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High-quality relative sea-level (RSL) data reveal spatial and temporal variations in crustal movements
during the Holocene, which are used for many applications, ranging from calibrating models of earth
rheology and ice sheet reconstructions to the development of coastal lowlands and human occupation.
Here, we present a Holocene RSL database for the Atlantic coast of Europe (ACE) and estimate rates of RSL
change from the ACE database using a spatio-temporal empirical hierarchical model. The database
contains 214 index points, which locate the RSL position in space and time, and 126 limiting dates, which
constrain RSL to above or below a certain elevation at a specific point in time. The temporal distribution
extends from present to ~11.5 ka, with only 42 index points older than 7 ka. The spatial distribution spans
1700 km from French Flanders (France) to Algarve (Portugal), with more than half of the index points
concentrated along the French coast.

The ACE database shows RSL was below present during the Holocene. Rates of RSL change were
highest during the early Holocene, ranging between 6.8+0.5mmyr ' in middle Portugal and
6.3+0.8mmyr~! in southern France from 10 to 7 ka. Mid-to late-Holocene rates decreased over time
with rates ranging between 0.9 + 0.4 mmyr~! in middle France and 0.1 + 0.5 mmyr~! in middle Portugal
from 4 ka to present. Comparison of the RSL data to output from a glacial-isostatic adjustment model
suggests that deglaciation of the British-Irish and Fennoscandian Ice Sheets dominates the large-scale
variability captured by the ACE database, which reflects a decreasing influence of the collapsing
British-Irish and Fennoscandian peripheral forebulge that migrated from the northeast to the northwest
after ~4 ka.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

sea surface with respect to the surface of the solid Earth) can differ
considerably from the global mean value, because of vertical land

Modern sea-level rise associated with contemporary climate
warming represents one of the most important challenges facing
coastal communities (Church et al., 2013; Hinkel et al., 2015;
Mengel et al., 2016; Chen et al., 2017; Horton et al., in press). The
challenge from sea-level rise is not uniform, but instead reflects
spatial variability in the rate of relative sea-level rise (Nicholls et al.,
2014; Love et al., 2016). Local relative sea level (RSL: height of the
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motion and geoid change caused by a variety of processes,
including the surface loading response to past glacial-isostatic
adjustment (GIA) and contemporary land ice mass changes, tec-
tonics, atmosphere-ocean dynamics that affect the height of the sea
surface relative to the geoid, and local processes such as sediment
compaction and tidal-range change (Milne et al., 2009; Kopp et al.,
2015).

Spatial variability of past RSL changes is dominated by GIA
(Milne et al., 2005). During the Last Glacial Maximum, large ice
sheets covered high-latitude regions bordering the North Atlantic
(Laurentide, Fennoscandian and British-Irish Ice Sheets), causing
land subsidence beneath the ice sheet and uplift of the land surface/
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ocean floor in peripheral regions, the so-called “proglacial fore-
bulge” (Peltier, 1996; Lambeck et al., 2014). During deglaciation, the
viscoelastic response of the Earth reversed and regions beneath the
ice sheets underwent isostatic uplift, while the forebulge collapsed,
causing subsidence (Peltier, 1996, 2004; Mitrovica and Milne,
2002). Holocene RSL databases have been constructed from near-
(beneath ice sheets), intermediate- (peripheral to ice sheets), and
far-field (distal to ice sheets) regions in North America (Engelhart
and Horton, 2012; Engelhart et al., 2015), the Caribbean (Milne
and Peros, 2013; Khan et al., 2017), Europe (Lambeck et al., 1998;
Brooks and Edwards, 2006; Vacchi et al., 2016), and elsewhere
(Horton et al., 2005) that respond to these differing GIA signals
(Khan et al., 2015). The Holocene databases have been constructed
following the standardized methodology developed by the Inter-
national Geological Correlation Projects (IGCP) 61, 200, 495, and
588 (e.g., Preuss, 1979; Tooley, 1982; Shennan and Horton, 2002;
Hijma et al., 2015) and provide crucial constraints for parameters of
Earth and ice components of GIA models (Milne and Peros, 2013;
Roy and Peltier, 2015; Bradley et al., 2016).

