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Constructional sedimentary features can provide insight into past changes in relative sea-level (RSL) in regions
where traditional bio-stratigraphic markers are absent. The paraglacial beach-ridge plain at Miquelon-
Langlade, located 50 km south of Newfoundland, is an example of a well-preserved regressive barrier. Initiation
of this plain correlates with a decrease in the rate of RSL rise (from +4.4 mm/yr to ~1.3 mm/yr) at around
3000 years ago. It developed under conditions of normal regression during a period of slow RSL rise (b1.3
mm/yr). The barrier is composed of two oppositely prograding mixed sand-and-gravel beach-ridge systems,
which evolved contemporaneously along two open coasts. The growth of these features reflects high rates of
sediment influx that was sourced from the erosion of proximal glacigenic sediment (moraines) and reworked
alongshore and across-shore by wave action. The combination of stratigraphic (ground-penetrating radar and
sediment cores), topographic (RTK-GPS) and chronologic (optically stimulated luminescence, OSL) data provide
a detailed understanding of the constructional history of the plain. The well-defined contact between coarse-
grained, wave-built facies and overlying aeolian deposits is used to demonstrate the dominant influences of
RSL change in the development of the barrier system and produce a RSL curve over the period of its formation.
A net increase of 2.4 m in the surface elevation of wave-built facies is observed across the plain, corresponding
to the increase in mean sea-level during its formation. Coupled with OSL dates, trends in elevation of the
wave-built facies across the plain are used to reconstruct the relative sea-level history during this period. Ac-
knowledging the uncertainties inherent in the method applied in this study, three distinct periods of sea-level
rise can be distinguished: (1) an increase from 2.4 to 1 m below modern MSL between 2400 and 1500 years
(average rate of +1.3 mm/yr); (2) relatively stable or slowly rising RSL (b+0.2 mm/yr) from 1400 to 700
years; and (3) a rise of ca. 0.7 m during the past 700 years (+1.1 mm/yr). This study not only produces the
first RSL reconstruction for the Saint-Pierre-et-Miquelon archipelago but also provides: (i) additional details of
RSL changes in a region exhibiting great spatial variations in RSL histories (Newfoundland); (ii) field confirma-
tion that wave-built/aeolian stratigraphic contacts in beach ridges can provide a powerful tool for sea-level
reconstructions inmixed clastic systems; and (iii) evidence that sediment influxes can outpace the rate of accom-
modation creation producing a broad, progradational coastal system.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Knowledge of past relative sea-level (RSL) changes is crucial for
understanding drivers of past coastal evolution and possible impacts
of future, climate-change-driven RSL changes on coastal systems.
Regressive barriers and beach-ridge systems, prograding coastal
features formed when sediment accumulation rates exceed creation of
accommodation (vertical space available for sediment) by RSL changes
(Galloway and Hobday, 1983; Davis and FitzGerald, 2004; Bristow and
Pucillo, 2006; Timmons et al., 2010), and have the potential to record
s.robin@univ-perp.fr (N. Robin).
past coastal responses to environmental change (Stapor, 1975; Otvos,
2000; Guedes et al., 2011; Tamura, 2012). For example, regressive coast-
al systems have been used to provide insight into Holocene RSL changes
(e.g., vanHeteren et al., 2000; Rodriguez andMeyer, 2006; Clemmensen
et al., 2012; Hede et al., 2013; Hein et al., 2013), changes in sediment
supply (e.g., FitzGerald et al., 1992; Brooke et al., 2008; Sanjaume and
Tolgensbakk, 2009), climatic changes (e.g., Goy et al., 2003; Allard
et al., 2008; Nott et al., 2009) and variations in wave regimes
(e.g., Dominguez et al., 1987; Goodwin et al., 2006; Rodriguez and
Meyer, 2006).

Beach ridges are relict, semi-parallel wave-built featureswith highly
variable sediment compositions (sand to pebble), and are commonly
overlain by aeolian deposits (Otvos, 2000; Hesp et al., 2005). The
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topography of sandy beach ridges is controlled mainly by wave swash
excursions during fair-weather conditions, whereas gravel ridge eleva-
tions are a function of wave height and surge elevation during storms
(e.g., Taylor and Stone, 1996; Tamura, 2012). Assessment of the internal
architecture, topography and chronology of individual beach ridges, or
beach-ridge sets, is essential to decipher their formation history,
estimate their progradation rates, and use this information to provide
evidence of paleo-sea-level elevations. Most studies of beach-ridge
systems have involved sandy systems (e.g., Anthony, 1995; Bristow
and Pucillo, 2006; Tamura et al., 2008) or mixed sand and pebble
systems (e.g., Schellmann and Radtke, 2010; Clemmensen et al., 2012;
Hede et al., 2013), which formed during forced regressions where indi-
vidual ridges were preserved onshore as RSL fell and the shoreline
prograded. In comparison, few studies have focused on the evolution
of coarse beach-ridge systems formed in a regime of RSL rise; notable
exceptions include the studies of FitzGerald et al. (1992), Isla and
Bujalesky (2000), Engels and Roberts (2005) and Plater et al. (2009).
Nonetheless, gravel beach-ridge systems are common across the
globe, having been identified in Argentina (Isla and Bujalesky, 2000),
Antarctica (Lindhorst and Schutter, 2014), the Gulf of Saint-Lawrence,
including along southern Newfoundland (Daly et al., 2007; Billy et al.,
2014), and British Columbia (Engels and Roberts, 2005), among others.
Studies of the formation and evolution of beach-ridge systems formed
under conditions of both forced regression (RSL fall) and normal regres-
sion (stable or risingRSL) are necessary to fully understand the diversity
of evolutionary models for, and potential paleo-environmental records
contained within, beach-ridge plains.

In addition to the insights provided from studies of beach-ridge
system formation in response to RSL change, these beach-ridge systems
themselves can provide valuable paleo-sea-level information. Several
features of beach-ridge plains have been investigated for their potential
use in sea-level reconstructions, including their elevation andmorphol-
ogy (Tanner and Stapor, 1971; Goy et al., 2003; Clemmensen and
Nielsen, 2010), the internal architecture of the foreshore/upper
shoreface interface (Tamura et al., 2008; Nielsen and Clemmensen,
2009; Hede et al., 2013), or the interface between wave-built facies
and overlying aeolian deposits (van Heteren et al., 2000; Rodriguez
and Meyer, 2006). Rodriguez and Meyer (2006) and Hede et al.
(2013) highlight that optimal sea-level markers require high preserva-
tion potential (protection again erosion or modification after deposi-
tion) and coincide with areas of high deposition rates and prograding
shorelines. Although the choice and relevance of these markers are
subject of debate, during the past decade, the elevation of the
foreshore/upper shoreface interface as a marker of paleo-sea-level
elevation has been used with broad success (Tamura et al., 2008;
Nielsen and Clemmensen, 2009). However, this type of interface is
limited in application, because it may be difficult to determine this
horizon in the sedimentologic record. Likewise, RSL reconstructions
based on the interface between wave-built facies and overlying aeolian
deposits are tenuous as well (Thompson, 1992; Otvos, 1999, 2000;
Tamura, 2012). Indeed, the interface between the two facies is often
unrecognizable due to relatively homogeneous sediment textures or
the structures of deposits themselves (Otvos, 1999, 2000). By contrast,
mixed sand-and-gravel beach ridges provide amore easily recognizable
interface between coarsewave-built facies (as relict berms) and aeolian
sand deposits, and therefore are a more appropriate target for paleo-
sea-level reconstructions than their sandy counterparts. Despite the
advantage of coarse systems, the potential of this paleo-sea-level
marker is not yet proved in sand/gravel systems.

