study aims to refine the existing record of ECEs on the southern Burin Peninsula
(Newfoundland, Canada) that extends back to the mid-18th century by providing the first lake-sediment-based
reconstruction of the event history of the Canadian province of Newfoundland and Labrador. We investigated
Hurricane short sediment cores collected from four shallow coastal lakes. The identification of ECEs relied mainly on
Lake sediments lithostratigraphic evidence and peak detection of sand grain counts. Diatoms, dry bulk density, and loss-on-
ECEs ignition were also analyzed. The age-depth models of the cores were based on 2!°Pb and '*’Cs dating. The
Sand peak analysis correlation of our records with major historical events confirmed that statistically significant sand count peaks,
sand layers, and redeposited peat clasts are indicative of major ECEs. We found that the type and characteristics
of ECE records depended mainly on the availability of sediment, distance from the seashore, and magnitude of
the event. Although some of our ECE markers are associated with marine inundations, only slight diatom
community changes were observed, contrary to what is commonly expected from the disturbance of brackish and
freshwater ecosystems by major saltwater intrusions. Combined, our records indicate that at least eight ECEs
occurred since the late 17th century, three of which might correlate with historically documented events, namely
the 1755 CE Lisbon tsunami, the 1775 CE Great Independence Hurricane, and the 1929 CE Newfoundland
tsunami. Although further investigations are required to better constrain the type and magnitude of particular
ECEs, our study confirms the suitability of geological archives for improving hazard assessment in coastal
regions.
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1. Introduction cover more than several centuries, necessitating a sedimentological

approach to provide longer ECE records (e.g., Engel et al., 2020a; Goslin

Extreme coastal events (ECEs), like marine inundations or extreme
wind storms, are primarily associated with extra-tropical storms, hur-
ricanes, or tsunamis. They pose major threats to the life and property of
coastal communities and have a profound impact on coastal ecosystems
(e.g., Cochard et al., 2008; Goto et al., 2021; Tashiro et al., 2021; Urabe
and Nakashizuka, 2016). Therefore, knowledge of the type, frequency
and extent of ECEs is crucial for appropriate coastal hazard assessment.
Yet, historical accounts of ECEs are usually fragmentary and only rarely
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and Clemmensen, 2017; Orme et al., 2016).

Identification of ECEs in coastal sedimentary archives is possible as
the events are often associated with widespread erosion and subsequent
sediment transport and deposition (Donnelly et al., 2004; Goslin and
Clemmensen, 2017; Nielsen et al., 2016). In particular, coastal lakes are
suitable for the reconstruction of ECE histories because clastic sediments
inwashed or windblown into them during ECEs are often easily distin-
guishable from the mostly organic sediments (Donnelly et al., 2004;
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Timmons et al., 2007). Furthermore, lake sediments often provide
continuous records of the events that can be dated to provide a reliable
inference of ECE frequency. To confirm the association of event layers in
lake sediments with marine inundations, lithological characterization of
sediments is commonly supplemented with various geochemical (Cha-
gué-Goff et al., 2017), micropaleontological (Dura et al., 2016), mo-
lecular (Engel et al., 2020b), and other analyses. For instance, diatom
analysis has proved useful for identifying marine inundations, which
often correlate with an increased abundance of saline-tolerant diatom
species (Dura et al., 2016).

Although lake records are invaluable in providing insights into the
history of ECEs, the ability of a lake to record the events should be
confirmed rather than assumed. This is usually achieved by correlating
event layers in a dated sediment core with documented ECEs (e.g.,
Besonen et al., 2008; Kempf et al., 2015). As a single sediment core from
a given location is not likely to provide a complete record of past events
(Donnelly et al., 2004), the investigations often rely on the analysis of
multiple sediment cores collected either from a single lake (intensive
approach e.g. Kelsey et al., 2005) or several lakes (extensive approach e.
g., Bondevik et al., 1997; Das et al., 2013).

Lake records have contributed to establishing a reliable history of
ECEs for coastal areas around the world. However, a large bias is
observed in the spatial representation of these studies. For instance, in
the western North Atlantic basin, a database comprising over 60 re-
constructions of coastal flooding events was developed for the area that
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stretches from the Gulf of Mexico up the East Coast of the United States,
where hurricanes are frequent (Oliva et al., 2018). In contrast, major
parts of the coast located more to the north, including the Canadian
province of Newfoundland and Labrador, have been little investigated
for the frequency of past marine inundations.

Although hurricanes Larry (September 2021) and Earl (September
2022) recently hit Newfoundland, it is generally less frequently affected
by hurricanes compared to more-southerly parts of the western North
Atlantic coast (Neu, 1982). Newfoundland’s coasts are additionally
subjected to coastal flooding from storm surges associated with
extra-tropical cyclones, also referred to as winter storms (Danard et al.,
2003). Moreover, the disastrous 1929 Grand Banks tsunami, which
flooded the southern coast of the Burin Peninsula and killed 28 people
(Ruffman, 1996a), provides evidence of tsunami hazards in
Newfoundland. Apart from marine inundations, some coastal areas of
Newfoundland are affected by flooding resulting from heavy precipita-
tion, abrupt snowmelt or ice-jams (Hickman, 2006). Although it is clear
that the low-lying coasts of Newfoundland are vulnerable to ECEs, the
frequency of major events capable of causing substantial threats to the
life and property of coastal communities is poorly constrained as it relies
on incomplete written sources (Hickman, 2006; Liverman et al., 2001;
Ruffman, 1996a).

Here we present the first reconstruction of ECEs for approximately
the last four centuries for the southern Burin Peninsula based on sedi-
ment cores collected from four coastal lakes. The reconstruction relies
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Fig. 1. (A) Location of the investigated lakes on the southern Burin Peninsula along with hypsometry of the coastal area and bathymetry of the adjacent seafloor. The
inset shows the location of the study area within the North Atlantic, as well as the epicenters of two earthquakes mentioned in the text. (B-E) Satellite images of the
studied lakes with marked locations of investigated peat pits and lake cores.
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Table 1
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List of the historically documented extreme coastal events (ECEs) in Lamaline along with a short description of the events and corresponding references. The table also
includes the 1755 Lisbon earthquake which could have impacted Newfoundland according to numerical modeling studies (Barkan et al., 2009; Roger et al., 2010).

Date Event Description References mentioning flooding in Lamaline
January 22, High waves "On 21-22 January 2000, a deep low tracked through the Hickman (2006); Liverman et al. (2001)
2000 superimposed on storm Maritimes causing severe impacts at numerous coastal locations.
surge The 1.2 m storm surge coincided with perigean high tides which

December 24, High waves
1983 superimposed on storm
surge

November 18, The 1929 Newfoundland

1929 earthquake and tsunami
September Great Independence
9-12, 1775 Hurricane
November 1, The 1755 Lisbon
1755 earthquake and tsunami

intensified the impact of the storm [ ...]. On January 22, 2000,
several locations within Lamaline were flooded [ ...] Point au
Gaul, Lord’s Cove, and Taylor’s Bay were impacted by the
January 2000 event [ ...]. The January 2000 storm caused $1
million in damages to coastal areas along the Burin Peninsula.
After the January 2000 storm surge event in Lamaline, costs [ ...]
totaled $12,000". (Hickman, 2006)

"One such event [storm surge] in Lamaline, Newfoundland on
Christmas Day 1983 probably rose higher than the 1929 tsunami
and occasioned fire department rescues by boat". (Ruffman,
1996a)

"In the case of the 1929 tsunami as it arrived on the Burin
Peninsula, in all cases witnesses report it was first seen at about
1930 NST [Newfoundland Standard Time] as a major withdrawal
[ ...]. In the communities of Lamaline, Taylor’s Bay, Lord’s Cove
and Port au Bras there are reports of a breaking wave arriving; up
to three main pulses were seen. Many smaller pulses of the
tsunami continued to affect the area for several hours after the
main event". (Ruffman, 1996a)

