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a b s t r a c t

Late Holocene sea-level changes can be reconstructed from salt-marsh sediments with decimetre-scale
precision and decadal-scale resolution. These records of relative sea-level changes comprise the net sea-
level contributions from mechanisms that act across local, regional and global scales. Recent efforts help
to constrain the relative significance of these mechanisms that include sediment dynamics and isostasy,
which cause relative sea-level changes via vertical land motion, ocean-atmosphere processes that in-
fluence regional-scale ocean mass redistribution, and ocean-cryosphere and steric interactions that drive
global scale ocean-volume changes. There remains a paucity of high-resolution Late Holocene sea-level
data from eastern Canada. This precludes an interrogation of the mechanisms that define sea-level
changes over recent centuries and millennia in a region sensitive to oceanic (Atlantic Multidecadal
Variability, Atlantic Meridional Overturning Circulation), atmospheric (North Atlantic Oscillation, Arctic
Oscillation) and cryospheric (ice-mass balance) changes. We present new relative sea-level data that
span the past three millennia from Baie des Chaleurs in the Gulf of St. Lawrence generated using salt-
marsh foraminifera supported with plant macrofossil analyses. The accompanying chronology is based
on radiocarbon and radionuclide analyses, which are independently verified using trace metal and
microcharcoal records. Relative sea level has risen at a mean rate of 0.93± 1.25mm yr�1 over the past
~1500 years. Residual structure within the reconstruction (‘internal variability’) has contributed up to an
additional 0.61± 0.46mm yr�1 of short-lived RSL rise prior to 1800 CE. Following a sea-level low stand
during the Little Ice Age, acceleration in relative sea-level rise is identified between 1800 and 1900 CE
within the estimates of internal variability and from 1950 CE to present in both the secular and residual
trends. Phases of relative sea-level changes in the Gulf of St. Lawrence are concomitant with periods of
glacier mass loss following the Little Ice Age, phase periods of the North Atlantic Oscillation and the
Atlantic Meridional Overturning Circulation and Northern Hemisphere warming. Quantifying the indi-
vidual effects of these different mechanisms is important for understanding how ocean-atmosphere
processes redistribute ocean-mass upon larger scale background ocean-volume changes.

© 2018 Published by Elsevier Ltd.
and Environmental Sciences,
X4 4RJ, UK.
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1. Introduction

Holocene relative sea-level (RSL) changes throughout eastern
Canada have been dominated by patterns of vertical land motion
(Koozhare et al., 2008; Peltier et al., 2015) resulting from deglaci-
ation of the Laurentide Ice Sheet (LIS) and the Appalachian Glacier
Complex (AGC) (Stea, 2004; Stea et al., 2011; R�emillard et al., 2016).
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This has produced a gradient in Late Holocene (past 4250 yrs) RSL
trends that relate to proximity to former ice-sheet margins (Fig. 1).
Coastlines closer to the centre of the former ice mass, such as those
along the St Lawrence Estuary, have experienced near continuous
emergence for the past ~3000 years (Dionne, 1985, 1990; 1996,
1997; 2001, 2002; Dionne and Coll, 1995; Dionne and Occhietti,
1996; Bernatchez, 2003). Coastlines located further south and
east in Canada and towards the North Atlantic have experienced
Late Holocene submergence (Scott et al., 1981, 1984; Scott and
Greenberg, 1983; Gehrels, 1999; Gehrels et al., 2004; Barnett
et al., 2017a), due to high rates of land subsidence associated
with the collapse of the LIS forebulge. With the gradual abatement
in rates of vertical land motion through the Holocene (Dyke and
Peltier, 2000; Mitovica et al., 2000) and improvements in sea-
level reconstruction techniques from proxy choice, age-depth
modelling and statistical methods (c.f., Shennan et al., 2015), we
are now better able to investigate RSL mechanisms that drive
lower-magnitude and shorter-term changes than those caused by
glacio-isostatic adjustment (GIA). However, there remains a paucity
of suitable high-resolution and precise records from eastern Can-
ada that allow appropriate exploration of these mechanisms.

Sea-level signals from ice melt, thermal expansion and ocean-
atmosphere circulation processes are low in comparison to the
GIA signal in RSL records from eastern Canada. Contributions from
land-based ice melt originate predominantly from the Antarctic Ice
Sheet after the Mid Holocene (Ullman et al., 2016). However, the
termination of polar contributions to Late Holocene sea levels re-
mains imprecisely constrained (Lambeck et al., 2014; Woodroffe
et al., 2015; Bradley et al., 2016). With potential evidence of
Fig. 1. Location map of eastern Canada and the Gulf of St. Lawrence. The study site in the
and sources of Late Holocene RSL data (collated by Vacchi et al., 2018) from the St Lawrenc
Anticosti Island Dubois et al. (1985), Prince Edward Island (Frankel and Crowl, 1961; Scott e
1985; Wright and van de Plassche, 2001; Daly et al., 2007).
sustained warming in West Antarctica between 2500 and 2000 yrs
BP (Fegyveresi et al., 2016), it is plausible that a Late Holocene
Antarctic ice-melt signal may exist in eastern Canada, especially
due to the sensitivity of the region to Southern Hemisphere melt
sources (Mitrovica et al., 2001, 2009). More recent signals may also
exist due to a cold and ice-loaded Antarctica during the Little Ice
Age (Bertler et al., 2011), which likely contributed to sea-level rise
after 1730 CE following this cold phase (Grinstead et al., 2009).

Ocean temperatures in the northwest North Atlantic (e.g., de
Vernal and Hillaire-Marcel, 2006) followed the global tempera-
ture trend of gradual cooling (Marcott et al., 2013) through the Late
Holocene. As such, it is unlikely that thermal expansion contributed
much to sea-level trends in eastern Canada until the 19th century
when mean global sea-level rise rapidly accelerated in line with
global temperature (Kopp et al., 2016). In contrast to these long-
period mechanisms, ocean-atmosphere processes operate across
relatively shorter time frames. Phases of ocean circulation (via the
Atlantic Meridional Overturning Circulation; AMOC), sea-surface
temperature distribution (via the Atlantic Multidecadal Oscilla-
tion; AMO) and atmospheric modes (via the North Atlantic Oscil-
lation; NAO) are intercorrelated (McCarthy et al., 2015) and exhibit
phase periods across annual (Cunningham et al., 2007), multi-
decadal (Curry et al., 1998; Bryden et al., 2014; Trouet et al., 2009),
centennial (Hall et al., 2004; Wanamaker et al., 2012) and millen-
nial (McManus et al., 2004; B€ohm et al., 2015) scales. These pro-
cesses set up baroclinic gradients in the North Atlantic that drive
spatially uneven patterns of RSL changes across a range of time-
scales (e.g., Sallenger et al., 2012; Ezer, 2013; Saher et al., 2015).
Changes in North Atlantic circulation strength over the past
Baie des Chaleurs (white square) with locations of primary tide-gauge stations (circles)
e Estuary (Dionne, 1990, 1996; 1997, 1999; 2001; Dionne and Coll, 1995; Dyke, 2004),
t al., 1981), Magdalen Islands (Barnett et al., 2017a) and Newfoundland (Brookes et al.,
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millennium (Rahmstorf et al., 2015) correlate with RSL variations
observed along the eastern sea-board of North America (Gehrels,
1999; Gehrels et al., 2002; Kemp et al., 2011, 2013, 2014, 2015,
2017a). However, attributing multiscalar RSL trends to causal
mechanisms remains a significant challenge due to the complexity
of the signals related to the different drivers of change (e.g., Kemp
et al., 2017b).

Distinguishing between processes that contribute to ocean
volume expansion (e.g., polar ice-melt and thermal expansion)
from those that redistribute ocean mass (e.g., AMOC) is necessary
for developing accurate predictions of future regional sea-level
changes. In regions experiencing higher-than global average RSL
rise, such as locations within the Gulf of St. Lawrence (e.g., Han
et al., 2014; Barnett et al., 2017a), phases of ocean-atmosphere
processes may drive yet higher rates of local to regional RSL rise,
further exacerbating the effects of land subsidence and global mean
sea-level rise (Slangen et al., 2016). Therefore, the aim of this study
is to develop new Late Holocene reconstructed RSL data for eastern
Canada that are suitable for investigating the roles of different sea-
level mechanisms across multidecadal to millennial timescales. We
present a RSL reconstruction from eastern Qu�ebec with decimetre
scale precision that is derived using salt-marsh foraminifera (Scott
and Medioli, 1978; Edwards and Wright, 2015) and plant macro-
fossils. The record differs from existing east coast North American
Late Holocene RSL reconstructions as the site is separate from the
North Atlantic sea-board and will provide new insight into ocean-
atmosphere processes that are hypothesised to drive (multi-)
centennial scale, spatially variable RSL changes in the North
Atlantic (e.g., Saher et al., 2015; Kemp et al., 2018).

2. Geographic setting

2.1. Regional physiography

The Gasp�e Peninsula in eastern Qu�ebec protrudes into the Gulf
of St. Lawrence and is confined by the St Lawrence Estuary to the
north and the Baie des Chaleurs to the south (Fig. 1). The geology of
the Gasp�e Peninsula is dominated by the Humber and Dunnage
zones of the Paleozoic Appalachain Orogeny (Williams, 1979).
Carboniferous Windsor Group units characterise the Gasp�e south-
ern shoreline along the Baie des Chaleurs (Brisebois, 1981) and the
Bonaventure Formation from this Group (Alcock, 1935) provides
the geological setting of clastic sandstone bedrock for the fieldwork
locations.