Our study uses the contact between mixed sand-and-pebble wave-
built deposits and overlying aeolian sand or peat deposits on the
beach-ridge plain of the Miquelon-Langlade Barrier (northwest
Atlantic) to investigate RSL trends of this region. Real-Time Kinematic
(RTK) GPS topographic surveys, ground-penetrating radar (GPR),
sediment cores, and optically stimulated luminescence (OSL) dating
are used to examine, in detail, the plain and its evolution over the last
3000 years. Delineation of the interface between wave-built facies and
overlying aeolian deposits relies on an exhaustive study of this beach-
ridge plain by Billy et al. (2014), which produced a detailed model of
ridge morphology and internal architecture of these features. The goal
of this study is to combine chronology with detailed topographic and
stratigraphic data to examine the potential of this marker on the
Miquelon-Langlade mixed beach-ridge systems to record and preserve
paleo-sea-level information, and secondly to develop the first RSL
reconstruction for this site, which is located in a region exhibiting
great spatial variations in RSL histories (Newfoundland). Finally, the
late Holocene sea-level curve of the archipelago is compared regionally,
and related to the development of the plain.

2. Study area

The Saint-Pierre-et-Miquelon Archipelago (France) is located 50 km
south of Newfoundland, Canada (Fig. 1). The formation, evolution, and
rate of sediment delivery to the Miquelon-Langlade Barrier are related
to the reworking of glacial deposits of the last glacial period by subse-
quent RSL rise (Robin, 2007; Billy et al., 2014). At Newfoundland,
numerical models predicted zones of post-glacial RSL changes ranging
from a zone of continuous emergence (Type A RSL changes; Fig. 2A) to
the north, to a zone initially emergent then subsiding (Type B RSL
changes; Fig. 2A) elsewhere (after Quinlan and Beaumont, 1981). Dif-
ferences are related to long-term glacio-isostatic adjustment. Indeed,
following ice retreat in southwest Newfoundland (13–12 ka; Shaw
et al., 2006), four major periods of RSL variation are distinguished at
Saint George's Bay (Fig. 2): 1) a period of rapid crustal rebound and
falling RSL (+40 to −25 m) at 13.7–10.5 ka; 2) a period of relative
stability at ca. −25 m between 10.5 and 8.0 ka; 3) a period of RSL rise
between −25 and −3 m at 8.0–3.0 ka; and 4) slow RSL rise during
the last 3000 years (Brookes and Stevens, 1985; Forbes et al., 1993; in
Forbes and Syvitski, 1994; Shaw et al., 1997; Bell et al., 2003; Daly
et al., 2007). During ice retreat, a large volume of sediment (till and
outwash) was deposited on the shelf and in the coastal zone in the
region of Newfoundland (Fig. 3). For the past several thousand years,
coastal processes have reworked these sediments, forming sand-and-
gravel barriers, beaches, spits and beach-ridge systems around the
Saint-Pierre-et-Miquelon archipelago. The shoreface proximal to
the Miquelon-Langlade Barrier is composed of bedrock or glaciogenic
and/or paraglacial (derived from the reworking of primarily glacial
deposits) gravel (granules to cobbles) and sand, which is more
abundant along the eastern side of the barrier (Fig. 3).

The microtidal regime along the archipelago is semi-diurnal with a
mean range of 1.4 m at Saint-Pierre. The wave climate is dominated
by regular, high-energy Atlantic swell from the west to south, with
deep water mean significant and maximum wave heights of 4–5 m
and 8.4 m, respectively (based on data from CANDHIS [Centre
d'Archivage National de Données de Houle In Situ, http://candhis.
cetmef.developpement-durable.gouv.fr]). The dominant wind and
wave regime are controlled by extra-tropical cyclonic systems traveling
from the eastern United States across the Atlantic toward northern
Europe. These storm systems coupledwith the expansive southwesterly
fetch produce relatively high wave energy along the western shore of
the barrier; the eastern shore is largely protected by nearby Newfound-
land (Robin, 2007; Billy, 2014). Since the middle of the 20th century,
RSL in south Newfoundland has been rising at a rate of +2.5 mm/yr
(based on data from PSMSL [Permanent Service for Mean Sea Level,
http://www.psmsl.org/data/]) due to the combined effects of rising
global sea level and regional crustal subsidence (Peltier, 2004;
Koohzare et al., 2008). The Miquelon-Langlade Barrier is a 12 km-long,
50–2500 m-wide, Y-shaped isthmus with a dominant north–south
orientation (Fig. 1B). Longshore sediment transport is toward the center
of the barrier on both sides, converging in the narrow central region
(Fig. 3) (Robin, 2007). The northwestern section of the barrier consists
of a narrow (50–200 m wide) and a relatively high (up to 15–20 m)
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Fig. 1. A. and B. Location map of the Saint-Pierre-et-Miquelon Archipelago and beach-ridge plain. C. Digital elevation model (DEM) of the plain and showing the planform delineation
(gray dash line) of beach-ridge units UA–UF (Billy et al., 2014) that compose two, oppositely prograding beach-ridge systems SW and SE. D. Topographic profiles (TP) across westward-
(UB and UD) and eastward- (UA, UC, UF) prograding beach-ridge systems. OSL: optically stimulated luminescence; amsl: above mean sea level.
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dune system, called ‘Les Buttereaux’ (Billy et al., 2013). The northeastern
section of the barrier is composed of a sandy, southward trending re-
curved spit that terminates at its southern end at an active tidal inlet.
The inlet, which connects the coastal ocean to the 12 km2 Grand
Barachois Lagoon, is backed by a well-developed flood-tidal delta and
fronted by a smaller ebb-tidal delta (Fig. 1C).

This study focuses on a well-developed beach-ridge plain covering
an area of 5 km2 south of the lagoon. The beach-ridge plain is composed
of mixed coarse sand and pebbles, which are commonly covered by
aeolian sand. Their elevations range from b1.0 to 5.0 m above mean
sea level (amsl; Fig. 1C, Billy et al. (2014)); locally these can reach a
maximum elevation of 7.0–10.5 m amsl. The beach-ridge plain is
fronted by a modern foredune ridge and berm system. The plain made
up of two distinct opposing beach-ridge systems consisting of six
major beach-ridge sets (Fig. 1C, UA–UF, Billy et al. (2014)). Four ridge
sets (UA, UC, UE and UF) with concave shapes define the eastward-
prograding system (SE) and have a combined area of 3.8 km2. Two
ridge sets (UB and UD), both with linear planform shapes, define the
south-westward-prograding system (SW), and have a combined area
of 1.1 km2.



Fig. 2.A. Simplified trends of relative sea-level in theGulf of Saint Laurence (after Grant, 1989; Scott et al., 1989; Dyke et al., 1991; Forbes et al., 1991; Forbes and Syvitski, 1994; Shaw et al.,
2009), type A curves are entirely emergent and type B curves are initially emergent then subsiding. B. Relative sea-level curves since the ice retreat at Saint George's Bay, Newfoundland
(modified from Bell et al., 2003). MHW: mean high water.