In Europe, the RSL database from Great Britain and Ireland
represents near- and intermediate-field locations mainly associated
with the GIA response to the British-Irish Ice Sheet (Shennan and
Horton, 2002; Brooks and Edwards, 2006; Bradley et al., 2011).
Leorri et al. (2012a,b) compared RSL histories in locations (i.e.,
Brittany, France; Basque Country, Spain; Minho, Tagus Valley, and
Algarve, Portugal) from the Atlantic coast of Europe (ACE) to the
GIA model developed by Bradley et al. (2011). They identified a
north-south GIA gradient that extends from northern France to the
south of Portugal. However, Goslin et al. (2013, 2015) highlighted
the unreliability of some of the data from the Brittany region used
by Leorri et al. (2012a) to validate the GIA model predictions.
Stéphan and Goslin (2014) reinterpreted the results from Leorri
et al. (2012a) to develop a Holocene RSL database for the Atlantic
coast of France, but they did not compare their data with output
from a GIA model.

Here, we reinterpret previous compilations (Leorri et al., 2012a;
Stéphan and Goslin, 2014) and incorporate new reconstructions to
produce a standardized Holocene RSL database for the ACE. The
goal of constructing the present database is to better understand
the spatially-variable RSL history and influence of GIA along the
ACE. Our database consists of 214 sea-level index points and 126
limiting data from northern France (51.1°N and 2.5°E) to southern
Portugal (37°N and 8°W) (Fig. 1). We subdivide the database into 13
regions based on distance from the British-Irish and Fennoscandian
Ice Sheets. We account for the influence of sediment compaction
and explain sources of vertical and temporal uncertainty. We apply
a spatio-temporal empirical hierarchical model (Kopp et al., 2016)
to analyze the spatial variability and the rates of RSL change and
compare the observations with predictions from the Bradley et al.
(2016) GIA model.

2. Study area

The ACE database covers most of the French, northern Spain's,
and the Portuguese coast (Fig. 1). France and Spain are considered
to be tectonically stable on Holocene timescales (Boillot et al., 1979;
Morzadec-Kerfourn, 1995; Chaumillon et al., 2010; Delgado et al.,
2012), although some activity has been reported in various sites
of France (Klingebiel and Gayet, 1995; Gandouin et al., 2007) and
northwestern Spain (Alonso and Pagés, 2010). The Portuguese coast
is known for neotectonic activity (de Groot and Granja, 1998;
Terrinha, 1998; Dias, 2001) that has manifested as well-
documented historical seismicity (Chester, 2001; Baptista et al.,
2003; Besana-Ostman et al., 2012).

The climate of the ACE, following the Koppen climate

classification, varies from temperate oceanic in France and north-
ern Spain, temperate Mediterranean (with warm summers) in
northwest Spain and the northern half of Portugal, and warm
Mediterranean (with hot summers) in the southern half of Portugal.
In northern France, mean annual temperature is ~10.6 °C and mean
annual precipitation ranges from 711 to 1085 mm (Caen and Brest
stations; Muhr, 2016). In middle to southern France, mean annual
temperature ranges from 11.9 °C to 12.4°C, and mean annual pre-
cipitation ranges from 789 to 905 mm (Nantes and Bordeaux sta-
tions; Muhr, 2016). In northern Spain, mean annual temperature
ranges from 12.7 °C to 14.1 °C and mean annual precipitation ranges
from 971 to 1581 mm (San Sebastian, Oviedo, and A Coruna sta-
tions; Muhr, 2016). In northwestern Spain and Portugal, mean
annual temperature ranges from 13.4 °C to 14.8 °C and mean annual
precipitation ranges from 1142 to 1952 mm (Vigo and Porto sta-
tions; Muhr, 2016). In mid-southern Portugal, mean annual tem-
perature is ~17.1 °C and mean annual precipitation ranges from 522
to 679 mm (Lisbon and Faro stations; Muhr, 2016).