The Baie des Chaleurs was marine inundated by
12,600± 200 cal yrs BP (Olejczyk and Gray, 2007) following
deglaciation and retreat of the Gaspesie (Olejczyk and Gray, 2007)
and Escuminac ice caps (Pronk et al., 1989; Bail, 1985) and the
eastern limit of the LIS. After reaching a postglacial marine limit of
45e55m on the north shore of the Baie des Chaleurs (Veillette and
Cloutier, 1993), RSL dropped below the present-day level around
12,000 cal yrs BP (Thomas et al., 1973). Rapid isostatic recovery
created a RSL low stand of between �20 and �30m during the
early Holocene (Grant, 1975), after which a continual transgression
trend occurred through to present day (Schafer, 1977; Syvitski,
1992). Tidal range amplitudes vary from 2 to 3m throughout the
bay (Syvitski, 1992) and contemporary wave climate sees ~2m
wave swell rising to ~5m during stormy conditions (Schafer, 1977).

2.2. Study sites

The studied sites are located on the northern shore of the Baie
des Chaleurs (Fig. 2a). One site (Fig. 2b) is located at Saint-Sim�eon
near to Bonaventure and the second site is located at Saint-Omer,
~50 km to the west (Fig. 2c). Surface vegetation for the two sites
is characteristic of intertidal salt marshes along the Gasp�e Penin-
sula coastline (Tremblay, 2002) and throughout the Gulf of St.
Lawrence (e.g., Dionne, 2004; Barnett et al., 2016). Myrica gale is
prevalent at the transition between intertidal and supratidal en-
vironments. High-marsh flora includes widespread Spartina patens
as well as Juncus spp., Schoenoplectus spp. and Glaux maritima.
Spartina alterniflora and Salicornia depressa occupy low-marsh el-
evations and Zostera marina characterises low-intertidal and
shallow subtidal environments. Collin et al. (2010) reported quan-
titative vegetation descriptions for the marsh at Saint-Sim�eon.

A tide gauge at Belledune, New Brunswick, is located 25 km to
the southwest on the southern shoreline of the Baie des Chaleurs
(Fig. 2a). Water-level data collected using Solinst Levelogger and
Barologger data-loggers at Saint-Sim�eon during the fieldwork
season showed excellent agreement (r2¼ 0.99) with tidal data
recorded at Belledune (Fig. 3). As such, the tidal regime at the study
sites is assumed to be broadly equivalent to that at Belledune. Mean
tidal range (mean high water to mean low water) is 1.3m and the
difference between mean higher high water (MHHW) and mean
lower low water (MLLW) during spring tides is 2.6m (Fisheries and
Oceans Canada Service; www.dfo-mpo.gc.ca). Tidal characteristics
used in this study are shown in Fig. 3 relative to Chart Datum and
have been converted to the Canadian Geodetic Vertical Datum of
1928 (CGVD28) using benchmark vertical offsets at Belledune (BM:
98B9000).

3. Methods

3.1. Field methods

Fieldwork was carried out in July 2016 at both sites. Surface
profile transects (Fig. 2b and c) ran from tidal mud-flats up into the
supratidal zones and were surveyed at each site using Differential
Global Positioning System (Trimble R4 RTK base station, Trimble
R10 rover; ±0.015m vertical uncertainty) relative to the Canadian
Spatial Reference System North American Datum 1983. Elevation
was measured relative to CGVD28 following a correction from the
geoid model HT2.0. Vertical offsets between Chart Datum and
CGVD28 at nearby benchmarks in Carleton, Qu�ebec (BM: 10L1400)
and Belledune, New Brunswick (BM: 98B9000) were used to
convert elevation solutions between tidal and geodetic datums.

Samples of the marsh surface (top 1 cm) were collected along
three transects at Saint-Sim�eon (n¼ 68) and Saint-Omer (n¼ 55) at
0.03e0.05mvertical intervals. Thesewere subsampled (2 cm�3) for
foraminifera and stained within two weeks of collection using Rose
Bengal in a 30% C2H5OH: H2O solution to differentiate between live
(stained) and fossilised (unstained) foraminifera tests (Murray,
1976). The lithostratigraphy at Saint-Sim�eon was established from
creek-scarp sections at low tide, which were cut back to reveal
clean and undisturbed sediment sequences that appeared free from
winter ice-related surface erosion. The facies were described
following Long et al. (1999; after Troels-Smith, 1955). The depth to
base was established using an Eijkelkamp narrow-gauge gouge
auger. Fossil material for palaeoenvironmental analyses were
collected from the creek-scarp sections in the field using monolith
tins. Monoliths were used over alternative methods in order to
minimise the potential of vertical mixing, compaction and shearing
of the sediment during recovery and to provide larger volumes of
sediment for analyses.

3.2. Training set and transfer function

Foraminifera preparations followed Gehrels (2002) after Scott
and Medioli (1980). Taxonomy followed Murray (1971, 1979) and
taxon groupings were established in accordance with regional

http://www.dfo-mpo.gc.ca


Fig. 2. Fieldwork location sites in the Baie des Chaleurs. (a) Location of field sites at Saint-Sim�eon (b) and Saint-Omer (c) and the Belledune tide-gauge station. (b) Location of
surface transects (Sim1 - red; Sim2 - blue; Sim3 - green) and location of stratigraphy description sites (circles) and monoliths collected for palaeoenvironmental analyses (filled
circles) at Saint-Sim�eon. (c) Location of surface transects (Omer1 - red; Omer2 - blue; Omer3 - green) at Saint-Omer. (d) Surface transect elevation profiles (primary axes) and
concentration of foraminifera tests in surface samples (secondary axes) at Saint-Sim�eon (top row) and Saint-Omer (bottom row). Coloured circles denote samples used in the training
set and empty circles denote samples that lack high concentrations of foraminifera. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 3. Tidal characteristics. Water-level datalogger solutions from Saint-Sim�eon
compared against contemporaneous tide-gauge water-level data from the station at
Belledune, New Brunswick, located 25 km to the southwest. The tidal regime at Bel-
ledune (shown relative to Chart Datum and CGVD28) is taken to be broadly equal to
that at the fieldwork sites.
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datasets (Wright et al., 2011; Kemp et al., 2015). In summary, spe-
cies of Haplophragmoides were combined into a single group, as
were Ammobaculites spp., Reophax spp., Textularia spp. and calcar-
eous forms. Counts of Siphotrochammina lobata were incorporated
into those of Trochammina inflata and forms of Balticammina
pseudomacrescens and Jadammina macrescens were differentiated
on account of independent ecological ranges (Gehrels and van de
Plassche, 1999). Counts were carried out on up to 2 cm�3 of sedi-
ment and sample mean count totals of unstained tests for Saint-
Sim�eon and Saint Omer were n¼ 324 and n¼ 294 respectively.

A regional training set of salt-marsh surface foraminifera was
built using data available from the Gulf of St. Lawrence (Fig. 4a).
This approach increases the availability of modern analogues, ex-
pands the sampled environmental gradient and allows for more
robust RSL reconstructions (e.g., Horton and Edwards, 2006). The
training set comprised the 45 samples from Saint-Sim�eon and 52
samples from Saint-Omer (this study), 37 samples from Hynes
Brook, Newfoundland (Wright et al., 2011) and 39 samples from the
Magdalen Islands, Qu�ebec (Barnett et al., 2016). Due to the taxo-
nomic separation of B. pseudomacrescens and J. macrescens (Gehrels
and van de Plassche, 1999), earlier datasets from the region that
combine these two taxa were omitted.

A standardised water level index (SWLI) was calculated for each
surface sample based on its elevation above local mean water level
(MWL) to normalise sample elevations between sites (c.f., Gehrels,
1999; Horton et al., 1999). The reference levels used to calculate
SWLI were sample elevation above MWL; highest extent of fora-
minifera (HOF) as the upper reference level and MWL as the lower
reference level (c.f., Wright et al., 2011).