"Philip Tocque also briefly mentioned that "in 1775
Newfoundland was visited by a dreadful storm. The sea rose
twenty feet above the usual height, which threw on shore
hundreds of craft, both large and small; Additional sources
eventually expanded the area known to have been affected by the
storm to include Bonavista and Trinity Bays, Fogo, "Lassie" (La
Scie), Conception Bay (including Northern Bay, Harbor Grace,
Carbonear and Port de Grave), Placentia Bay, "Amelyne"
(Lamaline), St. John’s and all the Avalon Peninsula". (Ruffman,
1996b)

"Numerical modeling confirms the possibility that reporting of
wave arrival and inundation of the town of Bonavista in 1755 can
be associated to the Lisbon tsunami. [ ...] Lack of reporting in the
rest of Newfoundland of the 1755 event can be readily explained
by sparseness of population, community isolation, and general
illiteracy amongst the outport population". (Roger et al., 2010)

Ruffman (1996a); Forbes (1984) and Liverman et al. (2001)
mention severe flooding in Placentia located ~145 km to the NE
of Lamaline

Numerous publications describing coastal flooding along the
southern Burin Peninsula (e.g., Forbes, 1984; Ruffman, 1996a;
Liverman et al., 2001; Tuttle et al., 2004; Hickman, 2006)

Ruffman (1996b); the event is commonly described to affected
Burin Peninsula or Newfoundland in general, with no mention of
Lamaline (e.g., Ruffman, 1996a; Liverman et al., 2001;
Hickman, 2006)

No mention of flooding in Lamaline; several reports of
inundation of Bonavista located ~280 km to the NE of Lamaline
(e.g., Batterson et al., 1999; Liverman et al., 2001)

mainly on the lithostratigraphy of cores and sand grain counts, sup-
ported by analyses of diatoms, dry bulk density, and loss-on-ignition.
Our aim was first to identify sedimentary imprints of extreme events
and then use them to refine the existing ECE’s history to provide a pri-
mary reference for regional coastal hazard assessment.

2. Regional setting

The topography of the Burin Peninsula is undulating with elevations
exceeding 100 m above sea level (asl) in the central part of the peninsula
(Fig. 1A). Coastal barrens with low-growing vegetation and sparse tree
cover represented mainly by balsam fir tuckamore characterize the
studied part of the peninsula (Damman, 1983). The area is mainly
covered by extensive blanket bogs that are dotted with numerous ponds
(Fig. 1A). A dense network of predominantly small streams with
gravelly-sandy bottoms drains the blanket bog (Fig. 1A). At the outlet of
some of the streams, coastal lakes and lagoons are formed.

The climate of the Burin Peninsula is strongly influenced by the
proximity of the ocean. Offshore of Newfoundland, the cold southward
moving Labrador current mixes with the warm northward flowing Gulf
Stream. Summers are cool and foggy, with a mean temperature of
16.5 °C for the warmest month (August), whereas winters are mild, with
a mean temperature of —2.7 °C for the coldest month (February)
(Climate Data, 2022). Total annual precipitation averages 1634 mm
with a slightly higher amount occurring during the autumn and winter
months (Climate Data, 2022). Snow cover is intermittent during the
winter and, in the snowiest months (January and February), it is ~10 cm
thick (Damman, 1983). According to the Global Wind Atlas (Davis et al.,

2023), the area experiences an average wind speed of 7.4 ms™?, with
prevailing western winds accounting for 17% of the annual duration.

In summer, dominant southwest winds contribute to low cyclonic
activity. However, tropical cyclones from the Caribbean Sea or the Gulf
of Mexico occasionally traverse the east coast of Canada and reach
Newfoundland (Murty et al., 1995). The intensification of westerlies in
autumn and winter is responsible for the frequent formation of
extra-tropical cyclones that originate along the North American
seaboard and propagate northeastward along the coast and continental
shelf (Neu, 1982). Between 1979 and 2009 CE, Newfoundland experi-
enced 35 winter extra-tropical cyclones a year on average (Plante et al.,
2015).

According to the Canadian Hydrographic Service (2022), the
maximum range of tides for the southern Burin Peninsula (St. Lawrence
station) varies from 0.28 to 2.68 m. Over the last 3000 years, relative sea
level has been continuously rising in eastern Newfoundland with a mean
rate of ~0.5 mm yr‘1 (Kemp et al., 2018). The southern Burin Peninsula
is adjacent to a wide and shallow (mostly <100 m) continental shelf area
called the Grand Banks of Newfoundland. The shallow offshore ba-
thymetry favors the formation of large-amplitude storm surges as surge
amplitude is inversely related to the water depth (Murty and Greenberg,
1987). The storm surges can result in coastal flooding on the southern
Burin Peninsula, in particular when they are accompanied by large
storm waves (Forbes, 1984).

Marine inundations are among the most-reported hazards for the
Burin Peninsula. However, the frequency of these events is not well
constrained for the area (Ruffman, 1996a). According to Lamaline res-
idents (Fig. 1A), minor events occur in the town every several years
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(Hickman, 2006). The frequency of major events is noticeably lower
with only four documented historical cases (Table 1). The oldest docu-
mented major coastal flooding accompanied the 1775 CE hurricane,
which may have been the deadliest natural disaster in Canada with the
number of fatalities possibly exceeding 4000 (Ruffman, 1996b). The
second-oldest documented event was a tsunami on November 18, 1929.
It was caused by an earthquake-generated submarine landslide south of
Newfoundland (Fig. 1A; Lgvholt et al., 2019). The estimated earthquake
moment magnitude was My = 7.2 (Ruffman, 1996a). The tsunami
caused 28 deaths and extensive damage to the properties and infra-
structure of southern Burin Peninsula communities. Tuttle et al. (2004)
and Moore et al. (2007) found that the tsunami left a continuous sand
layer between 1 and 25 cm thick at several locations east of Lamaline,
including Point au Gaul and Taylor’s Bay (Fig. 1A). At this latter site, the
tsunami runup height was estimated at 8.5 m (Moore et al., 2007) and
the landward distance reached at least 343 m (Tuttle et al., 2004). The
two most recent major coastal flooding events affecting Lamaline
occurred in 1983 and 2000 CE and were associated with high waves
superimposed on storm surges. Although the documentation for the
1983 CE event is sparse, Ruffman (1996a) speculated that sea level
might have risen higher than during the 1929 CE tsunami. The 2000 CE
storm, in turn, is remembered for the costly damage it caused on the
southern Burin Peninsula (Hickman, 2006; Liverman et al., 2001). Ac-
cording to numerical modeling studies, major parts of Newfoundland
could also have been affected by the 1755 CE Lisbon tsunami (Barkan
et al., 2009; Roger et al., 2010). Although no mention of the tsunami
exists for Lamaline, the far-field impacts of the 1755 CE event are sup-
ported by eyewitness reports of the catastrophic inundation of the town
of Bonavista (Batterson et al., 1999; Liverman et al., 2001) which is
located ~200 km to the NE of Burin Peninsula. Apart from marine in-
undations, the area is also affected by flooding due to heavy precipita-
tion, abrupt snow melts, or river ice jams. However, none of these events
are of comparable magnitude to major marine inundations (Hickman,
2006). Their potential to leave sedimentary record within lake sediment
archives will be elaborated upon in section 5.2.3.

As this is the first study of its type for the region, we opted to take an
extensive rather than an intensive sampling approach to maximize the
number of ECEs discovered. Four coastal lakes were selected (from west
to east): TL27 (unofficial name), Broad Pond, Porsh Pond, and French-
mans Pond (Fig. 1B-E, Table 2). The minimum distance of the lakes from
the ocean is approximately 25-110 m and their catchments are domi-
nated by peatlands. Relatively narrow pebble and cobble beaches,
backed by a sparsely vegetated beach ridge, separate TL27 from the
ocean (Fig. 2A). Similar coastal characteristics occur next to Broad Pond,
except for an approximately 100 m stretch of predominantly sandy
beach and a vegetated beach ridge adjacent to the SE part of the lake
(Fig. 2B). The beaches at the ocean coast next to Porsh Pond and
Frenchmans Pond are mainly sandy and relatively gentle, whereas the
beach ridge is composed of cobbles and sand (Fig. 2C and D). The beach
ridge is backed by dune remnants that reach a maximum height of ~10
m next to Frenchmans Pond (Fig. 2D).