Great diurnal tidal range, from mean high water springs
(MHWS) to mean low water springs (MLWS), along the ACE, varies
from macrotidal in France (between 11.40 m during spring tides
and 1.95m during neap tides) to mesotidal regimes in northern
Spain and Portugal (between 3.92 m during spring tides and 1.20 m
during neap tides). Tidal datums for our study sites were obtained
from the nearest tidal-reference station up to 72.2 km away (see
column 77 in Appendix 1; extracted from SHOM (2016) for France,
Puertos del Estado (2014) for Spain, and Admiralty Tide
Tables (2015) for Portugal).

3. Material and methods
3.1. Relative sea-level (RSL) reconstruction

A sea-level index point estimates the position of RSL at a single
point in space and time (Shennan and Horton, 2002). Where a suite
of sea-level index points exists for a locality or region, they describe
changes in RSL through time and can be used to estimate rates of
RSL change (Engelhart et al., 2011). A sea-level index point is a
datum that contains information about the geographical position,
elevation, indicative meaning, and age of a sample. The method-
ology that is employed to produce valid sea-level index points is
described in ‘The Manual of Sea-level Research’ (Shennan et al.,
2015) and many other publications (e.g., Shennan, 1986; van de
Plassche, 1986; Engelhart and Horton, 2012).

3.1.1. Vertical position of RSL

To produce a sea-level index point, the indicative meaning of a
dated sample must be estimated (Shennan and Horton, 2002). The
indicative meaning of a sample describes the relationship of the
environment in which it accumulated relative to a contempora-
neous reference tide level (van de Plassche, 1986). The indicative
meaning varies according to the type of sea-level indicator and it is
commonly expressed in terms of an indicative range and a refer-
ence water level (RWL) (Horton et al., 2000). The former is a vertical
range within which the coastal sample may occur and the latter a
water level to which the sample is related, for example, mean
higher high water (MHHW), mean tide level (MTL), etc. (Shennan
et al,, 2015). To allow for sea-level trends to be inferred from
multiple types of sea-level indicators and for comparisons to be
made between different areas, each sample is related to its own
reference tide level (Shennan, 1986).

Indicative meanings for the ACE database (Table 1) were esti-
mated using published and unpublished data relating the distri-
bution of modern salt-marsh, estuarine and lagoonal samples to
elevation with respect to the tidal frame (Cearreta, 1998; Fatela



A. Garcia-Artola et al. / Quaternary Science Reviews 196 (2018) 177—192 179

50°N

45°N
Cantabrian Sea

el LS
Elevation (m)

Il -5000
Il -2000
I -100
[ -50
= -20
o
=20
[ 100
[ 1000
Il 3000

40°N

35
B
30 ) )
Basal index points
I Intercalated index points
25 | HEEE Limiting dates

Number of data points

Age (ka)

-10 4

-20 -

RSL (m)

-30 4

40 -
N=40

=

-10 4

-20 4

RSL (m)

-30 4

-40

-10 4

-20 4

RSL (m)

-30 4

240 -

Age (ka)

Fig. 1. Location map of the Atlantic coast of Europe database; dashed grey line represents the southern extent of British-Irish Ice Sheet during Last Glacial Maximum (Clark et al.,
2012) (A). Number and types of data points in 1-ka time intervals (B). Temporal distribution of basal (C) and intercalated (D) index points and limiting dates (E).

et al., 2009; Stéphan et al., 2015a; Camacho et al., 2017). Within a
salt marsh, it is usually possible to observe a clear vertical division
of plants into high marsh and low marsh zones, which reflects the
preferences and tolerances of halophytic species to the frequency
and duration of tidal inundation (Kemp et al., 2010). The high to
middle marsh environments in France and Spain, occurring broadly
between highest astronomical tide (HAT) and mean high water
(MHW), are generally covered by Phragmites australis, Scirpus
maritimus, Juncus maritimus, Halimione portulacoides, and Pucci-
nellia maritima vegetation (as well as Plantago maritima in France
and Elymus pycnanthus in Spain); the middle to low marsh (be-
tween MHW and MTL) is represented by the halophytic plant

species Salicornia fragilis and Spartina alterniflora in France and
Salicornia ramosissima and Spartina maritima in Spain (Benito and
Onaindia, 1991; Stéphan et al., 2015a). In southern Portugal, the
high marsh is dominated by Sarcocornia perennis spp. Alpine and
Suaeda vera, and the middle marsh by H. portulacoides and Spartina
densiflora. The low marsh is dominated by S. perennis spp. perennis
and S. maritima, as well as taxa found in the middle marsh
(Camacho et al., 2017).