The capability of the training set to predict marsh-surface ele-
vations was assessed using a suite of regression model transfer
functions in R (R Development Core Team, 2017) using rioja v0.9-9
(Juggins, 2015). Detrended canonical correspondence analysis was



Fig. 4. Foraminifera training set data. (a) New surface foraminifera assemblages (showing dominant taxa only) developed in this study from Saint-Sim�eon and Saint-Omer in the
Baie des Chaleurs plotted against a standardised water level index (SWLI) with highest extent of foraminifera (HOF) and mean water level (MWL) shown. Colours correspond to the
surface transects displayed in Fig. 2. Also shown are published datasets from the Magdalen Islands (Barnett et al., 2016) and Newfoundland (Wright et al., 2011) used in the
development of the training set applied in this study. (b) Transfer function observed versus predicted values and residuals using a weighted-averaging regression model with
inverse deshrinking and bootstrapping cross-validation. Foraminifera abbreviations are as follows: B.pse¼ Balticammina pseudomacrescens; H.spp.¼Haplophragmoides spp.;
J.mac¼ Jadammina macrescens; T.com¼ Trochammina comprimata; T.inf¼ Trochammina inflata; M.fus¼Miliammina fusca. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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first applied to determine assemblage compositional turnover
along the gradient of elevation (ter Braak and Prentice, 1988) using
Canoco 5 (ter Braak and �Smilauer, 2012). Training set turnover was
calculated at 3.5 standard deviation units (axis 1 eigenvalue¼ 0.49)
and weighted averaging (WA; ter Braak and Looman, 1986)
regression models with both inverse and classical deshrinking
methods (Birks et al., 1990) were chosen as they are suitable for
datasets displaying unimodal species response to changing eleva-
tion (Birks, 1995). Bootstrapping (Stine, 1990) and leave-one-site-
out (Manly, 1997) cross-validation techniques were both used to
analyse transfer function performance and check for spatial auto-
correlation within the training set (Telford and Birks, 2005).
3.3. Sediment analyses

Retrieved sediments were analysed for foraminifera using the
preparation procedures outlined above (Gehrels, 1999). The
monolith selected for RSL reconstruction (SimVII; Fig. 5) was



Fig. 5. Lithostratigraphy at Saint-Sim�eon. Location of sediment-description sites at Saint-Sim�eon with described subsurface lithology following Long et al. (1999) and relative
abundance of foraminifera that have been grouped into low-, mid- and high-marsh taxa. (B.pse¼ Balticammina pseudomacrescens; Calc.¼ calcareous forms; H.spp.¼Haplo-
phragmoides spp.; J.mac¼ Jadammina macrescens; T.com¼ Trochammina comprimata; T.inf¼ Trochammina inflata; M.fus¼Miliammina fusca). Monolith VII underwent high-
resolution palaeoenvironmental analyses and the top 0.23m of monolith IV was used to generate a second sea-level reconstruction to help validate the primary reconstruction
from monolith VIII. Bulk density and LOI values are shown for monolith SimVII.
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subsampled at 1 cm resolution from 0 to 135 cm, below which
foraminifera were absent. The top 30 cm of a second monolith
(SimIV; Fig. 5) was subsampled for foraminifera at 0.5 cm resolu-
tion to develop a second reconstruction of RSL changes for the past
~200 years. This reconstruction was used to validate RSL trends,
timings and magnitudes from monolith SimVII and to test the in-
fluence that sampling resolution had on reconstruction results.

The reconstruction monolith SimVII was also sampled for wider
palaeoenvironmental analyses. Plant macrofossil sampling (Barber
et al., 1994; Garneau, 1998; Mauquoy and van Geel, 2007) was
carried out at 5 cm resolution, which supported qualitative palae-
oenvironmental descriptions and provided material for radio-
carbon dating. Loss-on-ignition (Ball, 1964; Plater et al., 2015) was
measured at 1 cm depth intervals to provide estimates of organic
and mineral contents through the monolith to support palae-
oenvironmental interpretations. Microcharcoals were analysed
following Whitlock and Larsen (2001) and used as an indicator of
local fire regime (Clark and Royall, 1996), providing a qualitative
tool to help validate the independent chronology of monolith
SimVII. Dry bulk density was also measured at 1 cm depth intervals
down to 150 cm to assist in descriptions and interpretations of
lithofacies.

3.4. Chronology and age-depth modelling

Material for conventional AMS radiocarbon dating (Stuiver and
Polach, 1977) was picked from the plant macrofossil preparations
(c.f., Garneau, 1998) following identification (Table 1). Samples
were sent to the Laboratoire de Radiochronologie at the Centre
d’�etudes nordiques, Universit�e Laval, for pretreatment and d13C
analysis, and to the Keck Carbon Cycle AMS Laboratory, University
of California, for 14C dating. Radiocarbon ages were calibrated in
CALIB v7.10 (Stuiver and Reimer, 1986) using the IntCal09 calibra-
tion curve (Reimer et al., 2009) to provide calendar dates.



Table 1
Radiocarbon samples and results for cores SimIII, V, VI, VII, and IX at Saint-Sim�eon. Sample numbers correspond with the locations shown in Fig. 5.

# Lab code (ULA) Core (depth, m) Material D 14C (‰) 14C a BP (±2 s) D 13C (‰)

1 6018 III (0.55) Herbaceae stems �27 ± 2.7 220± 25 �26.9
2 6019 III (0.75) Herbaceae stems & rhizomes �150.5± 1.7 1310± 20 �19.2
3 6008 III (2.22) Ericaceae bud �232.4± 1.9 2125± 20 �25.9
4 6021 V (0.75) Herbaceae stems & rhizomes �137.0± 2.1 1185± 20 �26.4
5 6022 VI (0.60) Seeds (Schoenoplectus, Eleocharis) & Ericaceae leaves �87.2± 1.9 735± 20 �26.2
6 6023 VI (0.76) Herbaceae rhizomes �124.7± 1.7 1070± 20 �14.5
7 6295 VII (0.10) Herbaceae stems & rhizomes 235.9± 2.5 e �16.3
8 6296 VII (0.20) Herbaceae stems & rhizomes 2.2± 2.0 e �14.5
9 6297 VII (0.30) Seeds (Suaeda) �20.6± 2.0 165± 20 �28.1
10 6298 VII (0.36) Herbaceae stems & rhizomes �28.0± 1.9 230± 20 �14.8
11 6299 VII (0.45) Herbaceae stems & rhizomes �94.7± 2.1 800± 20 �22.1
12 6300 VII (0.66) Herbaceae stems & rhizomes, Ericaceae spindles �69.2± 1.8 575± 20 �23.1
13 6301 VII (0.80) Herbaceae stems & rhizomes �79.1± 1.8 660± 20 �13.9
14 6302 VII (0.90) Herbaceae stems & rhizomes �123.4± 1.7 1060± 20 �13.1
15 6303 VII (1.00) Herbaceae stems & rhizomes �135.3± 2.0 1170± 20 �13.5
16 6304 VII (1.20) Herbaceae stems & rhizomes �139.9± 1.9 1210± 20 �14.2
17 6024 VII (1.30) Seeds (Schoenoplectus) & Lignose branchlets �176.3± 1.7 1560± 20 �26.5
18 6025 VII (1.40) Seeds (Schoenoplectus & Scirpus) & Ericaceae spindles �217.5± 1.7 1970± 20 �25.7
19 6020 VII (2.67) Coniferae needles & Ericaceae bark �301.8± 1.9 2885± 25 �27.9
20 6009 IX (0.82) Lignose branch �240.4± 1.5 2210± 20 �23.2
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The reconstruction (SimVII) and validation (SimIV) monoliths
were sampled for 210Pb radionuclide analysis down to 27 cm depth
and at equivalent resolutions to foraminiferal analyses. Sample
210Pb activity was determined by measuring alpha decay of its
daughter product 210Po as a proxy (Flynn, 1968; El-Daoushy et al.,
1991). A subsample of freeze-dried and homogenised sediment
was spiked with a 209Po chemical yield tracer, acid digested using
sequential HNO3:H2O2:HCl (1:2:1) chemical washes at 90 �C, and
then extracted from the solution, electroplated onto a silver disc,
and measured using the Ortec Alpha Ensemble Integrated Alpha-
Spectrometry Suite at the University of Exeter, Geography Radi-
ometry Laboratory, United Kingdom. The constant rate of supply
model (CRS) was applied to calculate age-depth profiles based on
total 210Pb inventory, sample-specific activity and cumulative mass
(Appleby, 2001). The equilibrium depth, the point at which excess
210Pb activity decays to the equivalent activity of supported 210Pb
(c.f., Corbett and Walsh, 2015), was defined as the depth where
sample activity was less than the mean activity of the samples
below. Activity profiles for the lower most samples from both
monoliths were modelled using a power function (Campbell, 1996)
to remove the effects of bulk density variability on activity and aid
in the determination of the equilibrium depth.

Radiocarbon and 210Pb ages from the SimVII monolithwere used
to develop an age-depth model using Bacon v2.2 (Blaauw and
Christen, 2011) within R (R Development Core Team, 2017)
following standard practices (e.g., Barlow et al., 2014; Saher et al.,
2015; Barnett et al., 2017a). Radiocarbon age results were cali-
brated within Bacon using the IntCal09 (Reimer et al., 2009) or the
post-bomb NH1 (Hua and Barbetti, 2004) calibration curves as
appropriate. Input ages were modelled using Student-t test distri-
butions with wide tails to permit the inclusion of potential outliers
(Christen and P�erez, 2009; Blaauw and Christen, 2011). Bayesian
priors for the accumulation rate variability within the model
(mem.mean¼ 0.4 and mem.strength¼ 3) were set to reflect the
evolution in lithostratigraphic sub-facies. Age-depth profile means
and 2s uncertainties at 0.01m contiguous intervals were derived
from Markov Chain Monte Carlo (MCMC) iterations.