Lake areas range from 1.7 ha (Porsh Pond) to 21.8 ha for Broad Pond
(Table 2). Multiple depth soundings revealed that the shallowest lake is
TL27 with a maximum measured depth of 0.5 m, whereas Broad Pond is
the deepest at 3.1 m. Broad Pond, Porsh Pond, and Frenchmans Pond are
slightly acidic with pHs of 6.8, 5.3, and 6.8, respectively, measured on
the day of coring, while TL27 was alkaline with a pH of 9.2. Conduc-
tivity measurements indicate that TL27 and Broad Pond are slightly
brackish, whereas Porsh Pond and Frenchmans Pond are freshwater. The
large difference in conductivity values of TL27 waters on the day of
coring and a week later, after heavy rainfall, indicates the lake can
experience large salinity fluctuations (2569 vs. 1500 pS cm™1).
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3. Methods
3.1. Fieldwork

Fieldwork was conducted in August 2019. Six sediment cores were
collected from the four lakes (Fig. 1 B-E; Table 2) using a Glew gravity
corer (Glew, 1991); single cores were taken from TL27 (TL27-1) and
Porsh Pond (TL09-1), whereas two cores were taken from each of Broad
Pond (TL18-1 and TL18-2) and Frenchmans Pond (TL0O8-1 and TLO8-2).
Each core was subsampled in the field at a resolution of 0.5 (TL27-1,
TL18-2, TLO8-2) or 1 cm (TL18-1, TL09-1, TLO8-1). The lithology of the
cores was described during subsampling. On the peatlands next to the
lakes (Fig. 1), several pits up to 50 cm deep were examined for the
presence of event layers.

3.2. Dating

The chronology of the TL27-1, TL18-1, TL09-1, and TLO8-2 cores is
based on the activity of excess 210pp, (Zmeex) and verified with a
penetration depth of anthropogenic '3”Cs. The analyses were conducted
at the Institute of Geology, Adam Mickiewicz University in Poznan with
a Canberra-manufactured germanium detector GX2520. Following
Pennington et al. (1973) we consider the initial increase of 137¢cg activity
to indicate the first fallout from the nuclear weapon tests in the
mid-1950s (FF) and the highest activity of the isotope as indicative of the
maximum deposition from the nuclear weapon tests in 1963 CE (NWT).
The 21%Pb,, was defined as a difference between the total 2'°Pb and the
supported 210pp, (210Pbsup). The latter was taken as an average of 214pp
and 2'*Bi. In TL18-2, 210PbSup activities were very low or below detec-
tion limits. Therefore, for the sake of consistency, 210Pbex was calculated
for all the samples using a mean value of 210PbSup measured for the
samples in which the activities were above the detection limits. The
analysis was carried out on consecutive samples. To reach a minimum
sediment dry weight of at least 1.5 g, subsamples from each of the cores
were merged to represent 2-cm thick intervals, except for low-density
topmost samples, which were merged into a 4-cm thick sample in
TL18-2.

The data were analyzed using the serac package version 0.1.0 (Bruel
and Sabatier, 2020) in R version 4.2.1 (R Core Team, 2022). The chro-
nology of each core was established using three models included in serac
package namely, constant rate of supply (CRS; Appleby and Oldfield,
1978), constant initial concentration (CIC; Robbins, 1978), and constant
flux constant sedimentation rate (CFCS; Krishnaswamy et al., 1971). The
CFCS models were computed against mass depth instead of depth to
account for noticeable down-core variations in sediment densities. For
TL09-1, we applied a piecewise version of the CRS model (Appleby,
2001), assuming that the sand layer at the bottom of the core corre-
sponds to the 1929 CE tsunami. This assumption was based on the fact
that, to date, the 1929 CE tsunami is the sole documented event
recognized for the deposition of a distinctive sand layer on the Burin
Peninsula (Tuttle et al., 2004).

3.3. Dry bulk density, loss-on-ignition, and sand grain counts

Dry bulk density (DBD), loss-on-ignition (LOI), and sand grain count
data were obtained for each of the subsamples collected from all six lake
cores (n = 309). DBD was determined by weighing 1-cm® samples after
oven-drying overnight at 105 °C. Dried samples from DBD analysis were
combusted at 550 °C for 4 h (LOI) to determine organic matter content
(Heiri et al., 2001). All mineral grains >0.25 mm were counted from
wet-sieved sediment samples of either 1 cm® (samples with low sand
content) or 0.5 ¢cm® volume (samples with high sand content). Prior to
sieving, the samples were left for 24 h in 40 ml of 10% KOH to
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Table 2
Basic characteristics of the lakes and the lake sediment cores.
Lake ID
TL27 Broad Pond Porsh Pond Frenchmans Pond
Area (ha) 1.9 21.8 1.7 12.8
Max. Depth (m) 0.5 3.1 1.5 2.1
Min. Distance to the sea (m) ~25 ~30 ~65 ~110
Outflow no no yes yes
Conductivity (uS em™h) 2569 (1500)" 1430 126 115
pH 9.2 6.8 5.3 6.8
No. of cores 1 2 1 2
Core ID TL27-1 TL18-1 (supplementary core)  TL18-2 TLO09-1 TLO8-1 (supplementary core)  TL08-2
Core latitude (N) 46°53'31.128 46°53'31.128 46°53'31.128 46°53'31.128 46°53'31.128 46°53'31.128
Core longitude (W) 55°53'59.495 55°53'59.495 55°53'59.495 55°53'59.495 55°53'59.495 55°53'59.495
Coring depth (m) 0.5 2.9 3.1 1.4 1.7 2.1
Core length (cm) 36.5 29.0 43 33 21 34
Short-lived isotope dating of sediment core  yes no yes yes no yes

2 The value obtained from the second measurement taken a week after the coring. All the remaining values are the conductivity reads from the coring dates.

deflocculate the sediment and then for an additional 1 h in a 50/50
mixture of 10% KOH and bleach to enhance the visibility of mineral
grains. Diagrams presenting DBD, LOI, and sand grain counts were
plotted with R using tidypaleo 0.1.2 (Dunnington et al., 2022).

3.4. Peak detection analysis of sand grain counts

To identify statistically significant peaks in sand grain counts, we
performed peak detection analysis following the method described by
Higuera et al. (2010) for charcoal counts. The bottom sand layer from
TL09-1 was excluded from the analysis and was considered an event
layer without further statistical examination. Peak detection comprised
several steps. First, the records were resampled to obtain equally spaced
sand accumulation rate series. In each record, the spacing in resampled
series equalled the median age difference between the samples in the
raw sand-grain-count records as derived from the adopted 2!°Pb-based
age-depth models. For TL27-1, TL18-2, and TL08-2 we used age esti-
mates from the CFCS model, whereas for TL09-1 we used CRS piecewise
model output. Second, the resampled series were detrended based on
trend estimations with a generalized additive model (GAM). Third, we
applied a Gaussian mixture model to separate noise from peak compo-
nents in the detrended sand accumulation rate records. We choose a
threshold value for peak components to correspond to the 99.9th
percentile of the noise population. Finally, the identified peaks were
tested for the probability that they arose from the same distribution as
the non-peak sample with the lowest value among the previous five
samples. All peaks for which the probability was lower than 0.05 were
marked as statistically significant. The peak detection analysis was
performed using the tapas package version 0.1.2 (Finsinger and Bonnici,
2022) in R. For trend estimation with GAM, we used the mgcv package
version 1.8.40 (Wood, 2017).

3.5. Diatom analysis

We analyzed diatoms for TL27-1 (n = 12), TL18-2 (n = 46), TL09-1
(n = 11), and TLO8-2 (n = 11). The diatom composition was examined
for the possible enrichment of marine or brackish species at the depths
corresponding with sand peaks in comparison to samples from adjacent
layers. One-cm® samples were prepared according to the method of
Battarbee (1986). Bulk sediment was treated with peroxide at 92 °C to
remove organic matter after which the material was centrifuged at 3000
relative centrifugal force (RCF) and mounted into Naphrax for micro-
scopic slide preparation. We identified 400 valves in each sample using
an OLYMPUS BX51 microscope with Nomarski contrast under 1000x
magnification. The taxa were grouped according to their salinity pref-
erences (marine, brackish, euryhaline, and freshwater). Species with
unknown salinity preference were categorized as ‘undifferentiated’. The
identification and classification of diatoms followed several keys and

taxonomic monographs (Bak et al., 2012; Krammer and Lange-Bertalot,
1991; Reichardt, 1999; Witkowski et al., 2000). The taxonomic
nomenclature was updated following AlgaeBase (Guiry and Guiry,
2023). The diatom diagrams were plotted with R using rioja 0.9-26
(Juggins, 2020).