Similarly, studies of salt-marsh microfossils, such as forami-
nifera, diatoms, pollen, and ostracods, have shown that assem-
blages have characteristic preferences for particular elevations in
the intertidal zone (Horton et al, 2006; Kemp et al., 2009;
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Table 1

Definition of the indicative meanings used to develop the Atlantic coast of Europe database. HAT: highest astronomical tide. MHW: mean high water. MTL: mean tide level.

MLW: mean low water.

Sample type Evidence

Reference Indicative
water level range

Index Points
High marsh environment

1. Foraminiferal assemblages dominated by high marsh taxa in an organic and/or minerogenic sediment (e.g., (HAT + MHW)/ HAT-

Cearreta et al., 2002; Stéphan et al., 2015a; Garcia-Artola et al., 2015). 2 MHW
2. Reed peat identified from plant macroremains or pollen (e.g., Goslin et al., 2013).

Low marsh environment
Tastet et al., 2000; Cearreta et al., 2002).

3. Foraminiferal assemblages dominated by low marsh taxa in a minerogenic and/or organic sediment (e.g.,

(MHW + MTL)/ MHW-
2 MTL

Undifferentiated salt-marsh 4. Foraminiferal assemblages dominated by high and low marsh taxa in a minerogenic and/or organic sediment (HAT + MTL)/2 HAT-MTL

environment (e.g., Hernandez Martin, 2013).

5. Pollen (with diatoms, dinoflagellates or ostracods) dominated by halophilous taxa in a minerogenic and/or
organic sediment (e.g., Huault, 1980, 1985; Tastet et al., 2000; Clavé et al., 2001).

Open lagoon or shallow

6. Foraminifera, diatoms and ostracod assemblages dominated by marine and brackish littoral taxa or inner —1m MTL

marine environment estuarine taxa (e.g., Trog et al., 2013, 2015). Articulated bivalves of intertidal taxa in life position (e.g., Teixeira to —2m
et al., 2005).
Inner or semi-enclosed 7. Foraminifera, diatoms and ostracod assemblages dominated by brackish littoral taxa or inner estuarine taxa —0.5m MTL
lagoon (e.g., Bao et al., 1999; Trog et al., 2015). to—1m
Undifferentiated intertidal ~ 8. Intertidal muds with halophilous pollen species, marine shells and dinoflagellates (e.g., Joly, 2004; Joly and (HAT + MLW)/ HAT-
environment Visset, 2009). 2 MLW

Limiting Points

Marine limiting 9. Calcareous foraminiferal assemblages and marine shells in a minerogenic sediment, as well as lagoonal MTL Below
sediments that do not meet the requirements to be classified as index points (e.g., Cearreta, 1998; Teixeira et al., MTL
2005; Vis et al., 2008; Mrani-Alaoui and Anthony, 2011).

Freshwater limiting 10. Fluvial gravels without foraminifera or marine shells (e.g., Schneider et al., 2010; Cearreta and Monge- MTL Above
Ganuzas, 2013). MTL

11. Pollen assemblages dominated by freshwater taxa in an organic sediment (e.g., Tastet et al., 2000).
12. Freshwater shells in an organic sediment (e.g., Gabet, 1973).

Schneider et al., 2010). Similar to Engelhart and Horton (2012), we
inferred that samples identified to be from salt-marsh origin
formed between HAT and MTL. If preserved plant macrofossils (e.g.,
reed fragments) or microfossils (e.g., foraminifera) suggested a high
marsh environment, an indicative range of HAT to MHW was
assigned to the sample. For low marsh environments, the indicative
range applied was MHW to MTL. Pollen assemblages were used to
identify an undifferentiated salt-marsh environment when hal-
ophilous taxa were found in organic sediment.