The 210Pb age-depth profiles and age modelling in Bacon were
validated using geochemical profiles of trace metals (Cd, Cr, Cu, Ni,
Pb, Zn), which provided independent pollutant chronomarkers
(Marshall, 2015). Sediment subsamples were prepared following
Environmental Agency (2006) guidelines: air-dried sample was
added to a 1:3 HNO3:HCl digest, filtered and prepared for solution
in deionised H2O. Machine runs with replicate sampling were un-
dertaken on a Varian Vista-MPX inductively coupled plasma optical
emission spectrometer at the University of Exeter with sequential
blanks and standards (Merck Millipore ICP multi-element standard
solution IV). Element concentrations (mg l�1) were normalised
against the lithophile Fe to create enrichment factor profiles
following Klaminder et al. (2003). Enrichment factor trends in Pb
that correlated with continent-wide signals driven by leaded-
gasoline consumption and regulation (Nriagu, 1990; Graney et al.,
1995; Blais, 1996) and trace heavy-metal pollutant trends that
correlated with local industrial activity (Hildebrand, 1984; Parsons
and Cranston, 2005, 2006; Fraser et al., 2011) were compared
against the age-depth modelling results for Saint-Sim�eon.

3.5. Reconstructing RSL and estimation of errors

A weighted-averaging regression model applying inverse
deshrinking was used to predict palaeo-marsh surface elevations
(PMSEs) from fossil foraminifera assemblages in C2 (Juggins, 2003).
Bootstrapping cross-validation (n¼ 1000) was used to provide
root-mean-square-prediction-errors (RMSEP) for the PMSE of each
sample. Fossil assemblages that lacked a modern analogue were
removed from the reconstruction (Barlow et al., 2013). A squared
chord dissimilarity measure (minDC) was applied to fossil assem-
blages using the modern analogue technique (MAT) in C2. Fossil
assemblages with minDC values greater than the 20th percentile of
modern assemblage distributions were removed from the recon-
struction (Simpson, 2007; Watcham et al., 2013). Former RSL po-
sitions were calculated by subtracting PMSEs from sample
elevations relative to the tidal frame (Gehrels, 1999). Each PMSE
and RSL calculation was provided with a 2s chronological
constraint from the age-depth model.

3.5.1. Sediment compaction
Salt-marsh sediments are prone to compaction processes that

can cause post-depositional lowering (PDL) of samples used to
reconstruct RSL (Long et al., 2006; Brain, 2016). Compaction-
induced PDL results in an overestimation of the magnitude and
rate of reconstructed RSL rise (Horton and Shennan, 2009). It is
therefore necessary to ‘decompact’ stratigraphic sequences to re-
turn core samples to their depositional elevations and avoid mis-
interpretations of the causes of RSL changes (Paul and Barras, 1998;
Brain, 2015). We employed the geotechnical modelling framework
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developed by Brain et al. (2011, 2015) to provide estimates of PDL
downcore. This approach uses empirical, statistically-significant
relationships between organic content (LOI) and the compression
properties of contemporary salt-marsh sediments (Brain et al.,
2012, 2015). By estimating LOI downcore, it is possible to assign
compression properties to each layer in the core and, subsequently,
run decompaction algorithms to provide depth-specific estimates
of PDL, which is the height correction that is added to the in situ
elevation of each sample used to reconstruct RSL. We employed a
Monte-Carlo framework (5000 model runs) and specified un-
certainties in input parameters to determine errors in each of these
model outputs.

In the absence of local measurements of compression proper-
ties, we used the relationships between LOI and compression
properties reported by Brain et al. (2017) for East River Marsh,
Connecticut, United States, on the basis of relative geographic
proximity (c.f., Brain et al., 2012, 2015) and the similar range of LOI
values in the contemporary salt-marsh environment to those
observed at Saint-Sim�eon. We used measured values of LOI in
monolith SimVII to assign compression properties at 1 cm depth
intervals at monolith depths between 0 and 135 cm that formed in
intertidal environments. We applied a uniform error distribution
(±1 percentage point) to account for LOI measurement uncertainty,
randomly selecting values from the resulting distribution in each
model run. For the underlying freshwater peat (135e270 cm), in
each model run we randomly assigned values from a uniform
probability distribution of LOI based on themean (59.2%) and range
(41.8%) of values observed in the upper 14 cm of the freshwater
peat, for which LOI measurements were obtained (Fig. 5). We
assigned values of specific gravity, Gs, to each 1 cm thick layer in the
monolith using the predictive relationship provided by Hobbs
(1986).

In contrast to relationships between LOI and compressibility,
which ostensibly display inter-site comparability (Brain et al.,
2015), one geotechnical property, namely yield stress (s0

y), is
controlled by local site conditions and so must be measured or
estimated on a site-by-site basis. Accurately constraining values of
s0

y is important for modelling of compaction and PDL because it
determines whether sediments exist in a low- or high-
compressibility condition. Without local direct measurements, we
determined values of s0

y in the intertidal section of the monolith by
calibration. We varied s0

y in model runs until the model-generated
downcore dry density profile most closely matched with monolith
analysis (i.e., highest r2adj value, smallest standard errors and
lowest p value between observed and model-predicted dry density
values). To this end, we used a uniform probability distribution of
s0

y between 0.25 and 1.25 kPa. For the freshwater peat, we specified
a uniform probability distribution between 15 and 25 kPa based on
typical values (Long and Boylan, 2013). Following assignment of
geotechnical properties to each 1 cm layer within the monolith, we
used the Brain et al. (2011, 2012) model to obtain depth-specific
estimates of dry density, effective stress, and PDL.

3.5.2. Estimating errors
Final reconstruction errors for each data point were calculated

as the root-mean-square-errors of all resolved (2s) uncertainties
including surveying, sampling, regression modelling and decom-
paction errors (Preuss, 1979; Barlow et al., 2013). The primary sea-
level reconstruction from monolith SimVII was validated using
conventional techniques (Barlow et al., 2013; Kemp and Telford,
2015). First, the transfer-function based sea-level reconstruction
for the SimVII top sample was compared against the surveyed core-
top elevation as a check for reconstruction accuracy. The SimIV
monolith was used to develop a comparable reconstruction for the
past ~200 years to help validate the recent reconstruction from
SimVII. Finally, the two transfer-function based reconstructions
were compared against tide-gauge data from Belledune, New
Brunswick, which is available for the past ~16 years. Tide-gauge
water-level data was obtained from the Canadian Tides and Wa-
ter Levels Data Archives (Fisheries and Oceans Canada) and
smoothed to monthly means to allowmore direct comparisonwith
the resolution of the RSL reconstructions.

3.5.3. Estimating trends and internal variability
There are a variety of methods available for estimating trends

from RSL data with constrained uncertainty (e.g., Cahill et al., 2015;
Kopp et al., 2016). Here we treat the reconstruction as independent
rather than use a spatio-temporal model in order to determine site
specific rates of change. Unlike previous studies, we regress sea
level estimates [yi] onto depth [xi] using generalised additive
models (Hastie and Tibshirani, 1986,1990;Wood, 2017) in themgcv
(Wood, 2018) R (R Development Core Team, 2017) package. By
regressing onto depth rather than age, the method avoids as-
sumptions of Gaussian probability distributions for x-axis un-
certainties. An initial spline based smooth non-parametric link
function [g] is used to estimate the long term background (secular)
trend [yi ¼ gðxiÞþ zi] plus residual variation [zi]. This estimate of
secular trend allows us to explore residual variation (i.e., low
amplitude variability and noise) whilst avoiding assumptions about
local GIA rates from models that show discrepancies with obser-
vational data (e.g., Barnett et al., 2017a). Uncertainty in the secular
trend was estimated by posteriorly mapping the trend from depth
onto age [gðxÞ ¼ gðf ðtÞÞ] using n¼ 5000 random MCMC simula-
tions of age-depth profiles from Bacon (section 3.4) to provide
probability distributions. The secular trend is a non-linear, slowly
varying component that is taken to represent near-linear (i.e., GIA)
and low-frequency geophysical processes. The residual variations
are taken to represent auto-correlated high(er)-frequency variation
[zi ¼ hðxiÞþ εi] plus independent noise [εi] (e.g., ecological noise
and reconstruction error). This second spline-based regression is
used to estimate ‘internal variability’ from the residual variation
and uncertainty is estimated using MCMC age-depth profile out-
puts from Bacon as above.

4. Results

4.1. Modern foraminifera and the transfer function

Contemporary foraminifera samples from Saint-Sim�eon and
Saint-Omer provided a total of 13 taxa or taxa groups
(Supplementary Material). Foraminifera counts were sparse (<50
tests cm�3) above 1.38m CGVD28 at Saint-Sim�eon and above
1.39m CGVD28 at Saint-Omer, marking the elevations of HOF at
each site. Both sites displayed foraminifera distributions commonly
seen on North Atlantic salt-marshes (e.g., Scott and Medioli, 1980;
Gehrels and van de Plassche,1999; Horton et al., 1999; Barnett et al.,
2015) and further afield (e.g., Southall et al., 2006; Callard et al.,
2011; Strachan et al., 2015, 2017). Haplophragmoides spp. was
only common above MHHW where T. inflata was also present in
high abundance (Fig. 4a). J. macrescens was found throughout the
marshes and T. comprimata was most abundant near the level of
MHHW. The abundance of M. fusca increased with decreasing
elevation and typically dominated the lowest elevations of the
marshes (Fig. 4a). Unvegetatedmud flats occupied elevations below
0.47m CGVD28 at Saint-Sim�eon, marking the lower boundary of
the new training set at this location. Salt-marsh assemblages at
Saint-Omer extended down to 0.30m CGVD28, at meanwater level
(MWL) (Fig. 4a).