3.6. Principal component analysis of diatom data

To determine the compositional relationship between the samples
corresponding to the sand peaks and the remaining samples, we per-
formed principal component analysis (PCA) on the diatom data from
TL18-2. Prior to the analysis, the species data were square-root trans-
formed. The analysis was run in R using vegan version 2.6-2 for
computation (Oksanen et al., 2022) and the ggvegan package version
0.1-0 for plotting the PCA biplot (Simpson, 2019).

3.7. Calculation of lake wave-base

To evaluate the influence of lake sediment resuspension driven by
wind-generated waves, we computed wave bases (WB) following the
method of Patterson et al. (2020) using the formula:

WB = 0.39 x T? @
where T is the period of a wave in seconds, based on the equation of
Smith and Sinclair (1972):

0.28
8T _ 46 (gF > @
w

w2
where g is the acceleration due to gravity in m s}, w is the wind speed in
m s}, and F is the fetch length in meters. We calculated the fetch length
distances to the coring sites from the lake shores in various directions,
namely N, NE, E, SE, S, SW, W, and NW. We employed three different
scenarios for calculating WB, using average, storm, and extreme wind
speed values. Average conditions were defined as wind speeds matching
the mean annual speed of 7.4 m s™! as derived from Global Wind Atlas
(Davis et al., 2023). Storm conditions were represented by a wind speed
of 28.6 m s, a lower threshold for storm winds according to NOAA
(2023), while extreme wind speed of 49.6 m s 1is equivalent to the
lower threshold value for a major hurricane (category 3 on the
Saffir-Simpson scale). In the extreme scenario, the value exceeds 47.8 m
s71, corresponding to the highest wind speed measured in southern
Burin Peninsula during the passage of Hurricane Michael in 2000
(Bowyer, 2014).



K. Pleskot et al. Quaternary Science Reviews 322 (2023) 108401

Characteristics of event layers
by the lakes
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Steep mixed pebble and cobble beach and mixed pebble and |surface are pockets of coarse sand and
cobble beach ridge with scarce vegetation scattered pebbles and cobbles
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Dispersed pebbles at various depths below the

surface were common. Sand lenses were found
Steep mixed pebble beach with small stretches of sand and mixed | locally. One _pit contatined 15-cm thick, coarse
pebble and cobble beach ridge with scarce vegetation sand layer with pebbles (photo above).

Porsh Pond

e

Top of the beach ridge

e . Up to 10-cm thick medium sand layer with
Relatively gentle slope sand beach and vegetated sand beach ridge | pebbles ~10 cm below the surface (the layer is
with pebbles thinning landward)

Frenchmans Pond

Frenchmans Pond

Up to 10-cm thick medium sand layer with
Steep mixed sand and gravel beach and vegetated pebble pebbles ~10 cm below the surface (the layer is
beach ridge backed by partly eroded, vegetated sand dune thinning landward)

Fig. 2. Features of the coast and characteristics of the event layers in the peat pits by the investigated lakes (photo: K. Pleskot — all). For locations of the photos
see Fig. 1.
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4. Results
4.1. Dating

The activities of 21°Pbey and !%’Cs along with age-depth models for
TL27-1, TL18-2, TL09-1, and TLO8-2 are presented in Fig. 3. Each of the
cores revealed an exponential decrease of 2'%Pb,, activity with depth
down to the core bottom (TL09-1 and TL08-2) or the maximum depth
analyzed (TL27-1 and TL18-2). The maximum 210Pbex activities were
high, in the range of 790 and 1233 mBq g™, except for TL27-1 with a
maximum of 82 mBq g . The highest r2 for the exponential fit curve was
for TL09-1 (0.98) followed by TL08-2 (0.97), TL18-2 (0.96), and TL27-1
(0.77).

The initial increase of 13’Cs activity, presumably associated with the
first fallout in the mid-1950s (FF), can roughly be positioned at 16-20
(TL27-1), 10-14 (TL18-2), 22-26 (TL09-1), and 20-24 (TL08-2) cm.
Clear '%7Cs peaks related to the 1963 maximum deposition of the
radionuclide from nuclear weapon tests (NWT) were found in TL18-2
(54.6 mBq g_l) and TLO8-2 (147.7 mBq g_l) at depths of 8-10 and
16-19 cm, respectively. In TLO9-1, there were two 37Cs peaks with the
larger peak at 18-22 cm marked as NWT (65.5 mBq g ') and the smaller
one (42.3 mBq g™ 1) at 10-12 cm. The *7Cs profile of TL27-1 lacked a
clear peak. The highest activities of the radionuclide in the core (31.1
mBq g~ 1) were at depths between 6 and 8 cm.

For TL27-1, profiles of constant flux constant sedimentation rate
(CFCS) and constant initial concentration (CIC) age models are similar
(Fig. 3A). However, CIC differed in showing several age reversals, most
notably below 20 cm depth. The constant rate of supply (CRS) model
revealed consistently younger ages than CIC and CFCS, likely due to
incomplete 21°Pb,, inventory, as the dating horizon (the sediment depth
with no 21°Pbe,) was not reached. A depth of 1%7¢s FF closely corre-
sponded with the output of CFCS and CIC models and not with CRS.
Considering the above limitations, the CFCS age model was used as the
most accurate. It resulted in a mass accumulation rate (MAR) of 0.04 +
0.006 g cm 2 yr’l. Given this value, the bottom of core TL27 (36.5 cm)
corresponds with ~1908 CE (the model uncertainty within the range of
1893-1923 CE).

For TL18-2, the profiles of CFSC, CIC, and CRS age models are
similar, and agree with 1*’Cs FF and NWT age markers (Fig. 3B). Large
uncertainties that propagate downward occurred in the CIC and CRS
models below 15 cm. Therefore, the CFCS age model was chosen. The
CFCS model revealed a MAR of 0.01 + 0.0008 g cm™2 yr~!. Given this
value and assuming a stable sediment accumulation rate for the period
older than approximately 150 years ago (the maximum limit of 21°Pb
method), the bottom of core TL18-2 (43 cm) corresponds with approx-
imately 1634 CE (the model uncertainty within the range of 1613-1652
CE).

For TL09-1, the CFCS, CRS, and CIC models revealed similar age-
depth profiles (Fig. 3C). The CRS piecewise model, that was forced to
a date of 1929 CE for the sandy bottom of the core, agrees with the
remaining models down to ~20 cm depth. The assumption of the
tsunami origin of the layer is supported by observations of a single sand
layer in the peat trenches nearby (Fig. 2C) and historical descriptions
from the site (Point au Gaul). The NWT matched the age estimates of all
the models, whereas FF agreed only with CRS piecewise, which was
therefore used. The CFCS calculated MAR is 0.02 + 0.0008 g cm 2 yr 1.

For TL08-2, the outputs of the CFCS, CIC, and CRS models were
similar and the shifts between the profiles rarely exceeded a few years,
except for CRS being shifted toward noticeably older ages at the very
bottom of the core (Fig. 3D). Overall, the best agreement between the
cesium-based age markers (FF and NWT) and the models was found for
the CFCS model, which was used as the most accurate. The CFCS-based
MAR is 0.03 + 0.002 g cm 2 yr‘1 and core bottom sediment (34 cm)
corresponded with ~1904 CE (the model uncertainty within the range of
1898-1909 CE).
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4.2. Lithology, dry bulk density, loss-on-ignition, and sand grains counts

The lithology, DBD, LOI, and sand grains counts for the dated cores
are presented in Fig. 4, whereas the data for supplementary cores TL18-1
and TLO8-1 are shown in Fig. 5.