Some index points from Portugal were derived from lagoonal/
shallow marine samples that were classified as either open or semi-
enclosed environments based on the presence of certain articulate
bivalve, ostracod, and foraminifera taxa. We corrected the Leorri
et al. (2012a) data for southern Portugal (Teixeira et al., 2005) to
incorporate the indicative meaning. We applied the same indicative
meanings suggested by Vacchi et al. (2016) for these lagoonal
samples of MTL to —2 m (open) and MTL to —1 m (enclosed), except
for samples that contained the articulated bivalves Cerastoderma
glaucum and Loripes lacteus. According to Teixeira et al. (2005) these
species are infra-littoral taxa and can live > 2 m below MTL in the
Algarve region, so they were considered as marine limiting dates.
Finally, we adopted a broad indicative meaning for those samples
with a mixture of marine and brackish water indicators that we
classified as an undifferentiated intertidal environment, between
HAT and mean low water (MLW).

Where biostratigraphic data indicated formation and deposition
in a freshwater or marine environment, the sample was classified as
a limiting date. Reconstructed RSL must fall below freshwater
limiting dates and above marine limiting dates. Although limiting
dates cannot constrain the precise position of past sea level, they
are extremely important in understanding and interpreting sea-
level changes, as well as constraining GIA models (e.g., Shennan
and Horton, 2002; Engelhart and Horton, 2012).

Freshwater limiting dates form at an elevation above the tidal
influence, commonly above HAT; however, these depositional en-
vironments may possibly be linked to rising groundwater, and

therefore we used a RWL of above MTL (Jelgersma, 1961; Shennan
etal., 2000; Engelhart and Horton, 2012). Freshwater limiting dates
from the ACE were derived from organic sediment samples with
freshwater indicators (e.g., Gabet, 1973; Tastet et al., 2000) or fluvial
sediments where marine indicators were absent (e.g., Cearreta and
Monge-Ganuzas, 2013).

Marine limiting dates form below MTL. The majority of marine
limiting dates from the ACE were retrieved from estuarine muddy
or sandy environments with a very low organic matter content (i.e.,
tidal flat). Previous regional RSL reconstructions (i.e., Leorri et al.,
2012a; Stéphan and Goslin, 2014) had interpreted tidal flat sedi-
ments as index points, but we plotted them as marine limiting
dates because it is often difficult to determine the lower limit of
these environments. Where possible, we used dates from marine
shells recovered in living position (e.g., Teixeira et al., 2005). We
eliminated those samples recovered from depositional environ-
ments highly prone to remobilization (e.g., channel bottom
sediments).

The mean estimate of RSL for each index point was calculated as:

RSL; = E; — RWL; 1)

where E; and RWL; are the elevation and reference water level of
sample i, expressed relative to the same tidal datum (e.g., MTL;
Shennan and Horton, 2002). For a modern (surface) sample, the
terms E; and RWL,; are equal, thus RSL will be zero. All index points
in the database are expressed in relation to this value, where
negative values indicate RSL below present.

Elevation within the ACE was commonly established by refer-
ring the samples to an orthometric datum by means of a total
station or a GPS. Sometimes this information was not available, and
we estimated the elevation based on the local vegetation refer-
enced to mean sea level (MSL), measured at the nearest tidal-
reference station.