Modern foraminifera fromHynes Brook (Wright et al., 2011) and
the Magdalen Islands (Barnett et al., 2016) used to develop the
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transfer function show broadly comparable distributions to those
that occur in the Baie des Chaleurs (Fig. 4a). There were some in-
consistencies between sites, which demonstrates the value of using
multiple sites to develop a training set that accurately replicates full
regional ecological diversity. For example, B. pseudomacrescens is
most abundant in the high marsh in the Magdalen Islands and in
the high and mid-marsh at Hynes Brook. In contrast, this taxon is
only dominant in the mid-marsh at Saint-Omer and is sparse
throughout Saint-Sim�eon. The low-marsh species M. fusca domi-
nates the assemblages below MHHW levels at all the sites except
the Magdalen Islands where it is infrequently present. Barnett et al.
(2016) assigned this to a lack of established low-marsh environ-
ments driven by rapid lateral erosion of the salt-marsh sediments.

Consistency in transfer function performance statistics when
using bootstrapping and leave-one-site-out cross-validation sug-
gests a lack of auto-correlation in the training set (Supplementary
Material). The weighted-averaging regression model with inverse
deshrinking used to predict PMSE values displays good correlation
between observed and predicted sample elevations (r2¼ 0.72) and
has a mean standard error of ±14.36 SWLI units (Fig. 4b). The
equivalent 2s site-specific transfer function error for Saint-Sim�eon
is ±0.30m. Transfer function residuals suggest that the model
might under-predict sample elevations at the higher end of the
gradient, which is often an artefact associated with inverse
deshrinking methods. However, the reconstructions in this study
predict PMSEs closer to the centre of the sampled gradient (i.e.,
between 40 and 80 SWLI) where model performance is most reli-
able (Fig. 4b).

4.2. Marsh lithostratigraphy and chronology

A basement of incompressible blue-grey silt-rich clay is found
1e3m beneath the surface at Saint-Sim�eon following a NW-SE
gradient in direction of the sea (Fig. 5). An organic and lignose
rich peat with low dry bulk density is found above this basal clay,
overlying an unconformable contact. Paired radiocarbon ages from
the upper and lower contacts of this peat date inception of the unit
from 2885± 25 and 2125 ± 20 14C a BP and transgression of the unit
from 1970± 20 and 1310± 20 14C a BP (Table 1). The deposit was
earliest established closest to the boundary of marine influence,
persisted for approximately 1000 years, and was subsequently
transgressed from the direction of the bay and overlain by the
littoral deposits above (Fig. 5). Salt-marsh silts and clays are found
above the peat deposit from 1560± 20 14C a BP onwards. Additional
radiocarbon ages from the salt-marsh base (1185± 20 and 220± 25
14C a BP) demonstrate subsequent and continued transgression
inland. Foraminifera typically found in the higher sections of salt
marshes (e.g., Haplophragmoides spp., T. inflata, J. macrescens, T.
comprimata) are common across the base of these sediments
(Fig. 5). With continued accumulation, foraminifera associated with
lower elevations (e.g., M. fusca and calcareous forms) become
increasingly abundant. A black amorphous organic layer containing
few foraminifera occurs within the salt-marsh deposits towards the
east of the site, closer to the boundary of marine influence. The unit
is found across much of the site and is dated to occur after
1070± 20 14C a BP. A sequence of radiocarbon ages from monolith
SimVII document a reversal (Fig. 5, Table 1), suggesting that this
unit may contain reworked material. Towards the west and the
landward extent of the marsh, a gravelly-sand overlap deposit that
thickens away from marine influence is found between the sub-
surface peat and the capping salt-marsh units. Radiocarbon ages
constrain this unit to between 1310± 20 and 220± 25 14C a BP,
indicating slow accumulation and subsequent transgression in the
past few hundred years.

High-resolution sampling and analysis of monolith SimVII
reveals the high organic content (>60% LOI) of the subsurface peat
deposit below 140 cm depth. Foraminifera are sparse (<50 tests
cm�3) or absent at this point and deeper. Concentrations of fora-
minifera exceed 100 tests cm�3 above 135 cm depth, coinciding
with increased bulk density and increased lithic content (Fig. 6).
Typically high-marsh foraminifera (Haplophragmoides spp.,
T. inflata, J. macrescens, B. pseudomacrescens) are common between
135 and 70 cm. These assemblages coincidewith evidence of sedges
and cattails (Schoenoplectus spp., Scirpus spp., Typha spp.), common
across eastern Canadian coastal marshes. The concentration of
foraminifera and evidence of marshland flora declines between 70
and 36 cm depth. This coincides with the occasional presence of
calcareous foraminifera in very low abundance (Fig. 6). Salt-marsh
deposits return above 36 cm depth (characterised by J. macrescens
and T. inflata), but also contain the low-marsh taxon M. fusca, with
little evidence of the high-marsh taxa Haplophragmoides spp. and
B. pseudomacrescens. These assemblages coincide with evidence of
halophytic marsh flora such as seablite (Suaeda maritima) and
glasswort (Salicornia depressa), which are common across
frequently inundated elevations. The relative abundance of fora-
minifera in the top sediments of SimVII are replicated in the fora-
minifera analysis on core SimIV. The higher resolution analysis of
SimIV provides additional detail to similar foraminifera trends that
are seen in the top sediments of SimVII (Fig. 6b).

Analyses of the calcareous tests from the black amorphous layer
in SimVII (36e70 cm) revealed substantial evidence of abrasion
(c.f., Kotler et al., 1992) across the surface of the tests. This layer has
an organic and lithic content that is consistent with the salt-marsh
facies throughout the monolith (Fig. 6), yet is rich in fine grained
(clay rich) sediment and also contains abundant bivalve shells and
shell fragments, indicative of a low energy coastal aqueous envi-
ronment. Additional microfaunal analysis revealed an absence of
any established testate amoebae (c.f., Barnett et al., 2017b) pop-
ulations throughout the layer. Combined with the very low abun-
dance of foraminifera, it is likely that this layer does not represent a
salt marsh or low-intertidal environment that was sampled in the
modern surveys.

4.3. Reconstruction chronologies and age-depth modelling

A sequence of 13 radiocarbon ages supports the chronology for
monolith SimVII. The subsurface peat unit is present between
2885± 25 and 1970± 25 14C a BP (Table 1), above which intertidal
deposits occur to present-day. The two highest 14C dates, from 10 to
20 cm depth, returned post-bomb (post-1950s) ages. Here, the
210Pb analyses provide chronologies for the upper sediments of
monoliths SimVII and SimIV (Fig. 7). The activity equilibrium
depths were reached at 24 cm in both monoliths, above which the
age-depth profiles corresponds to the past ~150 years (Fig. 7). The
two profiles show comparable sedimentation rates (between ~1
and ~2 kgm�2 yr�1) from ~1850 CE to ~2000 CE, at which point
accumulation accelerates through to present-day. Slight discrep-
ancies exist (up to 30 years) between the two age-depth profiles
during the early 1900s and at this point the 210Pb-derived ages
display an offset with the post-bomb radiocarbon date from 20 cm
depth, which was calibrated to 1954 to 1956 CE (Fig. 7).

Trace-metal enrichment profiles from SimVII provide validation
for the 210Pb-derived ages at several depths (Fig. 7). Onset of heavy-
metal enrichment at 17 cm, corresponding to 1915± 4 CE (210Pb
age) can be attributed to pulp and paper-mill industries that
became established in the Baie des Chaleurs from 1915 CE and
continued for several decades (Hildebrand, 1984; Fraser et al.,
2011). Secondary peaks in the same profiles at 11 cm (1967± 3
CE, 210Pb age) can be attributed to industrial smelter activity that
began in 1966 CE at Belledune, New Brunswick, (Hildebrand, 1984)



Fig. 6. Palaeoenvironmental analyses. Foraminifera assemblages (blue) are shown as relative abundance for monoliths SimVII (a) and SimIV (b) with corresponding sample test
concentrations (red), modern analogue determinations (MinDC) and palaeo-surface elevation predictions (PMSE). Also shown are plant macrofossil concentrations (green), a
microcharcoal record (grey) and lithological properties (bulk density and LOI) for monolith SimVII. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 7. Geochemical profiles. (a) Dry bulk density measurements of monoliths SimVII (blue) and SimIV (red) with influx of coarse grained sediment highlighted (light grey). (b)
Radionuclide (210Pb) activity and modelled age-depth profiles following Appleby (2001) with calibrated post-bomb radiocarbon ages (black rectangles) and modelled sedimentation
rates for monoliths SimVII (blue) and SimIV (red). (c) Trace metal markers for monolith SimVII calculated as enrichment factors (see text for details) with features highlighted as
chronohorizons for comparison with the age-depth model for monolith SimVII (light grey). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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and caused the distribution of pollutants throughout the bay
(Parsons and Cranston, 2005, 2006; Fraser et al., 2011). The intro-
duction of lead into gasoline across the North American continent
during the 1930s (Nriagu, 1990; Graney et al., 1995) may be
apparent in the stable-lead enrichment profile after 15 cm, corre-
sponding to a 210Pb age of 1944± 3 CE. The decline in enrichment
seen in the same profile at 10 cm (1979 ± 2 CE, 210Pb age) is likely
attributable to the fall in lead pollution due to new emissions
regulations established in the early 1970s (Nriagu, 1990) and
recorded widely throughout Canada (Blais, 1996). The post-bomb
radiocarbon date from the same depth (10 cm) was calibrated to
1982 to 1985 CE and provides an additional and comparable age-
depth constraint for these young sediments.