137J. Billy et al. / Geomorphology 248 (2015) 134–146
3. Methods

Investigation of the late Holocene RSL changes recorded in the
Miquelon-Langlade beach-ridge plain incorporates topographic data
(Fig. 1C), ortho-photographs, and GPR profiles (Fig. 4). Chronology is
determined from optically stimulated luminescence (OSL) dating of
beach-ridge and aeolian sediments (Table 1).
Fig. 3. Map of the Miquelon-Langlade Barrier and nearshore areas showing the distribu-
tion of sand and hard bottom in the nearshore zone, and the onshore extent of ground
moraine till covering subaerial portions of the bedrock-cored island.White areas are unde-
fined. Arrows denote dominant longshore sediment transport directions.
Modified from: Robin (2007); Billy et al. (2013); Robin et al. (2013) and Goulletquer et al.
(2011).
3.1. Coastal topographic data

Beach-ridge crests were mapped using 0.5-m resolution ortho-
photographs available from the Institut Géographique National (© IGN,
2005). A dense grid of topographic data was surveyed across and
along the beach-ridge plain using a Magellan-Ashtech real-time kine-
matic (RTK) GPS (1-m intervals, 5-cm accuracy (XYZ); elevation data
referenced to MSL). A digital elevation model (DEM) was created from
these data through interpolation using both topographic data and
orthophoto mapping (pond area, crest locations). A 5-m square-
elementary-cell-size topographic DEM was created in ArcGIS v.9.3
through natural-neighbor interpolation (Fig. 1C). These same topo-
graphic profiles (Fig. 1D) and DEMs were used to identify topographic
variations (height, amplitude and spacing) and to delineate beach-
ridge sets (Billy et al., 2014).
3.2. Ground-penetrating radar (GPR) data

Ground-penetrating radar (GPR) is a non-invasive geophysical im-
aging technique based on the propagation and reflection of transmitted
electromagnetic pulses (Neal, 2004; Cassidy, 2009). It can provide a
very detailed and continuous view of the subsurface by imaging the
internal structures and relative positioning of sedimentary deposits
(e.g., van Heteren et al., 1998; Neal et al., 2003; Engels and Roberts,
2005; Timmons et al., 2010;Weill et al., 2012). GPR data were acquired
using a GSSI SIR-2000 system with a 200 MHz antenna, and a Mala
Professional Explorer (ProEx) with a series of three antennae with
center frequencies of 100, 250 and 500 MHz. GPR antennas were
coupled with a survey wheel and the Magellan-Ashtech RTK-GPS to
geo-locate and record the topographic surface, providing for geo-
positioning at centimeter-scale accuracy in three dimensions. GPR
sectionswere collected along shore-parallel and shore-normal transects
(Fig. 4). Data were processed (time-zero drift, background removal,
band-pass filtering and amplitude correction) using RadExplorer v.1.4,
and digitally topographically corrected using RTK-GPS data. GPR
profiles were interpreted following principles of radar stratigraphy
described by Neal (2004). A series of sediment cores (hand augers
and vibracores) collected across the plain were used to ground-truth
radargram processing and interpretations. Sedimentary facies captured
by these cores, as well as the internal architecture patterns of the beach
ridges observed in radar profiles, are described in detail by Billy et al.
(2014). In this study, we focus specifically on the litho-stratigraphic



Fig. 4. Raw (top) and interpreted (bottom) GPR profile across a west–east section through beach-ridge units UB, UA, UC and UF (GPR profiles 735-736-737, acquired with a 100 MHz
antenna; profiles are located on Fig. 4).Wave-built facies (mixed sand-and-pebbles, in gray) are covered either by peat or aeolian sand (grain size mode: 0.2 mm) deposits (Uz, in white).
Modified from Billy et al. (2014).
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boundary between wave-built coarse-grained facies and the overlying
aeolian sand units.

3.3. Optically stimulated luminescence (OSL) dating

Optically stimulated luminescence (OSL) dates the last time clastic
sediments were exposed to light, which allows inference of their age
corresponding to their time of burial. Samples for OSL dating were
collected by inserting opaque PVC tubes horizontally into either the
Table 1
Optically stimulated luminescence ages (in years), concentration of natural radionuclides (U, Th
Miquelon-Langlade beach-ridge plain. Note that units UA/Z, UB/Z, UC/Z, and UE/Z are aeolian dep

Code Unit 238U (ppm) 232Th (ppm) 40K (%)

Billy et al. (2014) OSL-1 UA 1.44 ± 0.12 5.51 ± 0.07 1.33 ± 0.0
OSL-2 UB/Z 1.41 ± 0.16 4.86 ± 0.07 1.37 ± 0.0
OSL-3 UA/Z 1.02 ± 0.13 4.92 ± 0.07 1.45 ± 0.0
OSL-4 UC 1.16 ± 0.15 4.99 ± 0.07 1.35 ± 0.0
OSL-5 UC/Z 1.54 ± 0.16 4.95 ± 0.08 1.39 ± 0.0
OSL-6 UF 1.10 ± 0.21 5.58 ± 0.10 1.40 ± 0.0
OSL-7 UD 1.23 ± 0.12 5.88 ± 0.08 1.44 ± 0.0

New OSL ages OSL-8 UB/Z 0.87 ± 0.12 4.30 ± 0.06 1.53 ± 0.0
OSL-9 UA/Z 1.12 ± 0.13 4.60 ± 0.06 1.41 ± 0.0
OSL-10 UC/Z 1.23 ± 0.12 4.62 ± 0.06 1.38 ± 0.0
OSL-11 UC 0.96 ± 0.22 4.91 ± 0.09 1.39 ± 0.0
OSL-12 UF 1.10 ± 0.16 4.97 ± 0.07 1.35 ± 0.0
OSL-13 UE/Z 1.24 ± 0.16 5.14 ± 0.07 1.44 ± 0.0
base of aeolian ridges or the beach ridges themselves via shallow
trenching, 0.3–0.6 m below the modern soil horizon. Ends of tubes
were capped to ensure no light penetration. OSL sampleswere analyzed
at Victoria University of Wellington (New Zealand) under subdued
red light to avoid any depletion of the natural OSL signal. Quartz sepa-
rates were prepared by treating 125–200 μm diameter grains with
10% HCL, 10% H2O2, 48% HF for 45 min, and subsequent density separa-
tion with lithium heteropolytungstate solution (density 2.62 g/cm3 to
separate feldspar from quartz to heavy minerals, and 2.75 g/cm3 to
andK), equivalent dose (De), dose-rate, depth of sample and corresponding unitwithin the
osits overtopping individual beach ridges.

De (Gy) Dose rate (Gy/ka) Depth (m) Luminescence age (a)

3 4.72 ± 3.37 1.98 ± 0.09 0.30 2400 ± 500
3 2.55 ± 1.08 1.91 ± 0.08 0.30 1340 ± 240
3 1.23 ± 0.16 2.10 ± 0.07 0.53 590 ± 80
3 2.61 ± 0.97 1.81 ± 0.09 0.40 1440 ± 220
3 0.84 ± 0.12 2.12 ± 0.07 0.50 400 ± 60
3 1.08 ± 0.39 2.14 ± 0.07 0.37 500 ± 180
3 1.67 ± 0.36 2.33 ± 0.06 0.43 720 ± 160
3 2.0 ± 0.27 2.08 ± 0.08 0.43 960 ± 140
3 1.70 ± 0.88 1.91 ± 0.03 0.30 890 ± 130
3 1.42 ± 0.20 2.06 ± 0.07 0.53 690 ± 100
3 2.56 ± 1.32 1.90 ± 0.09 0.30 1350 ± 240
3 1.10 ± 0.72 1.94 ± 0.08 0.35 570 ± 100
3 0.86 ± 0.14 2.20 ± 0.06 0.30 390 ± 90



Fig. 5. Overall progradation pattern of the beach-ridge plain, showing estimated progradation rates of each A) eastward (continuous (Scenario 1) and variable (Scenario 2) progradation
rates with time) and B) westward (UD only) prograding units. Each square represents a single beach ridge. Vertical bars correspond to OSL dates with their error margin for wave-built
facies (in color) and aeolian sand deposits (oblique gray lines). Gray envelopes correspond to likely ranges in shoreline positions at any given time.