3.1.2. Sources of uncertainty for the vertical position of RSL
The uncertainty for the vertical position of RSL takes into
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account many sources of uncertainty; many of which can be
quantified following Shennan and Horton (2002). Apart from the
uncertainty associated with the indicative meaning (i.e., the
indicative range), there are a series of additional uncertainties
related to the determination of the depth of a sample in the core
and the elevation of the core. To determine the uncertainty asso-
ciated with the sample depth, we have taken into account the
sample thickness (measured or estimated), the sampling uncer-
tainty, the compaction associated with the sampling method, and
the angle of the borehole that decreases with depth (non-vertical
drilling uncertainty). To determine the uncertainty associated with
calculating the elevation of a sample, we considered the tidal range
and water depth for samples obtained offshore, the uncertainty of
the total station, GPS or Real Time Kinematic (RTK), and the
benchmark for high-precision surveying. When these uncertainties
were not specified in the original publications, we used the rec-
ommended values by Hijma et al. (2015) shown in Table 2. We
assigned an uncertainty of half the tidal range for samples where
the orthometric elevation was reported but the methodology was
unknown (e.g., Frouin et al., 2009; Gandouin et al., 2009). For ele-
vations estimated from the distribution of local vegetation, we
adopted an uncertainty of half the vertical distribution of the
depositional environment (e.g., undifferentiated salt marsh).
There are two sources of uncertainty that we did not quantify:
tidal range variation during the Holocene and sediment compac-
tion. First, if the tidal range has not remained constant through the
Holocene, sea-level index points based upon tide level indicators
will differ from the ‘true’ sea-level position (Horton et al., 2013). For
example, if the tidal range was amplified in the past, the elevation
of the RWL of a salt-marsh indicator would have been greater and
the true sea-level position lower (Horton et al., 2013; Hill, 2016).
There have been notable attempts to characterize tidal range
change for ACE (Goslin et al., 2015; Ward et al., 2016). Goslin et al.
(2015) concluded paleotidal changes were minor since 8 ka, and
especially after 6 ka, when tidal ranges reached their current values
as sea-level was close to the current position. Ward et al. (2016)
show their model is sensitive to choice of the GIA model (rather
than the hydrodynamic model). Here, we are constructing the most
complete Holocene RSL database for ACE that will be used in the

Table 2

future to improve GIA modelling. Therefore, although the tidal
range changes are suggested to be minor, the quantitative value is
unknown.

The second form of uncertainty for the vertical position of RSL,
which we do not quantify is post-depositional lowering due to
compaction of underlying sediment. This unidirectional process
causes the underestimation of the RSL position. However, we
qualitatively evaluate the possible influence of compaction by
dividing the sea-level index points into basal and intercalated
(Horton and Shennan, 2009). Basal samples are derived from sed-
iments lying directly above an incompressible substrate, while the
intercalated samples are susceptible to compaction because they
are located between non-basal clastic sediments (Jelgersma, 1961).
In addition, we have only considered freshwater limiting dates
coming from basal sediments to avoid high-limiting constraints
affected by compaction plotting below sea-level index points.

3.1.3. Age and uncertainty of RSL

All sea-level index points and limiting dates were radiocarbon
dated (Accelerator Mass Spectrometry, AMS or radiometric) and
expressed as calibrated years before present (BP, measured with
respect to 1950 CE). All dates obtained prior to the mid-1980s were
corrected for isotopic fractionation following Stuiver et al. (2017).
When 3'3C values were not reported, we assigned standard values
(—=27%o for terrestrial and 0% for marine samples). To account for
the possibility of multiple sources of carbon supply in bulk sedi-
ment samples (e.g., freshwater, salt-marsh, or tidal flat bulk
organic/minerogenic sediment), we added an additional uncer-
tainty of +100 years (Hu, 2010).

We calibrated all index points and limiting dates using CALIB 7.1
(Stuiver et al., 2017) with a 20 confidence interval. Terrestrial
samples (e.g., wood fragment, freshwater and salt-marsh organic/
minerogenic sediment) were calibrated using the IntCal13 cali-
bration curve (Reimer et al., 2013). Marine samples (e.g., bivalve
shells and calcareous foraminifera) were calibrated using the Ma-
rine 13 calibration curve (Reimer et al., 2013). For samples dated
using Hydrobia shells, we applied the mixed Marine and Northern
Hemisphere Atmosphere curve (Reimer et al., 2013) for calibration
following Billeaud (2007). For marine samples, we used the

Standardized vertical uncertainties adopted for the construction of the Atlantic coast of Europe database.

Sources of uncertainty

Description

Uncertainties related to the indicative meaning of a sample
Indicative range uncertainty

+ indicative range/2

Uncertainties related to the determination of the depth of a sample in a core

Sample thickness uncertainty®
Sampling uncertainty
Core shortening/stretching uncertainty

Non-vertical drilling uncertainty

+ sample thickness/2

+0.01m

+0.15 m for rotary coring and vibracoring
+0.05 m for hand coring

+0.01 m for a Russian sampler

0.02 m/m depth

Uncertainties related to the determination of the elevation of a core

Offshore sample collection

Tidal uncertainty

Water depth uncertainty

High-precision surveying methods

Total station uncertainty

GPS or RTK uncertainty

Benchmark uncertainty

Unknown methods

Tidal uncertainty

Estimation from vegetation zone
Undifferentiated salt-marsh vertical distribution uncertainty
High marsh vertical distribution uncertainty