The age-depth modelling for SimVII incorporated the sequence
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of radiocarbon ages and 210Pb-derived ages from the monolith
without the need for removing potential outliers (Fig. 8). Alongside
trace metal enrichment factors, a micro-charcoal profile provided
additional validation for the chronology. Onset and peak charcoal
accumulation occurs across 38 to 32 cm depth, corresponding to
modelled ages of 1647± 27 CE and 1731± 32 CE respectively. This
epoch coincides with the onset of French settlement in Acadia and
eventually the Gasp�e and the Baie des Chaleurs regions from the
early 1600s (Fauteux, 1948). Fishing villages became established
(and were subsequently sacked and burned by the British) along
the northern shore of the bay (e.g., at Perc�e and Pabos) from the
1690s (Mimeault, 2005). Timing of the charcoal peak at 32 cm co-
incides with the climactic exodus of Acadian refugees to the region
and the settlement of nearby Bonaventure in 1760 CE following the
Battle of Restigouche (Fergusson,1955; Caron, 2015). The secondary
charcoal peak at 21 cm depth (Fig. 6), corresponding to a modelled
age of 1882± 10 CE, coincides with increased settlement in the
region associated with the foundation of Saint-Sim�eon in 1869 CE.
This event coincides with peaks in bulk density measurements
across the marsh (Fig. 7), which are caused by a thin (2 cm) sand-
rich lens in the lithostratigraphy, possibly relating to a sudden
and short-lived influx of coarse grained sediment from either the
catchment (e.g., from deforestation activity) or from the basin (e.g.,
Fig. 8. Age-depth model for monolith SimVII. The mean (dashed red) and 2s range
(dashed green) of MCMC age-depth model iterations (black shading) are based on
calibrated radiocarbon probability distribution functions (blue) and 210Pb age-depth
solutions (green). Microcharcoal counts and trace-metal profiles are presented with
features highlighted for comparisons with the age-depth model. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
from extreme wave conditions).

4.4. Quantitative sea-level reconstructions

Foraminifera assemblages from 0 to 37 cm and 70e135 cm in
monolith SimVII had suitable modern analogues within the surface
training set (Fig. 6). Samples from 37 to 70 cm contained no in situ
populations of salt-marsh foraminifera and therefore lacked mod-
ern analogues suitable for validating their use in reconstructing sea
level. The occasional foraminifera tests present in this unit may be
storm-spray transported, as implied by the low abundance but
highly abraded calcareous shells. Predictions of PMSEs for the
remainder of the monolith had sample specific RMSEP un-
certainties of between ±0.15 and 0.16m, following conversion from
SWLI values to elevations above local MSL at Saint-Sim�eon.
Reconstructed PMSE values are relatively invariant between 135
and 70 cm depth. However, between 35 cm and the surface, phases
of higher (~30 and 8 cm) and lower (~18 and 10 cm) PMSE values
occur, which are replicated in the secondary reconstruction core,
SimIV (Fig. 6b).

Compaction modelling results used to correct the estimates of
RSL derived from sample PMSE values± RMSEP values
(Supplementary Material) estimated effective stress at the base of
the monolith to 5.20± 0.12 kPa (Fig. 9). The estimated effective
stress at the base of the intertidal deposits is 4.36± 0.11 kPa and
estimated maximumvalues of s0

y (1.25 kPa) are exceeded at depths
greater than 0.46m in the majority of model runs in the intertidal
sediments. As such, these sediments are in their relatively high
compressibility condition. In contrast, the greater values s0

y spec-
ified for the lower freshwater peat are not exceeded in any model
runs. In turn, greater PDL is observed in the upper intertidal de-
posits than in the lower freshwater peat. There is no PDL at the top
and base of the monolith, with a distinct change in the shape of the
PDL profile at the contact between the two key stratigraphic units.
A curved PDL profile lacking sharp inflections within the intertidal
stratum is evident, with maximum PDL of 0.10± 0.01m at 79 cm,
which is the approximatemid-point of the intertidal strata. There is
greater uncertainty in the modelled effective stress profile for the
lower freshwater peat deposit due to the greater uncertainty for LOI
values within this unit. This effect propagates upwards into the PDL
profile uncertainty in the intertidal deposits.

Reconstruction results reveal nearly 3m of RSL rise at Saint-
Sim�eon for the past ~3000 years (Fig. 10). Basal radiocarbon dates
from the subsurface ligneous-rich peat, calibrated to �1084± 105
CE and �197± 139 CE, provide two non-compacted Late Holocene
RSL constraints. The continuous salt-marsh based sea-level recon-
struction extends from ~500 CE to present day with a data hiatus
between ~1350 and 1650 CE. Validation for the record is provided in
three forms: i) the surveyed elevation of the monolith top (0.77m
MSL) is reconstructed to within uncertainty by the PMSE of the top
sample (0.64 ± 0.15m MSL); ii) the second sea-level reconstruction
from monolith SimIV shows similar RSL trends and magnitudes to
the primary record for the past ~200 years (Fig. 10b), and; iii) recent
sea-level estimates from the two reconstructions accord with
nearby tide-gauge data from Belledune, New Brunswick (Fig. 10b).
The replicate reconstructions for the past two centuries (Fig. 10b)
improve confidence in our new record and demonstrate that higher
resolution analyses (SimIV) may contribute addition detail, rather
than noise, to reconstructed RSL trends.

The regression analysis of the data shows a near-linear secular
trend of sea-level rise (Fig. 10c). The average of the secular trend
mean rates from ~500 CE to present day is 0.93mmyr�1, withmean
(2s) uncertainties of ±1.25mm yr�1. The secular trend of the sea-
level record is non-uniform and contains higher than average
rates of rise that occur between 500 and 800 CE and during the two



Fig. 9. Physical and geotechnical properties. Measured (black dotted) and modelled (red) ±1s (yellow) results of (a) LOI, (b) dry bulk density, (c) effective stress and (d) PDL in
monolith SimVII. (e) Age-depth model and (f) lithostratigraphy are also shown. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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most recent centuries (Fig. 10d). The regression performed on the
model residuals shows internal variability within the sea-level re-
cord (Fig. 10c). This structure occurs over broadly centennial time
scales with mean rates that cycle between �1 and 1mm yr�1 for
before 1800 CE. The amplitude of this internal variability increases
after 1800 CE. There are sustained periods of net acceleration be-
tween 1800 and 1900 CE and between 1950 CE and present day
(Fig. 10d). Linear regression of the available tide gauge data and
corresponding reconstructed trends of internal variability since
2000 CE show comparable rates of 4.7mmyr�1 and 4.48± 2.19mm
yr�1 respectively, which exceed secular and internal variability
rates over the past ~1500 years.

5. Discussion

The subsurface lithology at Saint-Sim�eon implies near-
continuous transgression throughout the past ~3000 yrs. The
basal clay unit with unconformable upper contact likely formed
distally from the ice sheet in a glaciomarine setting, after ablation of
the regional ice capswhen the lithospherewas still depressed and a
sea-level high stand was present throughout the bay (Rampton
et al., 1984; Gray, 1987; Syvitski and Praeg, 1989; Veillette and
Cloutier, 1993). Subsequent rebound of the lithosphere created
RSL fall during the early Holocene to a low stand several tens of
metres below present (Syvitski, 1992), after which gradual sub-
mergence took place throughout the Holocene in line with eustatic
sea-level changes (Grant, 1970, 1975; 1977; Syvitski, 1992). The
establishment of coastal peat deposits at Saint-Sim�eon provides the
earliest evidence of recent transgression at the site. A rising
groundwater table as a result of RSL encroachment can create
favourable conditions for coastal peat formation (van de Plassche,
1982; van de Plassche et al., 2005) and has been recorded at loca-
tions throughout Qu�ebec (Garneau, 1997, 1998; Barnett et al.,
2017a). Depending on hydraulic connectivity, freshwater coastal
peats may form at around ±0.20m to the level of mean high water
(e.g., Berendsen et al., 2007; Barnett et al., 2017a). Conservatively,
we use the dated onset of peat formation at Saint-Sim�eon as sea-
level limiting points to define the maximum possible height of
RSL at ~3000 yrs BP (Fig. 10).