Fig. 6. Cross section of the eastward-prograding system SE across units UA, UC and UF

showing: (1) the interface between the upper foreshore and aeolian deposits (gray bold
line); (2) the maximum elevation of wave-built deposits for each ridge (thin gray line
with dark points), which is subtracted from Damsl in order to reconstruct (3) relative
sea-level trends coeval with ridge formation (dark bold line). Dated ridges are noted by
small dark circles. The gray area corresponds to the elevation uncertainty of ±0.40 m in
the elevation.
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separate quartz from heavy minerals). Quartz aliquots were prepared
on stainless steel discs (1 cm diameter) using silicon oil. OSL measure-
ments were carried out with an automated Risø TL-DA reader equipped
with an array of blue (470 nm) light-emitting diodes (LEDs). Detection
of ultraviolet (UV) emissions was made using a bialkali EMI 9235QA
photomultiplier tube fitted with a 7 mm-thick Hoya U-340 filter.
Samples were irradiated with 90Sr/90Y beta source. The Single Aliquot
Regenerative (SAR) dose procedure was applied as described by
Murray and Wintle (2000) and Wintle and Murray (2006). Preheat
and cut heat temperature was 240 °C for 10 s. The equivalent dose of
each sample was calculated as the arithmetic mean of 24 quartz
aliquots. The concentrations of 238U, 232Th and 40K used for dose rate
estimation were determined by gamma-spectrometry. The cosmic
dose rate was calculated as described by Prescott and Hutton (1994).
Equivalent dose (De), dose rates, concentration of natural radionuclides
(U, Th andK), depth of samples andOSL ages, are listed for each samples
in Table 1 (Fig. 5). Chronology relies on thirteen OSL samples, including
six new OSL ages (OSL-8–OSL-13; Table 1).

3.4. Paleo-sea-level indicators

The interface between wave-built facies and overlying aeolian
deposits has been used to derive paleo-sea-level information by a
number of prior studies including those of van Heteren et al. (2000)
and Rodriguez and Meyer (2006). This same method is applied here.
Billy et al. (2014) highlight the control ofmulti-decadal wave swash ex-
cursions up the beachface during constructive wave conditions along
with the elevation ofmean sea level (MSL) in determining the elevation
of wave-built facies of the Miquelon-Langlade beach-ridge plain. The
upper foreshore (beachface) boundary of these facies (LZ, the limit
between coarse wave-built facies and either and aeolian facies or



Table 2
Synthesis of beach-ridge geomorphologic characteristics (*: mean value, representative of
the unit).
Modified from Billy et al., 2014.

System Wideness Ridge Surface
elevation

Swale-crest
amplitude

Unit (m) Number Spacing (m) (m, amsl) (m)

SE UA 650–310 12 35–45 0.95–2.30 −≤1
UC 420⁎ 9 South: 35–45 N

North: 55
1.5–5 −≤1.5; head

members ≥ 2
UE 150–440 9 35–45 0.95–3 −≤1
UF 280 6 45⁎ 2–7.3 −≤1.5

SW UB 250–420 ~10 30–35 1–1.8 −≤1
UD 250–450 8 North: 25 N

South: 50
1.7–4.6 −≤1.5
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peat) reflects the upper limit of wave processes during the period of
beach-ridge formation. This boundary (broadly flat and not irregular)
is easily recognizable along shore-normal GPR sections proximal to
themodern shore and in auger cores by the sharp change in sedimenta-
ry textures (Fig. 4). Following this, it is assumed that over multiple
decades, the sum of wave processes that built beach ridges are broadly
similar from one ridge to another, and changes in themapped elevation
between wave- and wind-built facies primarily reflect changes in MSL.
This study identified that for recent beach ridges, LZ is at an average
elevation of 3.5 ± 0.2 m and 3.1 ± 0.2 m amsl for beach-ridge units
UD (SW) and UF (SE, Fig. 4), respectively: these values correspond to
the upper boundary of wave-built deposits above mean sea level,
a term defined here as Damsl. These elevations, representative of the
SW and SE systems, respectively, are reflected in the beach ridges
themselves. For each beach ridge, the maximum height of wave-built
deposits, as measured from RTK-GPS (5 cm accuracy) and GPR data
(0.15 cm resolution for the lower resolution 100MHz frequency anten-
na), is subtracted from the constant Damsl to obtain an estimated MSL
elevation coeval with ridge formation (Fig. 6). This value could evolve
over time in response to a number of factors (e.g., long-term changes
in wave energy), but no evidence for such shifts exists for this site.
Any additional vertical error incurred from the assumption that Damsl

has remained constant over time is an inevitable and well-recognized
(cf., van Heteren et al., 2000; Goy et al., 2003; Clemmensen and
Nielsen, 2010) compromise in the use of beach-ridge elevations as
paleo-sea-level indicators. To this end, vertical errors are estimated at
±0.4 m (Δ Damsl + Δ interface). Using ridge ages provided by OSL
dating, we then estimate changes in MSL elevation over the period of
formation of the beach-ridge plain (Figs. 6, 7). We recognize and
account for the limits of this methodology, which is developed in the
discussion.
4. Results

4.1. Beach-ridge features

The concave, eastward-prograding beach-ridge system (SE) is
subdivided into four sets UA, UC, UE, and UF (Fig. 1) composed of twelve,
nine, nine and six beach ridges (Table 2), respectively (Billy et al., 2014).
The southwestward-prograding beach-ridge system (SW) is subdivided
into two subsets, UB and UD (Fig. 1), composed of ten and eight beach
ridges, respectively (Table 2). UD has fan-shaped pattern, converging
northward at an attachment point and oriented between 154 (oldest
crest) and 167 (youngest crest) compass degrees. The two southern
Fig. 7. Relative sea-level tends from south Newfoundland at Placentia (Daly et al., 2007)
and Port-au-Port Peninsula (Brookes and Stevens, 1985; Wright and Van de Plassche,
2001; Daly et al., 2007); modified from Daly et al. (2007). Dark triangles represent
estimated mean paleo-sea-levels at locations of OSL dates at SPM. Red dash line is the
proposed RSL curve for Miquelon-Langlade Barrier. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
units, UD and UE, are truncated along their southeast side by modern
shoreline erosion. The modern beach of the Miquelon-Langlade Barrier
is characterized by an active foredune ridge and berm.

The topography of the Miquelon-Langlade beach-ridge plain
increases in elevation seaward, toward the modern shoreline, for both
systems SE and SW (Fig. 1C). Sets UA and UB are lower in elevation and
have smooth topography, maximum elevations of about 1–2 m amsl
and low ridge amplitudes (b1m). Along a shore-normal transect across
UA, UC and UF (Fig. 1D, TP2), topography increases significantly across
ridge sets: they have a maximum elevation of 1.5–5.0 m amsl for UC

and 2.0–7.3 m amsl for UF (Table 2). For UF, plain topography increases
northward due to the presence of a thick aeolian sand deposit
(Fig. 1D). Topographic variability is common within single beach-ridge
sets (Fig. 1, TP1), such as for UD where the mean plain elevation in-
creases from 1.7 m amsl (oldest ridge) to 4.6 m amsl (youngest ridge)
(Table 2).