The TL27-1 core was 36.5 cm long and consisted of homogenous
brown gyttja with peat intraclasts at ~20-21 cm (~1962 CE) and in the
bottommost 2.5 cm (34-36.5 cm; before ~1916 CE; Fig. 4A). The peat
intraclasts at the bottom were large and constituted a major part of the
core, whereas peat intraclasts from ~20 to 21 cm were noticeably
smaller with a maximum length of approximately 1 cm. DBD values
were relatively stable over most of the core, ranging from 0.1 t0 0.16 g
cm 3. Only the topmost 2.5 cm revealed a sharp DBD drop. The depths
containing peat intraclasts had the highest LOI values (>65%). For the
rest of the core, LOI decreased upward from ~60 to ~40%. However, in
the topmost 2.5 cm, LOI rebounded to ~50%. The number of sand grains
was very low throughout TL27-1 with many samples having no grains.
The highest number of 16 sand grains em > occurred at 17.75 cm
(~1971 CE).

The TL18-1 core was 29 cm long (Fig. 5A). It consisted of poorly
sorted sand with pebbles below 27 cm and at 17-23 cm, and homoge-
nous brown gyttja at 23-27 cm and from 17 cm upward. DBD and sand
content were substantially lower in gyttja compared to sand layers
(generally <0.15 vs. mostly >0.75 g cm > and 6-866 vs. 1250-13,130
grains cm >, respectively). LOI was generally high with values mostly
exceeding 40%, and decreased to 2% in sand layers.

Core TL18-2 was 43 cm long and consisted of homogenous brown
gyttja that contained rounded pebbles at 35-36 cm (~1743 CE; Fig. 4B).
Overall, DBD decreased upward from the bottom, where it exceeded 0.2
g cm 3, reaching a minimum of 0.04 g cm ™ in the topmost sample.
However, several positive excursions occurred, most notably where
pebbles were found (35-36 cm). The LOI profile was roughly opposite to
that of DBD with values ranging between ~20% at the bottom and
~70% at the top. The number of sand grains was generally low with only
a few present in many samples. However, several positive excursions
occurred at 5.5-6, 23-24, 31.5-32, 35-36, 40-40.5, and 42-43 cm
(~1995, 1864, 1792, 1743, 1682, and 1633 CE, respectively). The sand
peak at 35-36 cm (~1743 CE) was the highest with 506 grains cm3,

Core TL09-1 was 33 cm long (Fig. 4C). It contained a 2 cm thick sand
layer at the bottom that was overlain by homogenous brown gyttja. DBD
was mostly stable with values ranging between 0.10 and 0.125 g cm >,
The exceptions were the bottom sand layer, where DBD exceeded 0.6 g
em™3, and the topmost 5 cm for which an upward decrease in density
was observed with a minimum of 0.01 g cm ™2 in the topmost sample.
Below 15 cm, LOI values fluctuated markedly showing a distinct mini-
mum at the sand layer (13%) and 27-28 cm (40%), and distinct maxima
at 30-31 (74%) and 23-24 (68%) cm. From 15 cm upward LOI was
generally stable with values within the range of 50-61%. The number of
counted sand grains was high in a sand layer at 31-33 (1929 CE; 2220
grains cm’3), at 27-29 (~1933 CE; 408 grains cm’3), and 20-23 cm
(~1956 CE; 172 grains cm ™). In the remaining samples, the sand counts
were low (mostly <50 grains cm™>), with a slight positive excursion at
14-15 cm depth (~1983 CE).

The TLO8-1 core was 21 cm long (Fig. 5B). Between 16 cm and the
bottom, the core was composed of weakly decomposed brown peat with
numerous remains of rootlets. Above the peat, a poorly sorted sand layer
containing single pebbles was overlain by homogenous brown gyttja
that stretched from 6 cm upward. DBD and sand content were low for
peat and gyttja, and high for the sand layer (0.05-0.34 vs. 0.52-1.04 g
em 2 and 26-1,138 vs. 1,472-6,012 grains cm’g, respectively). The
highest LOI values were reported for peat (49-55%) followed by gyttja
(11-36%) and sand (below 10%, except of 11-12 cm depth where LOI
reached 22%).

Core TLO8-2 was 34 cm long and composed entirely of homogenous
brown gyttja (Fig. 4D). DBD fluctuated between 0.11 and 0.16 g cm™>
below 10 cm depth (~1995 CE) and decreased upward reaching a
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Fig. 3. Short-lived radionuclides measurements and age-depth models for the four investigated sediment cores. From left to right for each of the cores are shown:
210ph,, activity (semilogarithmic plot) against mass depth, 13”Cs activity against depth, and the three various age-depth models: CFCS, CIC, and CRS. The vertical
error bars refer to analyzed sediment sample mass depth range (*'°Pb,, plot) or thickness (**’Cs plot), while the horizontal bars depict 2-sigma uncertainty.
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Fig. 4. Basic characteristics of the investigated sediment cores (lithology, dry bulk density, loss-on-ignition, and sand grain counts) along with the contribution of the
diatom salinity groups projected on the depth scale, and age scale (on the right). The red bars in plots showing diatom salinity groups mark the samples corre-
sponding to the sedimentary event markers. The model selected for age estimation is indicated in the label of the age scales. Identification of the statistically sig-
nificant sand peaks was performed based on peak detection analysis described by Higuera et al. (2010). The results of the peak detection analysis are presented
in Fig. 6.
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Fig. 5. Lithology, dry bulk density, loss-on-ignition, and sand grain counts for the supplementary sediment cores collected from Broad Pond (TL18-1; A) and

Frenchmans Pond (TL08-1; B).

minimum of 0.03 g cm > in the topmost sample. LOI was highly vari-
able. Below 21 cm (~1952 CE) values were the highest (mostly >50%)
but a noticeable drop to 44% was at 27.5-28.5 cm (~1924 CE). Above
21 cm depth, LOI dropped in two steps, first, to ~35%, and then at 15 cm
(~1977 CE) to ~26%. LOI rebounded in the topmost 10 cm to >35%.
Sand grain counts showed a single distinct peak (236 grains cm™>) at
27.5-28.5 cm (~1924 CE). Apart from this peak, the sand grain profile
revealed mostly smooth changes indicating elevated content (>20
grains cem ™) at 10-15.5, 18.5-21.5, 25.5-31.5, and 33-34 cm.

4.3. Peak detection analysis in sand grain count records

Statistically significant peaks in sand grain counts are marked in
Fig. 4, while detailed results of peak detection analysis are shown in
Fig. 6. The threshold values in detrended sand accumulation rate records
were —0.2, 4.4, 37.6, and 6.3 grains cm ™2 yr ! for TL27-1, TL18-2,
TL09-1, and TLO8-2, respectively. For TL27-1, the threshold value was
crossed by nine values, but none was statistically significant. For TL18-2,
we found five statistically significant peaks at 40-40.5, 35-36, 31.5-32,
23-24, and 5.5-6 cm depths. Considering the age uncertainties of the
CFCS model, the age ranges for the peaks were 1657-1700, 1721-1771,
1775-1806, 1849-1879, and 1989-1999 CE. One statistically signifi-
cant peak occurred in each of TL09-1 (27-28 cm) and TL08-2
(27.5-28.5 cm). Given the age-depth model uncertainties, the age
ranges for the peaks were 1930-1946 (TL09-1; CRS piecewise model)
and 1918-1931 CE (TL08-2; CFCS model).

4.4. Diatom composition

A total of 124, 147, 120, and 123 taxa were identified for TL27-1,
TL18-2, TL09-1, and TLO8-2, respectively. In all the records and at all
depths, freshwater diatoms dominated (contribution of >60%), whereas
marine diatoms occurred in low abundances (rarely exceeding 3%) or
were absent (Figs. 4 and 7). The contribution of brackish, euryhaline,
and undifferentiated species varied between the lakes. Although the
proportion of these groups fluctuated in TL18-2, TL09-1, and TLO8-2,
brackish diatoms generally dominated euryhaline and undifferentiated
ones (Fig. 4B-D and 7 B-D). In TL27-1, brackish and euryhaline diatoms
occurred in similar abundances that ranged between 7 and 24%, while
undifferentiated species did not exceed 3% (Fig.. 4A and 7A). Pseudos-
taurosira elliptica and Stauroforma exiguiformis were the two most
abundant freshwater species in each record (Fig. 7). Some samples
revealed notable amounts of Navicula meniscus (TL18-2, TL0O8-2), Ste-
phanocyclus meneghinianus (TL27-1, TL18-2, TL08-2), Diatoma tenuis
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(TL18-2, TL09-1, TLO8-2), and Stauroneis capitata (TL18-2, TL09-1,
TL08-2).