5.1. Sediment dynamics and RSL changes

The sea-level reconstruction (Fig. 10) records the effects of
combined local (e.g., sediment dynamics and sediment compac-
tion), regional (e.g., isostatic and dynamic ocean) and extra-
regional (e.g., ocean volume flux) drivers. At the local scale, ac-
commodation space on the marsh surface created from an increase
in sea-surface height or negative vertical land motion is infilled by
sediment deposition that is driven by primary organic productivity
at the surface and suspended sediment delivery from tidal inun-
dation (Allen, 1990, 2000). Ongoing marsh accretion and infill of
accommodation space in line with RSL rise is represented by
preservation of the relative elevation of the surface, as depicted by
invariant foraminifera assemblages. Accelerating RSL rise lowers
the relative elevation of the marsh surface and is represented by a
shift towards low-marsh taxa such as M. fusca (Fig. 6). In most in-
stances, accumulation at the surface is able to keep pace with even
rapid expansion of accommodation space due to enhanced biomass
productivity of low-marsh flora and longer episodes of minerogenic
sedimentation (Kirwan et al., 2016). The near constant sediment
accumulation rate (0.95± 0.48mm yr�1) over the length of the
record (Fig. 8) suggests that there has not been a hiatus in sediment
delivery to the site. This reflects regional histories where sediment
delivery to the St Lawrence Estuary has remained uninterrupted
since the early Holocene (St-Onge et al., 2003). The deviation from
salt-marsh typical accumulation across 1350 to 1650 CE is the only
obvious example of a change in depositional environment and
therefore we have not attempted to produce a precise sea-level
reconstruction for this period.

Continuous RSL rise occurred throughout the Late Holocene,
although our record has a data hiatus for the period ~1350 to ~1650
CE, across the Little Ice Age (LIA). This part of the record derives
from 0.37 to 0.70m in monolith SimVII where viable in situ pop-
ulations of foraminifera and testate amoebae are absent. Diagenetic
removal of organism tests can skew the stratigraphic record and
may occur following RSL lowering and oxidation of salt-marsh
sediments (Berkeley et al., 2007). However, the low concentration
of agglutinated tests and rare presence of small and abraded
calcareous forms suggests that diagenesis is an unlikely cause.
Alternatively, foraminiferal absence can be explained by relative
raising of the marsh surface, which would remove the site from the
intertidal zone. Although the absence of testate amoebae, which
are most abundant at supratidal elevations (Barnett et al., 2017b),
and presence of freshwater CaCO3 gastropod and bivalve shells
both refute the development of a supratidal terrestrial environ-
ment. The gradual decline in foraminifera concentrations implies



Fig. 10. Reconstructed sea-level data. (a) Late Holocene sea-level reconstruction data
from monolith SimVII showing solutions prior to (dark blue) and posterior to (light
blue) PDL modelling and compaction correction. Also shown are two basal sea-level
index points from Saint-Sim�eon and the available tide-gauge data from Belledune,
New Brunswick (red). (b) Validation reconstruction data from monolith SimIV (green)
shown against the equivalent reconstruction data from monolith SimVII (blue) with
tide-gauge data for comparison (red). (c) Estimation of the secular sea-level trend from
monolith SimVII (blue) (±2s) and of the residual ‘internal variability’ (green) (±2s). (d)
Calculated rates of change from the relative sea-level trends shown in (c). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 11. Comparison of trends between compacted and PDL-corrected records. (a)
Secular trends (±2s) of the compacted (black dabbled) and PDL-corrected (blue) re-
cords. (b) Difference between compacted and PDL-corrected secular trends (±2s). (c)
Difference in calculated rates between compacted and PDL-corrected secular trends
(±2s). (d) Estimates of internal variability (±2s) within the compacted (black dabbled)
and PDL-corrected (green) records. (e) Difference between estimates of internal vari-
ability between the compacted and PDL-corrected records (±2s). (f) Difference in
calculated rates between the estimates of internal variability for the compacted and
PDL-corrected records (±2s). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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‘freshening’ of the site, and so a reduction in marine influence.
Continued accumulation (Fig. 8) and relatively invariant organic
and clastic content imply constant biomass production and infill of
accommodation space. A plausible explanation is isolation of the
site from tidal inundation, possibly caused by increased freshwater
delivery and barrier development. Coastal ponding may explain the
rare presence of ex situ foraminifera from, for example, reworking
and delivery of small abraded calcareous forms via storm-spray.
The continued development and infill of accommodation space
implies gradual lowering of the accumulating surface, which is
likely to have resulted from GIA-induced subsidence. Importantly,
the absence of intertidal conditions for ~300 years also suggests
that sea level is not rising relative to the accumulating surface over
this period. The timing coincides with reductions in the rates of RSL
rise along the northeast coastline of North America (Gehrels, 1999;
Gehrels et al., 2002; Kemp et al., 2013, 2015, 2017a,b) and in a
globally-averaged sea-level record (Kopp et al., 2016), concomitant
with sea-level fall during the LIA (Grinstead et al., 2009). Holocene
precipitation anomalies for Qu�ebec and Labrador were highest
during the LIA (Viau and Gajewski, 2009), providing a mechanism
that supports standing coastal water bodies during this period.
Alternatively, extensive and longer lasting coastal- and sea-ice
cover during the LIA, as suggested by modelling studies (e.g.,
Lehner et al., 2013) may also contribute to the freshening signal
seen in the biostratigraphy for this time.

Sediment compaction from overburden compression (Allen,
2000) can alter the elevation of (palaeo-) marsh surfaces relative
to sea level. Model-derived estimates of PDL throughout the
monolith (Fig. 9) permitted assessment of the effects of local-scale
sediment compaction on RSL changes. Regression analysis of the
compacted and PDL-corrected reconstructions were compared to
determine RSL changes driven by overburden compression at the
site (Fig. 11). Comparison of the secular trends reveal that PDL
contributes up to an additional 0.18± 0.27mm yr�1 of equivalent
RSL rise within the length of the record. The slowly varying rates of
change captured by the secular trends contain the entire
compaction-induced RSL signal as the difference between the es-
timates of internal variability for the compacted and the PDL-
corrected records are negligible (Fig. 11).
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5.2. Secular RSL trends

The most recent velocity grid of vertical land motion for eastern
Canada from the Canadian Spatial Reference System (CSRS) Precise
Point Positioning (PPP), Natural Resources Canada resolves subsi-
dence rates at Saint-Sim�eon to �0.39± 0.46mm yr�1, suggesting
that GIA is responsible for much of the average mean secular rate
(0.93± 1.25mm yr�1) for the past ~1500 years. Alternative GIA
velocity models provide subsidence rates of �1.78mm yr�1

(Koohzare et al., 2008; Didier et al., 2015) or greater (Peltier et al.,
2015), which over-predict the rate of subsidence when compared
against instrumental observation (Canadian Base Network, Natural
Resources Canada) and secular RSL trends (this study). Modelled
land motion rates have also been over-predicted for the Magdalen
Islands in the Gulf of St Lawrence (Barnett et al., 2017a), but the new
modern-day velocity grid from CSRS-PPP, Natural Resources Can-
ada, provides an improvement to these model-data discrepancies.

A key featurewithin the long-term RSL trends at Saint-Sim�eon is
the data hiatus between 1350 and 1650 CE that occurs during the
LIA (1400e1700 CE; Mann et al., 2009). A similar record hiatus is
evident in western Iceland across ~1300 to ~1600 CE (Gehrels et al.,
2006; Saher et al., 2015), due also to reduced foraminifera content
in the stratigraphy. Complete reconstructions of RSL change from
the western North Atlantic reconstruct reduced rates of RSL rise
across the period (or part of the period) ~1350 to ~1650 CE in Nova
Scotia (Gehrels et al., 2005), Maine (Gehrels, 1999; Gehrels et al.,
2002), Connecticut (Kemp et al., 2015), New York (Kemp et al.,
2017a), New Jersey (Kemp et al., 2013) and North Carolina (Kemp
et al., 2011, 2017b). Proposed mechanisms for multi-centennial
RSL changes across this period (and throughout the Late Holo-
cene) include steric effects (e.g., Gehrels et al., 2006) and changes in
the strength of North Atlantic circulation (e.g., Kemp et al., 2015,
2017a). Disparities between the onsets and magnitudes of RSL
phases along the North American eastern seaboard suggest the
presence of spatio-temporal gradients of sea-level changes. These
may be synonymous with patterns of change driven by AMOC
variations. Acceleration in AMOC strength would cause RSL fall
along the east coast of North America (Bingham and Hughes, 2009).
However, this signal is most pronounced around Cape Hatteras
(~35�N) and diminishes northward (Ezer, 2013), suggesting that the
mechanism may not explain such sustained reductions in rates of
RSL rise seen throughout the western North Atlantic. Indeed,
persistent high-pressure atmospheric systems, increased sea-ice
cover (Lehner et al., 2013) and freshening of the high-latitude
North Atlantic (Moffa-S�anchez et al., 2014; Alonso-Garcia et al.,
2017) were the likely cause of weakened ocean circulation during
this period (Moreno-Chamarro et al., 2017), and therefore ocean-
mass redistribution towards the North American continent.