Beach-ridge sets are generally separated by high ridges composed of
thick aeolian cover (Figs. 1, 4). The highest relict ridge of the plain is at
the boundary of map units UC and UF and reaches a maximum of eleva-
tion of 10.6 m amsl, which continues shore-parallel along a distance of
400 m. Northward, the contact between units UC and UF is marked by
an undulating, shore-sub-parallel boundary interpreted as an erosional
scarp, with an average height of 1.5 m, and fronted by semi-circular
ponds (Fig. 1C). Differences between beach-ridge systems (SE and SW)
in terms of their topography, orientation, and shape indicate nuances
in sedimentation forcing, such as wave energy and/or direction, and/
or rates of sediment influx between the two open coasts, that drove
the delivery of sediment for the progradation of the plain (Billy, 2014).
4.2. Description and interpretation of GPR sections

Billy et al. (2014) describe in detail a series of facies associations dis-
tinguished in radargrams from the Miquelon-Langlade beach-ridge
plain; of these, two are relevant for the investigation of RSL changes:
(1) a wave-built facies composed of a series of beach-ridge units
(UA–UF), and (2) amodern surficial aeolian or peat unit (UZ). Individual
beach ridges in the wave-built facies commonly display sigmoidal
configurations and continuous to near-continuous internal reflections
with high to moderate amplitude reflections (Fig. 4). Beach ridges
are 3.0–7.5 m thick and have seaward-dipping internal reflections
(2.3–4.7° dip-angles), with both offlap (landward) and downlap
(seaward) terminations. Across the plain, its upper boundary increases
in elevation from 0.0 to 3.5 m amsl (Figs. 4, 6) in a seaward direction
(Billy et al., 2014). The upper surficial unit (UZ; Fig. 4) is characterized
by continuous, parallel to sub-parallel internal reflections with
moderate- to high-amplitude signals. In some areas, this unit consists
of peat deposits (UZ-peat; 0.5–1.5 m thick) overlying low topographic
beach-ridge units (UA and UB), which tend to smooth their topography.
At other sites, UZ exists as prominent ridges (e.g., overlying UC and UF)
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composed of well-sorted aeolian sand deposits (UZ-sand; up to 4.5 m
thick).
4.3. Chronology

Both the beach-ridge units and singular dunes of the overlying
aeolian sand deposits were dated using OSL (Table 1). While building
on the detailed beach ridge stratigraphy and basic chronologic frame-
work described in Billy et al. (2014), this study provides improved
chronology in light of new OSL dates, and focusing on the period from
2400±500 to 390±90 years. As expected, these dates reveal generally
younger depositional ages in a seaward direction (Fig. 1C, Table 1). Such
a pattern is consistent with the beach-ridge progradational patterns
observed in the geophysical data (Table 1, Figs. 1C, 5). UA is the oldest
beach-ridge unit of the plain; OSL dates from this unit indicate that
the plain had initiated progradation prior to ca. 2400 years (OSL-1, 3rd
ridge of UA, Fig. 5). Initial building of unit UC appears to have been
penecontemporaneous with the termination of the growth of UA; the
ages of two ridges (OSL-4 and OSL-11, derived from the 5th and 8th
ridges of UC, respectively) of 1440 ± 220 and 1350 ± 240 years reflect
a long period of progradation. Additionally, beach-ridge unit UF, located
seaward of UC and UE (Fig. 1), has been prograding for at least the last
600 years. Dates derived from two samples within this unit (OSL-6:
500± 180 years; OSL-12: 570±100 years) are reversed from expected
trends, given seaward-progradational patterns, but compatiblewith the
margin of error. Finally, on the western, westward-prograding system
(SW), UD has built seaward of UB; the second ridge of this younger
system is dated at 720 ± 160 years (OSL-7; Figs. 1, 5).

Dates of aeolian sand deposits (UZ) derived from prominent ridges
provide additional insight into the development of this system. A
sample collected from UB/Z, at the northern end of UB, at its boundary
with aeolian parabolic ‘Buttereaux Dunes’ (Fig. 1C), dates to 1340 ±
240 years (OSL-2). Elsewhere, aeolian sand deposits border beach
ridges overlain by peat deposits (units UA and UB) and form a well-
defined topographic high which reaches N3 m amsl (Figs. 1, 4). Here,
samples from UA/Z (OSL-3 and OSL-9), eastern UB/Z (OSL-8), and south-
western UC/Z (OSL-10), give ages between 960± 140 to 590± 80 years
(Fig. 5). The highest ridge within the plain has an elevation of 10.5 m
amsl and is located at the boundary between UC and UF. It is composed
of 4.5 m of aeolian sand deposits (Fig. 4) and is dated at 400± 60 years
(OSL-5). Finally, deposits at the southern boundary between UE and UZ

were dated at 390 ± 90 years (OSL-13).
4.4. Beach-ridge progradation rates

The spatial extent of each of the beach-ridge units, as delineated by
Billy et al. (2014), is shown in Fig. 1C. The average progradation rate
for each of these units is based on spatial characteristics (number of
ridges and cross-shore widths of each) and OSL dates of beach ridges.
These rates are estimated for units UA, UC, UD, and UF (Table 3, Fig. 5),
but due to the limited number of dates, ages are not consistent enough
to be able to estimate progradation rates for UB and UE, or to identify
variations in rates across any one unit.
Table 3
Estimates of ridge progradation rates for beach-ridge units within the Miquelon-Langlade beac
progradation following Fig. 5).

Scenario Unit OSL samples Date range

East Sc. 1 UA UC UF OSL-1–NToday 2400 ± 500 yrs
UA UC OSL-1–NOSL-4 2400 ± 500–N1440 ± 220 yrs

Sc. 2 OSL-1–NOSL-11 2400 ± 500–N1350 ± 240 yrs
UF OSL-6–NToday 500 ± 180 yrs

West UD OSL-7–NToday 720 ± 160 yrs
4.4.1. Progradation of eastward prograding units UA, UC and UF

Progradation rates can be estimated by two methods (Table 3,
Fig. 5A): the first assumes continuous progradation of the beach-ridge
plain from the initiation of UA to the current shoreline (Scenario (Sc.)
1), and therefore an overall average rate of ridge formation (between
two crests; Sc. 2); the second accounts for potential variability in
progradation rateswith time. Assuming constant and linear progradation
with time, the overall average rate is estimated as 95 ± 20 years per
beach ridge formation, or the equivalent of 50 ± 10 m of shore
progradation per 100 years over the past 2400 years (Table 3). The
second scenario assumes non-continuous progradation and an erosional
period between the formation of UC and UF (occurring probably between
ca. 1300 and 600 years). Following this scenario, units UA and UC

prograded with an average rate of 65 ± 45 years per ridge (Fig. 5A),
equivalent to 75 ± 50 m per 100 years, which is faster than the rate
estimated for the first scenario. More recently, this progradation
rate has decreased as unit UF built out over the past ca. 600 years to
100 ± 35 years per ridge (Fig. 5A), equivalent to 30 ± 10 m of shoreline
progradation per 100 years.

4.4.2. Progradation of westward prograding unit UD

The average progradation rate of UD is estimated at about 105 ±
20 yrs per beach ridge (Table 3; Fig. 5B), equivalent to 35 ± 8 m per
100 years for a section at the center of UD. As described above, UD

is characterized by a fan-shape with ridge spacing increasing to
the south. Assuming that individual continuous ridges preservedwithin
the beach-ridge plain represent continuous paleo-shorelines, the
average progradation rate of UD increases along a north–south gradient,
from ~25m per 100 years in the north to 56m per 100 yrs in the south.