Although none of the records revealed a striking difference in the
contribution of marine or brackish diatoms at depths corresponding to
sand peaks, a slight increase in brackish diatoms (of up to 7%) was found
for the sand peaks in TL09-1 and TLO8-2 (27-28 and 27.5-28.5 cm,
respectively; Fig. 4C and D). In TL18-2, sand peaks correlated to clear
minima of Achnanthidium petersenii and Platessa oblongella (Fig. 7B),
whereas the bottom peat clasts in TL27-1 and the sand layer in TL09-1
revealed noticeable maxima of S. exiguiformis (Fig. 7A, C). The distri-
bution of the site scores on the PCA biplot for TL18-2 confirms the
noticeable compositional difference between samples corresponding to
sand peaks and majority of the remaining samples (Fig. 8). The first two
axes of the PCA explained 37% of the variance, with PC1 being posi-
tively related primarily to A. petersenii. The biplot reveals that the site
scores corresponding to the sand peaks are distinguished primarily by
significantly negative PC1 values.

4.5. Characteristics of event layers in the peat pits

The litostratigraphy of peat pits along with their correlation with
lake cores are presented in Fig. 9. The peat pits by TL27 lake (Fig. 2A)
revealed numerous scattered pebbles and cobbles, as well as sand
pockets ~7 cm below the surface in each of the three pits (Figs. 1B and
9.

The sediment characteristics in peat pits by Broad Pond varied from
site to site. At the SE edge of the lake, in pit 18D, a 15-cm thick coarse
sand layer containing well-rounded pebbles of different sizes (mostly
<4 cm in diameter) was found ~10 cm below the surface (Figs. 2B and
9). In the nearby pits 18E and 18F, we found scattered, well-rounded
pebbles and pockets of coarse sand within peat. At the SW edge of
Broad Pond, in the most seaward (18A) and the most landward (18C)
pits, only scattered pebbles were found approximately 15 and 8 cm
below the surface, whereas pit 18B consisted of homogenous peat.

The peat pits by Porsh Pond and Frenchmans Pond revealed similar
patterns (Fig. 2C and D). The most seaward locations at both sites (09A
and 08A) contained a ~10 cm thick sand layer with pebbles ~10 cm
below the surface (Fig. 9). In the more inland locations by each of the
lakes, in pits 09B and 08B, sand layers were found at approximately the
same depth. However, the layers were noticeably thinner with thick-
nesses of ~1 cm and ~5 cm in the sections next to the Porsh Pond and
Frenchmans Pond, respectively. The most inland location by Porsh
Pond, 09C, did not contain a sand layer, whereas by Frenchmans Pond in
pit 08C the layer was ~1 cm thick.
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(A) Detrended sand accumulation rate record of TL27-1 (B) Distribution of sand accumulation rates in TL27-1 record
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Fig. 6. Results of peak detection analysis performed for sand grain count records. (A, C, E, and G) Detrended sand accumulation rate records. The red horizontal lines
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Fig. 8. Principal component analysis (PCA) biplots derived from the diatom data from TL18-2. Site scores are colored according to a corresponding core depth,
except for samples associated with sand peaks, which are colored red. Variance explained by PC axes is provided in brackets.

4.6. Wave bases

The computed WB values ranged from 0.1 m for the average wind
speed at Porsh Pond to 2.69 m at Broad Pond for a hurricane wind speed
(extreme wind; Fig. 10). Although for each lake the differences in WB
calculated for various wind directions were small and did not exceed 30
cm in the case of average wind speed, they were more pronounced for
the extreme wind speed, reaching up to 1.61 m in the case of French-
mans Pond (Fig. 10C). For TL27, the WB exceeded the coring depth for
storm or extreme winds. At Frenchmans Pond, the WB exceeded the
coring depth only under extreme winds from the southeast direction. For
Broad Pond and Porsh Pond, the WB remained above the coring site’s
bottom regardless of wind direction, even if extreme wind is considered.

5. Discussion
5.1. Chronology

Although the studied lakes are shallow and possibly prone to bottom
sediment mixing (Woszczyk et al.,, 2014) and 137¢s remobilization
(Foster et al., 2006), the cores revealed an overall exponential downcore
decrease of 2!%Pb,, activity and in most cases clear ’Cs peaks (Fig. 3).
This suggests that no major disruption of sediment accumulation nor
significant sediment mixing occurred. The latter observation aligns with
the results of WB calculations, which suggest that wind-induced waves
had no discernible impact on bottom sediments at coring locations in all
lakes except TL27 (Fig. 10).

In TL27-1, the lack of a clear '*’Cs peak and lower 12 for the expo-
nential 2!%Pb, fit curve (0.77; Fig. 3A) suggest some sediment mixing.
This interpretation is supported by the WBs that exceed coring depth
even in the case of winds blowing with the speed of a regular storm
(Fig. 10). The reworking of sediments occurs despite the small lake area
because the lake is very shallow (0.5 m). Stirring of the sediment by
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wind-induced water column mixing likely enhanced the internal loading
of nutrients contributing to the high productivity of the lake indicated
by the highest CFCS-derived MAR among the investigated lakes (0.04 g
em 2 yr~1). The apparent reworking of sediment necessitates caution in
the precise determination of the ages in this core.

In TL18-2, a clear '*’Cs peak and high r? for the exponential 2!*Pb,
fit curve (0.96, Fig. 3B) suggest that there was no significant sediment
mixing. Selection of the age model does not substantially affect age es-
timates as all the models reveal similar deposition histories. The
robustness of the age models is confirmed by their fit to the 3’Cs age
markers. The age of sediment in the lower part of TL18-2 beyond the
application limit of 21°Pb and '*’Cs can only be evaluated based on
extrapolation, assuming stable MAR. Relatively stable LOI values in the
upper 33 cm (~1770 CE onward) support this assumption. However,
below ~33 cm, sediment composition changes noticeably as revealed by
LOI and DBD profiles, indicating that MAR could have been different
prior to ~1770 CE. Therefore, age estimates for the oldest part of the
TL18-2 record should be treated with caution.

A high 12 for the exponential 210pp,, fit curve (0.94) in TL09-1
suggests mostly linear MARs that could have been occasionally dis-
rupted by slight sediment reworking as indicated by the secondary 1*’Cs
peak found at 10-12 cm (Fig. 3C). Although all the models matched the
NWT marker, the FF agreed only with the CRS piecewise model, and this
model provides a date of 1929 CE for the bottom sand layer, consistent
with the 1929 CE tsunami. The model also indicates a slightly higher
MAR shortly after the tsunami.

For TLO8-2, the r? is exceptionally high for the exponential 2!°Pby fit
curve (0.98) and there is a clear Cs peak (Fig. 3D), suggesting un-
disturbed, steady accumulation at the coring site that enables precise
age estimations for the core. CIC and CRS models slightly deviate from
FF and NWT markers. Moreover, CIC showed age reversals, whereas CRS
revealed a “too-old” age error that is manifested in a noticeable shift
toward older ages in the lowermost part of the profile (Binford, 1990).
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Therefore, the CFCS model, which matched both FF and NWT markers,
was used.