The possible presence of a latitudinal gradient of RSL trends in
the western North Atlantic across the LIA period warrants further
attention. Southerly records from the North Atlantic reconstruct
either no (Florida; Kemp et al., 2014) or very small (North Carolina,
Kemp et al., 2011) downturns in rates of RSL rise. Further north at
New Jersey, Connecticut and New York, rates of RSL rise are
reduced, but still positive (Kemp et al., 2013, 2015, 2017a). Records
from Maritime Canada document near-flat (Gehrels, 1999) or
decreasing (Gehrels et al., 2002) RSL trends. Finally, the most
northerly sites in western Iceland (Gehrels et al., 2006; Saher et al.,
2015) and eastern Qu�ebec (this study) exhibit a disconnect between
the accumulating marsh surface and ‘normal’ intertidal conditions,
which is attributed (in this study at least) to lowered RSL. High-
pressure atmospheric systems associated with persistent arctic
air masses across the North Atlantic contributed to greater sea-level
pressures during the LIA (Lehner et al., 2013). However, such a
north-south gradient in RSL change amplitudes might also point to
a polar-ice mechanism that caused greater RSL fall in northerly
locations and reduced RSL fall at southerly locations within the
North Atlantic. The global sea-level fingerprint associated with ice-
melt from Antarctica (Mitrovica et al., 2001) suggests that south-
ern- (Antarctic), rather than northern- (Greenland), hemisphere
ice-dynamics would be the more likely driver if this was the case.
An exploration of this hypothesis, however, would need to recon-
cile: i) disparities in the onsets and durations of RSL phases across
the LIA from the different records; ii) the apparent absence of a RSL
downturn during the LIA in the eastern North Atlantic, as demon-
strated by two RSL records from Scotland (Barlow et al., 2014), and;
iii) the fingerprints and role of alternative sea-level mechanisms
(e.g., Greenland and glacier ice-storage, steric and dynamic ocean
processes) that also operate across the period.

5.3. Internal RSL variability

Short-term internal variability within the record from Saint-
Sim�eon contributes up to an additional 0.61± 0.46mm yr�1 to the
secular RSL trend prior to 1800 CE (Fig. 10d). Higher amplitude
variability is apparent prior to 1000 CE and after 1700 CE. Local
scale dynamics, such as sediment delivery, vegetation growth, or
even ecological noise from the modern-analogue reconstruction
process may explain short-lived accelerations in accretion rates at
the marsh surface, which would be reconstructed as temporary
inflexions in the rates of RSL rise. However, multidecadal to
centennial variability is recognised in RSL reconstructions from the
western North Atlantic and may also be explained by ocean-
atmosphere dynamics (e.g., Saher et al., 2015; Kemp et al., 2018).
Reconstructions and climate indices of the NAO (Trouet et al., 2009;
Ortega et al., 2015), AMO (Wang et al., 2017) and ocean circulation
(Rahmstorf et al., 2015) rarely extend beyond the past millennium.
Comparisons with our sea-level reconstruction are therefore
partially hindered, especially with the data hiatus across the LIA.
However, all three mechanisms display multidecadal to
multicentennial-phase periods and share teleconnections that in-
fluence sea level in the western North Atlantic (e.g., Trouet et al.,
2012; Sallenger et al., 2012). Phases of NAO influence ocean gyre
and circulation strength via wind stress (Marshall et al., 2001;
McCarthy et al., 2015), which in turn affects ocean heat distribution
in the North Atlantic (Delworth and Mann, 2000; McCarthy et al.,
2015), realised as the multidecadal evolution of the AMO (Enfield
et al., 2001; Wang et al., 2017). Direct correlations exist between
sea level in the western North Atlantic and the decadal to centen-
nial phases of the NAO (McCarthy et al., 2015; Woodworth et al.,
2017). The NAO is also capable of driving sea-level changes indi-
rectly via its relationship with the AMOC (Marshall et al., 2001;
Trouet et al., 2012; Delworth and Zeng, 2016). Weakening of AMOC
transport in the western North Atlantic reduces the baroclinic
gradient between the centre andwestern edge of the North Atlantic
gyre, redistributing ocean mass towards the east coast of North
America (Bingham and Hughes, 2009; Ezer, 2013). This signal is also
expected to transmit to within the Gulf of St. Lawrence (Bingham
and Hughes, 2009).

Over the course of the reconstruction following the LIA, a
gradual RSL acceleration is apparent throughout the 19th century
(Fig. 12) that potentially coincides with the onset of AMOC
weakening (Rahmstorf et al., 2015, Fig. 12f). Reduced AMOC can
follow negative NAO (which is maybe apparent around 1750 CE;
Fig. 12d) as a response to the teleconnections outlined above.
However, North Atlantic freshening from land-based ice melt
(B€oning et al., 2016; Yang et al., 2016) and sea-ice decline (S�evellec
et al., 2017) is also a valid mechanism that may weaken ocean
circulation and cause ocean mass redistribution towards the
North American continent. The observed RSL acceleration also



Fig. 12. Sea-level changes and climate indices following the Little Ice Age. Rates of
change for the (a) secular trend and (b) estimate of internal variability at Saint-Sim�eon
after 1600 CE. (c) Reconstruction of Northern Hemisphere temperature anomalies
(±2s) (after Mann et al., 2008); the disappearance of uncertainty estimates reflects the
transition from reconstructed to instrumentally recorded temperatures. (d) Ensemble
(±2s) (after Ortega et al., 2015) and (e) bi-proxy (after Trouet et al., 2009) re-
constructions of the North Atlantic Oscillation showing phase trends about recon-
struction means. (f) Temperature-based reconstruction (±2s) of the Atlantic
Meridional Overturning Circulation (after Rahmstorf et al., 2015). (g) Ensemble
reconstruction (±2s) of Atlantic Multidecadal Variability (after Wang et al., 2017),
which is used here to demonstrate phase periods of the Atlantic Multidecadal
Oscillation.

R.L. Barnett et al. / Quaternary Science Reviews 203 (2019) 151e169 165
coincides with increasing contributions from glaciers to global
mean sea-level rise (Leclercq et al., 2011), although difficulties
remain in defining glacier mass balance prior to 1900 CE (e.g.,
Marzeion et al., 2015; Zemp et al., 2015). A multidecadal RSL
deceleration occurs over 1900 CE and follows a temporary positive
phase in NAO indices (Fig. 12d and e). Correlations between NAO
phase and North Atlantic sea-level changes are already well evi-
denced from tide gauge data and salt-marsh-based sea-level re-
constructions (Saher et al., 2015; Woodworth et al., 2017).
However, this feature is short-lived prior to sustained RSL accel-
eration after 1950 CE, which coincides with Northern Hemisphere
(Fig. 12c; Mann et al., 2008) and North Atlantic (Fig. 12g; Wang
et al., 2017) warming, AMOC deterioration (Fig. 12f) and weak-
ened NAO (Fig. 12d and e).

Despite possible correlations between RSL trends and ocean-
atmosphere processes, distinguishing causative mechanisms re-
mains a challenge. Sea-level changes in this region of study appear
to contain multiple phases of acceleration following the LIA, which
may contrast with existing records from the western North Atlantic
that highlight a single acceleration occurring towards the end of the
19th century (Kemp et al., 2015, 2017a,b and references within) or
later during the beginning of the 20th century (Gehrels and
Woodworth, 2013). There is a need for tighter constraints on the
mass flux between the oceans and the cryosphere following the
LIA, which will support further comparisons between mechanisms
that drive ocean volume changes versus those that redistribute
ocean mass. The timings and potential sea-level equivalent con-
tributions of the relevant mechanisms will be key in determining
the impacts that regional processes have had in the build up to
unprecedented 21st century sea-level rise and for better con-
straining estimates of future sea-level rise.
6. Conclusions

Salt-marsh foraminifera have been used to reconstruct a relative
sea-level history at Saint-Sim�eon (eastern Qu�ebec) for the
past ~ threemillennia. Basal, marine-limiting sea-level index points
indicate that RSL rose from �3m to �1.5m relative to present day
between �1000 and 500 yrs CE. Between 500 CE and present day,
RSL rose at a mean secular rate of 0.93± 1.25mm yr�1. Negative
vertical land motion is a significant contributor to this secular rate
of rise for the past ~1500 years. However, modern day velocity
measurements for the region (e.g., Peltier et al., 2015) still over-
predict the rate of land subsidence in the Baie des Chaleurs (this
study) and elsewhere in the Gulf of St. Lawrence (Barnett et al.,
2017a). Sediment compaction also contributed a long-term
geophysical signal to the secular trend, which has been accounted
for in this study by using a geotechnical model to estimate post-
depositional lowering of the sediments used to reconstruct sea
level. The rate of secular RSL rise is not uniform over the studied
period and higher than average rates of rise occurred between 500
and 800 CE and after 1900 CE. A data hiatus also occurs in the re-
cord between ~1350 and 1650 CE, which coincides with the timing
of the LIA. This data hiatus is attributed to a lowered RSL creating a
disconnect between the accumulating marsh surface and tidal
inundation. Sea-level records from the northwestern North Atlantic
(Gehrels, 1999; Gehrels et al., 2002, 2006; Kemp et al., 2013, 2015,
2017a; Saher et al., 2015; this study) indicate that a lowered RSL
during the LIA might point to an ice-loaded Antarctica for this
period, although distinguishing between this and concomitant
signals from, e.g., Greenland and glacier ice masses remains a
challenge. An estimate of the internal structure within the secular
residuals of the 1500 year RSL record indicates that short-term,
higher-frequency variability can contribute additional RSL rise on
the order of ~0.5e2mm yr�1 over multidecadal to centennial
scales. This variability shares frequencies with climate indices such
as the NAO and AMV and phases of ocean circulation (AMOC).
Positive attribution of ocean-atmosphere sea-level drivers and
variable RSL rates in the western North Atlantic remains an
important research undertaking for the near future.
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estuaire du Saint-Laurent, Qu�ebec. G�eogr. Phys. Quaternaire 50 (1), 57e72.

Dionne, J.-C., 1997. Nouvelles donn�ees sur la transgression Laurentienne, côte sud
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