5. Discussion

5.1. Beach-ridges as indicators of past sea-levels

5.1.1. Choice of appropriate indicator
Although care must be taken in the derivation of paleo-sea-level

positions from depositional landforms due to challenges related to the
chronologies and indicative meanings of individual deposits (Donnelly
and Giosan, 2008), the potential of beach ridges to serve as markers of
Holocene sea-level change has been widely demonstrated (Rodriguez
and Meyer, 2006; Nielsen and Clemmensen, 2009; Pedersen et al.,
2011; Tamura, 2012). These studies commonly rely on the upper
shoreface/beachface facies contact in beach-ridge plains as a marker of
past sea levels. At Miquelon-Langlade, this boundary is commonly
either not recorded or sparsely recorded across the plain, even when
radar signals achieve deep penetration. Hence, a more appropriate
indicator for use in this setting is the interface between wave-built
foreshore facies and overlaying aeolian sand deposits. This contact
reflects maximum deposition as a result of multi-decadal forcings of
wave processes. Although this contact may be easily recognized in
GPR profiles or defined by comparisons of surficial and sediment-core
samples (Thompson, 1992; van Heteren et al., 2000; Rodriguez and
Meyer, 2006), there remains some debate regarding the broad applica-
bility of this method (e.g., Thompson, 1992; Otvos, 1999, 2000; Tamura,
2012). The controversy is largely centered on the lack of sedimentologic
h-ridge plain. Rates are given in years per ridge and meters per 100 years (Sc.: Scenario of

Number of ridges
between OSL samples

Progradation rate
years/ridge

Average
rate m/100 years

26 95 ± 20 50 ± 10
14 68 ± 50

�
Average rate
75 ± 50

75 ± 50
17 62 ± 40
5 100 ± 35 30 ± 10
7 105 ± 20 35 ± 8



Fig. 8. Section view of the conceptual formation of the eastward prograding system (SE) of theMiquelon-Langlade beach-ridge plain, showing the ridge topography increasing in elevation
in a seaward direction, the rise in RSL and lagoon level, the flooding of UA, and the formation of peat deposits over the last 3000 years.
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or stratigraphic evidence to distinguish the interface between thewave-
and wind-built facies within a given sand ridge. Indeed, aeolian sands
superimposed on beach-ridge deposits can originate from the beach/
foreshore; although there is some natural sorting by aeolian processes,
the proximity of the sediment source results in only minimal matura-
tion of individual sediment grains (e.g., size, shape of sand grains), and
potentially not enough to distinguish them sedimentologically from
underlying wave-built facies (Otvos, 1999, 2000). This complication
and source of error are avoided when applying this method in gravel
or mixed sand-and-pebbles beach-ridge systems, such as at Miquelon-
Langlade, where foreshore deposits are sedimentologically distinct
from overlying aeolian sediments, and easily distinguishable both in
geophysical surveys, and sediment cores.

An appropriate paleo-sea-level indicator needs to reflect long-term
mean sea-level. Some coarse-grained beach ridges form from a single
high-energy (storm) event (e.g., Sanjaume and Tolgensbakk, 2009;
Jahnert et al., 2012). These ridges only record wave heights in response
to that single event, rather than representing long-term average wave
conditions. In such cases, heterogeneity from one ridge to another is
more dependent on the intensity of local processes building these ridges
(intensity and temporal variability of storm surge, fetch length, wave
energy or storm duration) than on the long-term elevation of RSL. By
contrast, at the Miquelon-Langlade plain, each successive ridge is the
result of decades of wave action (between 65 to 105 years per ridge;
Table 3, Fig. 5). The height of wave-built facies thus reflects long-term
averagewave conditions, making these a suitable candidate for tracking
RSL changes with time (Fig. 8).

5.1.2. Limits of paleo-sea-level indicator
The contact between wave-built and aeolian facies meets the basic

requirements for use as a marker of paleo-sea level. However, there
are several caveats in using these mapped elevations as paleo-sea-
level indicators, thereby limiting the accuracy of this method in this
beach-ridge plain, and the applicability of this method to other settings.

The indicative meaning of the wave-built facies is generally
interpreted from comparison with modern conditions. Here, we have
applied a correction factor to convert from the height of wave-built
facies to MSL: Damsl, the elevation difference between modern MSL
and the top of modern foreshore deposits. Here, the difference in
Damsl between the eastward- and westward-prograding systems at
Miquelon-Langlade highlights the sensitivity of this factor to wave
conditions. In order to make accurate inferences of RSL changes over
such long periods of time, an assumption must be made that both the
average wave energy and mean tidal range have remained unchanged
or are very similar during the period of study. That is, the wave condi-
tions that formed the most recent ridge are the same as those that
formed earlier ridges in the individual sets. However, it is likely that
wave conditions have changed at Miquelon-Langlade during the past
3000 years, in either a cyclical or unidirectional fashion, in response to
allogenic drivers of atmospheric or oceanic and/or storm frequency
such as the North Atlantic Oscillation (e.g., Trouet et al., 2012). A second
consideration is changes in tidal range at the site over the period of
formation. For example, Cowell and Thom (1994) reported an increase
in tidal range in the nearby Gulf of Maine by as much as 0.5 m over the
past 3000 years. However, Gehrels et al. (1995) demonstrated that the
tidal range on the Atlantic coast of Nova Scotia has not changed signifi-
cantly during the Holocene. Although no detailed modeling of tidal
range has been done for the southern Newfoundland coast for the late
Holocene, Shaw and Forbes (1990) hypothesize that mean tidal range
is unchanged in this region over this period. Nonetheless, it is likely
that Damsl has not been constant over the period of progradation of the
beach-ridge plain, and has possibly changed or fluctuated on the order
of centimeters to decimeters. This type of uncertainty is not yet measur-
able or quantifiable. Thus, following the convention of Clemmensen and
Nielsen (2010), van Heteren et al. (2000), and Goy et al. (2003), among
others, we apply the modern value of Damsl to all relict ridges, recogniz-
ing the limitation imposed on the methodology by this assumption on
the RSL reconstruction.

Post-depositional erosional processes provide a final source of error
inherent in this method. For example, aeolian deflation could decrease
the elevation of the wave-built facies prior to deposition of aeolian
sand (e.g., Otvos, 2000; Rodriguez and Meyer, 2006). The aeolian
cover is partially or fully absent in the southern part of UD on the
Miquelon-Langlade barrier. The presence of a thin (≤10 cm) pebble
pavement proximal to the surface suggests aeolian deflation, thereby
decreasing the elevation of these foreshore deposits and resulting in



Fig. 9.Change in area of theMiquelon-Langlade beach-ridge plain over the last 2600 years.
Lines represent the corresponding area of each the eastward- (SE: 3.8 km2) andwestward-
(SW: 1.1 km2) prograding systems, and the sum of these two areas (total: 4.9 km2) over
the period of progradation.
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an apparently lower paleo-sea-level elevation at this location. However,
such erosion has not been observed elsewhere on the plain, either in
sediment cores or GPR profiles. Thus, it is reasonable to assume that
erosion is slight and where present, is within the margin of error of
the elevation measurement itself. Furthermore, the benefit of using
beach ridges for such reconstructions is that individual ridges represent
contemporaneous shorelines across long distances; multiple elevation
measurements of the upper contact of the wave-built facies from the
same ridge allowed for the identification and removal from analysis of
any outlier measurements, either due to mis-measurement or some
natural cause such as deflation. Finally, it is noted that aeolian ridges
are superimposed directly atop wave-built facies and follow the same
paleo-shorelines orientations. It can thus be assumed that these aeolian
ridges initiate their formation immediately following the deposition of
wave-built facies. Thus, there would be little time for deflation of the
underlying wave-built deposits. Nonetheless, a contribution to error
from erosion cannot be fully discounted.