5.2. Identification of extreme coastal events

Records of extreme coastal events in lake sedimentary archives vary
depending on the type and magnitude of an event, local settings (e.g.,
sediment sources, distance from the shoreline, bathymetry/topog-
raphy), and sedimentary processes involved (e.g., Sabatier et al., 2022).
The most-reported evidence of events, like tsunami or storm surges,
includes erosional contacts, distinct sand layers, or macroscopically
visible peat or lake mud clasts. Sometimes events may be recorded in the
form of a small admixture of larger grains (e.g., Timmons et al., 2007) or
different grain size distribution (e.g., Szczesniak et al., 2023). In the case
of marine floods, the deposits are often characterized by marine in-
dicators, e.g., microfossils, specific mineralogy, or geochemistry (e.g.,
Chagué-Goff et al., 2017; Goslin and Clemmensen, 2017; Kempf et al.,
2015). Evidence of events can also be recognized in 210PbEX profiles, as
the event layers are often characterized by lower excess activities due to
dilution of the 21°Pb, in a larger mass of sediments or input of older
sediments (e.g., Arnaud et al., 2002). However, the identification and
proper interpretation of the origin of these indicators must always
consider the local context.
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5.2.1. Sand layers

In our record, the single sand layers in cores TL18-1, TL09-1, and
TLO8-1 and several peat pits near the lakes, all located within c. 200 m
from the seashore, most likely originated from the 1929 CE tsunami - the
most catastrophic among the documented marine inundation events
(Fig. 10). This interpretation is confirmed by the age-depth model of
TL09-1 (Fig. 3C). Moreover, despite extensive surveys exploring peat
deposits along the southern Burin Peninsula (Moore et al., 2007; Ruff-
man, 1996a; Tuttle et al., 2004), no other events have been confirmed to
leave a thick sand layer in the area.

Although the records of TL27-1, TL18-2, and TL08-2 extend beyond
1929 CE, they do not contain visible sand layers corresponding to the
tsunami (Fig. 4). In the case of TL27-1, the likely cause is a lack of po-
tential sand source, while for TL18-2 and TL08-2, this might have
resulted from the distant location of the coring sites in relation to the
ocean coast (approximately 230 and 248 m, respectively) as clear sand
layers were present in sediment cores collected closer to the seashore in
both Broad Pond and Frenchmans Pond (TL18-1 and TL08-1; Fig. 5).
More efficient sand deposition close to the seaward lake shores during
tsunamis has been documented in other studies (Kempf et al., 2015;
Sabatier et al., 2022). It can be explained by the rapid deceleration of
tsunami flow upon reaching a water body and resulting fast sediment
deposition.
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5.2.2. Peat clasts in lake sediments

We found eroded peat clasts only in core TL27-1, which was taken
closest to the seashore (~70 m), and also close to the lake shores (~30
m; Fig. 10). The seashore next to the lake is sand-starved, mainly
composed of cobbles (Fig. 2A), and the peat clasts are the only evidence
of extreme events in this core. The peat clasts may come from the lake
banks or adjacent peatland erosion. There are two size classes of clasts;
the several cm in diameter peat clasts with the estimated age ranges of
1893-1928 CE in the deepest part of the core (Fig. 4A) and the smaller,
several mm in diameter, clasts at 20-21 cm (~1962 CE). Taking into
account the dating and historical data, the lower peat clast-rich layer
most likely originated from the 1929 CE Grand Banks tsunami, as it was
the largest high-magnitude event described for the study area, known to
cause extensive erosion and deposition (Ruffman, 1996a; Tuttle et al.,
2004). Deposition of peat clasts in coastal lakes was previously reported
from other sites inundated by tsunamis (Bondevik et al., 1997; Kempf
et al., 2015). The smaller peat clasts (20-21 cm) are not linked to any
known historical event. So, they are likely related to smaller-scale ECE
or anthropogenic activity.

5.2.3. Sand grain peaks

In coastal lakes, elevated sand content is often interpreted as a
signature of an extreme aeolian event or increased storminess (Nielsen
et al., 2016; Timmons et al., 2007). However, the direct wind transport
of sand grains exceeding 0.25 mm in diameter (fraction counted in this
study) to our coring locations appears unlikely, even during extreme
wind speeds. Grains of this size are generally transported through
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saltation (Kok et al., 2012), with saltation distances increasing with
wind speed. An experiment conducted by Liu et al. (2021) demonstrated
that, under highly favorable conditions with wind speeds reaching 50 m
s71, which exceed the maximum wind speeds recorded for the Burin
Peninsula during Hurricane Michael, medium sand (0.25-0.50 mm)
reaches a maximum saltation distance of approximately 9 m. This dis-
tance falls significantly short of the minimum distance to the coring site
from the closest lake shoreline in our study (>22 m).

Given the frequent occurrence of winter storms in Newfoundland
(Plante et al., 2015), it is advisable to account also for the impact of ice
cover on lakes when assessing the sedimentary record. While specific
data regarding ice-cover duration of the lakes is unavailable, the fact
that on average temperatures are below 0 °C in January, February, and
March (Climate Data, 2022) suggests that these lakes are at least occa-
sionally frozen. A frozen lake surface serves as a suitable substrate for
the saltation of sand grains, facilitating the accumulation of sediment
related to extreme aeolian events directly onto the ice or snow (De Jong
et al., 2007). Subsequently, particles that accumulate on the ice can be
deposited into the lake when the ice melts, allowing for the recording of
the event in the form of a sand peak.

Marine inundation (e.g., tsunami, storm flooding) is another type of
event that can explain the presence of sand peaks in our records. These
sand peaks can be attributed to the same processes elucidated in section
5.2.1, which describe the formation of sand layers. The eventual sedi-
mentary record of a marine inundation event, either in the form of a
sand peak or a sand layer depends on available sediment source and
water flow depth and velocity, which generally decrease with distance
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landward (e.g., Goto et al., 2012). Since the necessary source of sand is
available in the coastal systems, and the coring sites are situated rela-
tively close to the coastline (typically <250 m), we consider it likely that
the sand peaks are associated with major marine inundations. In the case
of an ice-covered lake, a distinct sedimentary signature of marine
intrusion becomes even more plausible. The frozen surface allows for
extended inundation and sediment transport, as the reduction in water
velocity due to friction is smaller and may potentially lead to further
inundation distance (Minoura et al., 1996).

Extreme precipitation events and resulting floods represent another
potential contributor to event-like deposition of sand into lakes. How-
ever, our lakes are encompassed by extensive peatlands on the landward
side, and the streams flowing into these lakes possess small catchment
areas characterized by low relief and low sediment availability. There-
fore, we consider it unlikely that extreme precipitation events account
for our reported sand peaks.

Sand could have also been transported to the coring sites from the
sandy-bottomed, shallower parts of the lake basins. Sediment instability
and slumping exemplify a process capable of transporting sand from
shallow to deeper regions of a lake basin. For instance, Pleskot et al.
(2020) demonstrated that minor water level fluctuations could trigger
sediment slumping leading to the deposition of several-centimeter-thick
sandy gyttja layers in the deepest section of a relatively shallow lake (7
m). However, in the context of flat-bottom lakes like those investigated
in this study, slumping alone is unlikely to assure transport of sand to the
middle parts of the lakes due to the negligible inclination of the lake
slopes. Calculated WB suggests sediment resuspension may potentially
disturb sediment in shallower parts of the lakes (Fig. 10). If
wind-induced resuspension occurs, subsequent sediment redistribution
may be facilitated by wind-driven currents, which can attain speeds of
several centimeters per second, even in relatively small coastal lakes if
wind speed is considerable (Woszczyk et al., 2014). Consequently, we
admit that sand peaks may result from sediment redistribution within
lake basins, driven by extreme winds.

Extreme wind events and marine inundations appear to be the most
plausible explanations for sand peaks. However, due to the potential
involvement of multiple mechanisms in the formation of sand peaks in
lake records, we refrain from attributing these peaks to any specific
event type unless there is a clear historical association.

In TLO8-2, a single statistically significant sand peak was reported,
and it matches precisely the 1929 tsunami. Thus, the tsunami is the most
likely cause for the presence of the peak. In TL09-1, above the tsunami
sand layer, is a single statistically significant sand peak at 27-28 cm,
dated to 1930-1946 CE (Fig. 4C). It should be noted that the timing of
the event is shortly after the 1929 tsunami, thus, assuming erosion of the
coast by the tsunami, the coastal barrier was likely in the initial phase of
regeneration. Hence, if the peak is related to marine inundation, it did
not have to be associated with particularly extreme water levels but
instead was facilitated by less efficient protection of the lake from ma-
rine storms (Leszczynska et al., 2022). The low magnitude of the event
could explain its absence in the remaining lakes, including the nearby
(~100 m away) Frenchmans Pond protected by relatively high dunes
(Fig. 2D).