5.2. Late Holocene sea-level reconstruction for Miquelon-Langlade and
comparisons to the southern coast of Newfoundland

Acknowledging the uncertainties inherent in the method applied in
this study, Late Holocene sea-level changes in Miquelon-Langlade are
derived frommapped elevations of the interface between the foreshore
(wave-built facies) and aeolian deposits (Fig. 6), with chronology
provided by OSL dates (Table 1). In this manner, we present the first
RSL curve for the Saint-Pierre-and-Miquelon archipelago. The maxi-
mum height of wave-built deposits increases in elevation by 2.4 m in
a seaward direction, from the center (oldest ridges) of the plain to the
modern shoreline (Figs. 4, 6, 7). These elevations are subtracted from
the constant Damsl to obtain an estimated MSL coeval with ridge forma-
tion (Fig. 6). Based on this constant correction, the increase in elevation
across the plain from its oldest ridges, at the core of the plain, to the
modern shoreline demonstrates that RSL has probably risen over the
2400 year period of formation at an average rate of 1 mm/yr.

Beyond this simple time-integratedRSL-change rate, correlation of the
OSLdateswith the trends in the elevationof thewave-built/wind-built fa-
cies interface allows for distinguish three distinct trends of RSL rise over
this period. Specifically, these dates indicate that RSL at the Saint-Pierre-
et-Miquelon archipelago was around 2.4 m below modern MSL at ca.
2400 years and rose at an average rate of 1.3mm/yr to 1mbelowmodern
MSL by 1500 years (Fig. 7). From 1500 to 700 years, our reconstructions
indicate that RSL was either relatively stable or slowly rising up to
0.7/0.8 m below modern MSL at a rate of 0.1–0.2 mm/yr, one tenth
that of the earlier period. Over the past 700 years, RSL trend likely
slowly rose to modern levels at a rate of 1.1 mm/yr.

The RSL trends captured by this new reconstruction are largely
consistent with those recorded through investigation of peats at two
proximal sites: Placentia Bay on the Avalon Peninsula (2100 year
record; southeastern Newfoundland, 180 km east of the field site) and
at Port-au-Port Peninsula (2900 year record; southwestern Newfound-
land, 270 kmnorthwest of the field site) (Figs. 1A, 7; Daly et al. (2007)).
These curves exhibit similar overall RSL trends, with few differences
(Fig. 7), despite the distance between the two sites (400 km). In Placen-
tia Bay, records indicate a single period of RSL rise since 2100 yrs BP, at
a time-averaged rate of 0.6 mm/yr (Daly et al., 2007) (Fig. 7). In the
Port-au-Port Peninsula, three distinct periods of RSL change over the
past 2900 years are observed (Fig. 7): a period of rapid (2 mm/yr) rise
between 2900 and 2100 yrs BP, followed by deceleration to a rate of ca.
0.25 mm/yr between 2100 and 900 yrs BP, and then a final more rapid
period of rise (1.3 mm/yr) during the last 900 years (Brookes and
Stevens, 1985; Wright and Van de Plassche, 2001; Daly et al., 2007).
The distinct periods observed in our reconstructions at Miquelon-
Langlade match closely with these three previously reported periods of
change (Fig. 7); notably, both records show period of deceleration in
RSL rise between ca. 1400 and 700 years. This observation provides
additional confidence in the use of the interface between wave and
aeolian deposits in the mixed beach-ridge system at Miquelon-Langlade
as a RSL marker and further validation of our resulting RSL reconstruc-
tions. Furthermore, these curves together provide insight into RSL
trends for the region of Newfoundland, and broadly for the north-west
Atlantic coast, a region of demonstrated spatial variability overmillennial
timescales (Fig. 2A).

5.3. Mechanisms responsible for late Holocene sea-level changes in
southern Newfoundland

RSL change is the net result of multiple processes commonly acting
on a variety of spatial and temporal scales. These include eustacy,
isostacy, glacio-isostacy and hydro-isostacy as well as local to regional
subsidence or tectonic uplift, changes in meteorological or oceano-
graphic patterns, among others (Milne et al., 2009). The primary driver
of RSL changes in northeast Atlantic since the end of the last glacial
period has been glacio-isostatic adjustments caused by retreat of
the Laurentide Ice Sheet and collapse of the associated forebulge
(e.g., Shaw and Forbes, 1990; Forbes and Syvitski, 1994; Liverman,
1994; Gehrels et al., 2004; Daly et al., 2007; Cazenave and Llovel,
2010). Regional differences in maximum ice-sheet thickness, timing
of deglaciation, and the size and retreat/collapse rate of the glacial
forebulge largely explain the variability in RSL over millennial time-
scales (type A and B; Fig. 2A).

By contrast, RSL changes at multi-decadal to multi-centennial
timescales, such as those observed at Saint-Pierre-et-Miquelon during
the last 3000 years, are relatively understudied and poorly understood.
Over such timescales, contributions of tectonic activity in relative land–
ocean level changes are considered unimportant because of the tectonic
stability of this continentalmargin (Lamontagne et al., 2003). Scott et al.
(1995) ascribed a rapid increase in RSL of ca. 10 m in b 1500 years dur-
ing the middle Holocene (4.0–5.5 ka) in Nova Scotia to a lag in ice melt.
However, such an explanation fails to account for RSL fluctuations
(periods of RSL rise interrupted by relatively stability) along the
southern Newfoundland coast during the last 1500 years.

Steric expansion and contraction and changes in ocean circulation
patterns have been identified as possible mechanisms for decadal RSL
variability along the US Atlantic margin (Bingham and Hughes, 2009;
Kienert and Rahmstorf, 2012; Ezer et al., 2013). However, Kemp et al.
(2013) argue that it is unclear that these processes can be invoked as
a plausible mechanism for explaining variability on centennial
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timescales, such as the hundreds of years of RSL stability or slow rise
identified for Miquelon-Langlade and Port-au-Port Peninsula. On the
another hand, considering the uncertainties and imperfections of our
reconstructions, it is noted that much of the time of slow RSL rise or sta-
bility seem to roughly to have coincided with the Medieval Warm Peri-
od (10th–14th century), and that the period of RSL rise approximates
the period of the cool Little Ice Age (14th–mid 19th century). Relatively
little is known about regional sea-level trends during these periods
(Kemp et al., 2013) and further study of RSL changes in the southern
Newfoundland region of the northern Atlantic are required to provide
a causal connectionwith climatic or oceanographic processes. Addition-
al, higher-resolution empirical RSL reconstructions, combined with
numerical rheological models which account for crustal movement in
southern Newfoundland are likely required to determine the possibly
multiple driving mechanisms for the observed changes.

5.4. Impact of RSL changes on beach-ridge plain progradation

5.4.1. RSL variations and sediment supply
Beach-ridge plains are common along coasts evolving under condi-

tions of forced regression (e.g., BjØrnsen et al., 2008; Tamura et al.,
2008; Sanjaume and Tolgensbakk, 2009; Clemmensen and Nielsen,
2010; Jahnert et al., 2012) where progradation is mainly driven by
falling RSL. Beach-ridge plains are less common where RSL is stable
or rising, where they are the result of high sedimentation rates
(e.g., Forbes et al., 1995; Orford et al., 2002; FitzGerald et al., 2007).
Progradation of theMiquelon-Langlade plain is in response to abundant
sediment that has outpaced the creation of accommodation by RSL rise
(Fig. 8). Sediment nourishing this barrier is derived from the erosion of
glacigenic deposits, which occur in large volumes (as till) on the shallow
shelf and in the coastal zone (Fig. 3). It is estimated that at least
235 × 106 m3 of sediment comprise the combined subaerial and
subaqueous barrier lithosome (Billy, 2014). Any fluctuations in the
rate of sediment supply to form this system were likely related to
changes in erosion rates of proximal moraines during storms and the
delivery rates of these sediments to the barrier by constructive waves.
These processes were both, in turn, affected by the rate of RSL change
and climate-driven changes in wave energy (cf., Ballantyne, 2002;
Forbes, 2005, 2011). The growth of this nearly 5 km2 beach-ridge
plain (Fig. 9) during a period of RSL rise and in a location lacking any
proximal fluvial sediment source, serves as a prime example of the
essential role of sediment availability and the erosion and reworking
of sediments derived from local unconsolidated sources (i.e.,moraines)
in coastal progradation under conditions of RSL rise.

5.4.2. RSL rise rate threshold and barrier initiation
Similar to neighboring beach-ridge or barrier systems in southern

Newfoundland (Brookes and Stevens, 1985; Shaw and Forbes, 1988;
in Liverman et al., 1994; Wright and Van de Plassche, 2001), initiation
of the Miquelon-Langlade plain is closely tied to the decrease in the
rate of RSL rise at around ca. 3000 years; at this time, RSL rise slowed
from ca. 4.4 mm/yr (Fig. 2; Bell et al., 2003) to b2 mm/yr in southern
Newfoundland (Fig. 7; ca. 1.3 mm/yr estimated in this study). This
decreasing rate of RSL rise was required to provide waves and storms
adequate time to erode glacial deposits and rework sediments on-
shore and alongshore to the beach-ridge plain. Our paleo-sea-level
data are not adequate to determine the threshold crossing between
retrogradational to a progradational regime. However, this change
in shoreline trend and initiation of barrier progradation clearly occurred
when RSL rise slowed to 1.3 mm/yr. This rate is in line with that report-
ed by Hein et al. (2014b), who investigated coastal response to RSL for
Holocene highstand barrier systems in Brazil and found that, despite
great regional and local variability, stabilization of the transgressive bar-
riers occurred when RSL rise decelerated to b2 mm/yr, while higher
rates led to retrogradational barriers. Moreover, the rate of RSL rise at
Saint-Pierre-et-Miquelon over the period of barrier formation is similar
to rates reported during the period for development of similar systems
(barriers or beach ridge plains) in the northwest Atlantic. For example,
formerly transgressive barriers stabilized and began prograding in
the western Gulf of Maine (Plum Island, Massachusetts) and along
the Outer Banks barrier island chain (Bogue Banks, North Carolina) as
RSL rise rates slowed to b1.5 mm/yr and 0.8 mm/yr, respectively
(Timmons et al., 2010; Hein et al., 2014a). Likewise, these rates were
b1.4 mm/yr on the south coast of New Brunswick (Bay of Fundy)
(Gehrels et al., 1996, 2004) and b to 2–2.4 mm/yr at Halifax (Nova
Scotia) over the last 3000 years (Scott et al., 1995).

5.4.3. RSL trends and beach ridge plain development
At Miquelon-Langlade, decelerating RSL rise at 3000 years to

1.3 mm/yr is undoubtedly the main factor influencing the initiation of
beach-ridge plain construction. Further, this study suggests a link
between the rate of RSL change and beach-ridge plain growth: periods
of slower RSL rise (0.2 up to 1.3 mm/yr) correlate to faster subaerial
growth of the plain. Moreover, each prograding system (SE and SW)
shows a period of slow growth (Fig. 9) corresponding to the period of
quasi-stability or slow RSL rise between 1400 and 700 years (Fig. 7).
This connection suggests that the dominant control of sediment avail-
ability on the progradation of this system was related to the erosion
and reworking of sediments derived from proximal moraines by
waves in response to rising RSL or storm activity. Such responses to
RSL rise are well documented along many paraglacial coasts (Church
and Ryder, 1972; Orford et al., 1991; Ballantyne, 2002; Engels and
Roberts, 2005; Forbes, 2011; Hein et al., 2014a). In this manner, RSL
rise below a minimum threshold rate (here c. 0.2 mm/yr) leads to
rapid depletion of sediment stores at a given shoreline position, thus
slowing down-drift progradation (Forbes et al., 1995; Jennings et al.,
1998). This hypothesis is consistent with observations of variations in
the rate of growth of the Miquelon-Langlade plain (Fig. 9). Moreover,
it reveals a key insight into the response of coasts to RSL rise: there
may be a small range of RSL rise rates in which the rate of accommoda-
tion creation and the rate of non-fluvial sediment delivery are both
adequate to allow for progradation, rather than retrogradation, of the
coast.

6. Conclusions

The northern Atlantic Miquelon-Langlade beach-ridge plain
provides an example of a paraglacial coastal progradational system
formed during the last 3000 years in a regime of RSL rise (i.e., normal
regression) and with significant sediment provided from the erosion
of proximal moraines. Sediment delivery by highly localized wave
conditions outpaced the creation of accommodation and resulted in
the growth of a set of beach ridges that increase in elevation in a
seaward direction and contain potential record of late Holocene RSL
changes in the region of southern Newfoundland. These RSL changes
are investigated through the mapping of the contact between wave-
built and aeolian facies of the beach-ridge plain along cross-shore GPR
profiles and in sediment cores, with chronology provided by OSL
dates. Based on this approach and acknowledging inherent methodo-
logical uncertainties, it is determined that RSL has apparently increased
in this region by 2.4 m over the last 2400 years. Within this timeframe,
three distinct trends are distinguished: (1) from 2400 to 1500 years —
RSL rose from −2.4 to −1 m msl (average rate of +1.3 mm/yr);
(2) from 1500 to 700 years — RSL rose slowly to −0.7 m msl (b0.2
mm/yr); and (3) over the last 700 years — RSL rose to the modern
level at a rate of +1.1 mm/yr.

This research provides the first approximate sea-level reconstruc-
tion in the Saint-Pierre-et-Miquelon archipelago. Close correlation
with proximal RSL records from southern Newfoundland (particularly
Port-au-Port Peninsula) provides field confirmation that wave-built/
aeolian stratigraphic contacts in beach ridges can provide a tool for
sea-level reconstructions in mixed clastic systems (sand and gravel),
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whereas the potential of this marker had not before been clearly proved
by field data for such mixed, coarse systems. This approach is beneficial
when the traditional marsh-based tools for high-resolution sea-level
reconstructions are absent. However methodological uncertainties,
such as the potential for a time-varying indicative meaning between
ridge height and mean sea level, does impart some uncertainty in the
reconstruction.

The chronology of regional sea-level change and associated beach-
ridge plain formation highlights two main factors which contributed
to the development of the plain. First, a regional decrease in the rate
of RSL rise at ca. 3000 years, here estimated to ca. 1.3 mm/yr, allowed
for the onset of progradation and the development of the beach-ridge
plain following thousands of years of shoreline transgression. Secondly,
under conditions of normal regression, a substantial volume of sedi-
ment is necessary to outpace the creation of accommodation due to
RSL rise in order to produce a progradational system. In this case, sedi-
ment supply is directly controlled by the erosion of proximal moraines
in the terrestrial coastal zone and on the shallow shelf. Erosion of
thesemoraines bywave action over time provided substantial sediment
for nourishing the barrier system and producing its progradation.More-
over, this study not only produces the first approximate relative sea-
level curve for the Saint-Pierre-et-Miquelon archipelago, but also
demonstrates the ability of moderate sediment influx to outpace
creation of accommodation space during periods of slow sea-level rise,
producing a broad, progradational coastal system.
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