The TL18-2 core contains the longest record with the five statistically
significant sand peaks (Fig. 4B). The age estimates for the sand peak at
5.5-6 cm (1989-1996 CE), at 23-24 (1849-1879 CE), and 40-40.5 cm
(1657-1700 CE) are not correlated to any known events. However, sand
peaks at 31.5-32 and 35-36 cm (1775-1806 and 1721-1771 CE), may
correspond with the 1775 CE Great Independence Hurricane and the
1755 CE Lisbon tsunami. If this correlation holds true, it would be the
first sedimentary evidence for the 1755 CE tsunami impact in the NW
Atlantic (Costa et al., 2021) and the first-ever reported sedimentary
trace of the 1775 CE hurricane. It is also the only core with no evidence
of the 1929 CE tsunami. However, the core is the one located most
landward and at the furthest distance from the shore of the lake, thus the
transport capacity of the tsunami across the lake could be not sufficient.
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5.2.4. Diatoms

Diatoms are widely used microfossils in studies of ECE (e.g., Dura
and Hemphill-Haley, 2020). However, the diatom signature of event
deposits in coastal lakes and coastal plains may exhibit considerable
variability. These deposits may comprise a mixed assemblage, with
marine taxa predominating (e.g., Dura et al., 2016; Kokocinski et al.,
2009), a minor admixture of marine or brackish diatoms (e.g., Long
et al., 2015), or even be entirely dominated by non-marine species (e.g.,
Szczucinski et al., 2012). In this study, samples corresponding to a sand
layer, sand peaks, and peat clasts did not exhibit large differences in
diatom composition compared to adjacent samples. However, subtle
changes were observed, which may supplement the identification of
ECE. These changes include an elevated contribution of Stauroforma
exiguiformis, a decline of some freshwater species, and a slight increase
in the abundance of brackish diatoms.

The sediment samples assigned to the 1929 CE tsunami in cores
TL09-1 and TL27-1 exhibited particularly high contributions of
S. exiguiformis (Fig. 7A, C), while the increase in TLO8-2 is less evident
(Fig. 7D). As the species commonly thrives in coastal freshwater-to-
slightly-brackish environments, its high percentages can be attributed
to sediment erosion in the vicinity of the lakes caused by the tsunami.
However, utility of this taxon as a singular indicator for marine in-
cursions is limited, given its consistently high relative abundance in all
sediment cores.

In TL18-2, a high-resolution diatom analysis revealed a discernible
decline in two freshwater species, namely Platessa oblongella and Ach-
nanthidium petersenii, at the depths corresponding to the sand peaks
(Fig. 7B). While the changes in diatom assemblages within the samples
from the event horizons were not dramatic, their distinct composition
was confirmed by their clustering in the PCA ordination space (Fig. 8).
However, it is important to note that the magnitude of this change is
relatively subtle, and as such, it does not provide unequivocal evidence
for a marine inundation.

The sediment characterized by sand peaks observed in cores TL09-1
and TLO8-2 exhibits a slight increase in the contribution of brackish taxa
(Fig. 4C and D). While this change supports our assumption associating
these peaks with marine inundation events, it is essential to note that the
shift in diatom composition is very subtle.

The relatively minor changes in diatom composition observed across
all the lakes are likely attributable to two primary factors. Firstly, these
lakes harbor diatom communities that have likely adapted to elevated
salinity levels, rendering them resilient to marine water incursions. This
assumption is in line with the continuous presence and relatively high
abundance of brackish diatoms in all the records. The second reason for
the limited turnover in diatom composition at the event horizons is
linked to the timing of some ECEs. It remains likely that marine in-
trusions occurring during the cold season when diatom abundance in the
sea experiences a seasonal low, may limit the influx of halophilic species
into the lakes.

5.3. History of ECE in the southern Burin Peninsula

Our lake sediment records contain evidence for three known major
historical ECEs (Fig. 11), namely the 1755 CE Lisbon tsunami (TL18-2),
the 1775 CE Great Independence Hurricane (TL18-2), and the 1929 CE
Newfoundland tsunami (TL27-1, TL09-1, and TLO8-2). While none of
the sedimentary event markers precisely match the 1983 and 2000 CE
winter storms, there remains a plausible association of the sand peak
from TL18-2, dated to 1989-1999 CE, with one of these events (Fig. 10).
Moreover, our findings suggest the occurrence of four undocumented
ECE events: 1657-1700 CE (TL18-2), 1849-1879 CE (TL18-2),
1930-1946 CE (TL09-1), and 1952-1973 CE (TL27-1). In total, at least
eight ECEs have been recorded on the southern Burin Peninsula within
the last approximately 350 years, with most events likely being associ-
ated with marine inundations or possibly extreme wind events. Conse-
quently, a mean ECEs recurrence interval can be roughly calculated to
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be in the order of 40 years, or c. 55 years if we consider only non-
tsunami events. This roughly matches the interval of 10-50 years for
major marine inundation events in Newfoundland estimated by Forbes
(1984).

Three of six non-tsunami ECEs documented in our record occurred
during the 20th century, hinting at a potential shift towards a regime
with higher event frequency in the relatively recent past. However, it is
crucial to acknowledge that only one sediment core covered the pre-
20th century period. Nevertheless, our supposition finds additional
support from the paleo-storm study by Patterson et al. (2022). Their
investigation of a 520-year-long lake sediment record from south-
western New Brunswick (~900 km to SW from the Burin Peninsula)
revealed an exceptionally high frequency of tropical cyclones during the
20th century.

Reconstructing the magnitude of past ECEs often relies on the
distinctiveness of their sedimentary imprints (Goslin and Clemmensen,
2017). However, the deposition of sediments in coastal lakes during
coastal flooding is influenced by various factors independent of the
event magnitude. These factors include sediment availability, coastal
settings at the time of the event, and the pattern of sediment redistri-
bution within a lake basin. Consequently, caution must be exercised
when attempting to reconstruct the relative magnitude of an event from
coastal lake sediments (Sabatier et al., 2022). Nonetheless, the extensive
sedimentary evidence of the 1929 CE tsunami in our records provides
substantial support for its exceptionally high magnitude (Ruffman,
1996b; Tuttle et al., 2004). In contrast, all the younger ECEs exhibit less
distinct sedimentary traces and lack replication in multiple cores, sug-
gesting that their impacts were more localized. Evaluating the magni-
tude of events predating the 1929 CE tsunami poses particular
challenges, as it relies primarily on TL18-2, the core without a clear
signal of the 1929 CE tsunami. It is worth noting the presence of an
exceptionally distinct sand peak accompanied by pebbles at 35-36 cm in
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this core. If our correlation of this peak with the 1755 CE tsunami is
accurate, then the threats from far-field tsunamis need to be taken
seriously in hazard assessment for Canada’s east coast (Roger et al.,
2010).

6. Conclusions

We present eastern Canada’s northernmost lake-sediment-based
reconstruction of the extreme coastal event history. The results lead to
several conclusions and challenges for future research, in particular:

1. Lake sediment records have proven valuable for reconstructing event
histories. However, no single site recorded all the events, and no
single event was found at all sites, highlighting the importance of
using both extensive and intensive sampling approach involving
multiple sediment cores from a number of lakes, and analyzing them
using a multiproxy approach and a good understanding of local
context. Only such an approach can produce comprehensive re-
constructions needed for proper coastal hazard assessment.

. The mean recurrence interval of major weather-related events (e.g.,
hurricanes) was estimated to be approximately 55 years, with a
possible increase in event frequency during the last century. A better
understanding of the potential links between event frequency and
climate would greatly benefit from multisite, well-dated records.

. The 1929 CE tsunami was likely the most catastrophic ECE in the
area. However, the event marker likely corresponding to the 1755 CE
Lisbon tsunami suggests its impacts could also have been substantial,
highlighting the need to take far-field tsunami hazards in
Newfoundland seriously. However, the lack of evidence of this event
in earlier studies on coastal plains calls for the need to confirm this
finding.
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4. Although diatoms did not provide unequivocal evidence of ECEs,
they revealed subtle changes associated with them. However, better
insights into the character and significance of the reported shifts in
species compositions would require a much better understanding of
the local drivers of changes in diatom communities.
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