+ tidal range/2
+0.5m

+0.01m
+0.1m
+0.1m

+ tidal range/2

+ (HAT-MTL)/2
+ (HAT-MHW)/2

2 When the sample thickness was not originally reported it was estimated from the dating method (0.1 m for AMS and 0.5 m for

radiometric dating).
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following average (spatial and temporal) local marine reservoir
corrections (AR): —7 + 50 years (Tisnérat-Laborde et al., 2010) for
the French Atlantic coast (regions #1, #3, #6, and #7); —105 + 21
years (Monge Soares et al., 2016) for the Cantabrian Sea (region
#8); —192 +24 years (Monge Soares and Dias, 2007) for the
northern Galician coast (region #10); 95 + 15 years (Monge Soares
and Dias, 2006) for the central Portuguese coast (region #12); and
69 + 17 years (Martins and Monge Soares, 2013) for the southwest
Portuguese coast (region #13).

3.1.4. Example of a sea-level index point from northern Spain

An intercalated sea-level index point was recovered from the
Anbeko salt marsh that has recently been reclaimed for cattle
grazing and is located in the lower-middle Urdaibai estuary
(northern Spain) (Fig. 2). The litho- and bio-stratigraphy of Anbeko
salt marsh is characterized by 3.3 m of gravels without foraminifera
at the base of the core which was overlain by 8.1 m of mud with
bioclasts and then 9.6 m of sand with bioclasts dominated by
calcareous foraminifera from an estuarine environment. Above the
sand were 6.9 m of sandy mud and mud with plant remains with
agglutinated foraminifera, suggesting a salt-marsh environment
(Cearreta and Monge-Ganuzas, 2013).

We extracted a 4.80 m sediment core (AN2) from Anbeko salt
marsh using a rotary drill. We measured the surface elevation of the
core using a GPS-RTK (+0.02 m leveling uncertainty), which was
tied into a benchmark (+0.10 m estimated benchmark uncertainty)
to which the tidal datum is referenced. The core surface elevation
was 1.81 +0.12m NMMA (or MSL in Alicante, the Spanish ortho-
metric datum defined in the Mediterranean coast) or 1.50 + 0.12 m
MSL at the nearest Bilbao tide gauge.

A small halophytic plant remain within the muddy sediment
was selected at a depth of 2.72 m (—1.22 m MSL) for AMS dating.
The AMS dated plant remain (Beta-463064) yielded a calibrated age
of 4421 to 4248 cal BP, which represents the horizontal 2c range of
the sea-level index point.

The foraminiferal assemblage at this depth was dominated by
the agglutinated species Entzia macrescens (90%), Trochammina
inflata (6%), and Arenoparrella mexicana (4%) that are typical of a
high marsh environment. The RWL of the sample was calculated as
the midpoint between HAT and MHW, and the indicative range
uncertainty as half the elevation difference between HAT and
MHW. The elevation of HAT and MHW is 2.39 m MSL and 1.36 m
MSL, respectively, at the nearest tide gauge (Bilbao). Therefore, the
sample's RWLis 1.87 m MSL and the indicative range is 1.03 m, with
an associated indicative range uncertainty of +0.52 m. We calcu-
lated the total uncertainty for this sample from the following un-
certainty terms: sample thickness uncertainty of +0.01 m; non-
vertical drilling uncertainty of +0.01 m; core shortening uncer-
tainty of +0.15 m; and a standard sampling uncertainty of +0.01 m.

The calculation of RSL and its uncertainty for this index point
was:

RSL = —1.22 Melevation — 1.87 mrwr = —3.09 m
RSL uncertainty = + [(0.52 mindicative
range + (0.12 m)zelevation +(0.01 m)zsample thickness 1 (0.01 m)zangle

borehole + (0.15 m)zcoring method + (0.01 1'1'1)zsamp1ir1g]l/2 =0.55m

The minerogenic nature of the sediment undelying the index
point minimizes the influence of compaction (Brain et al., 2011).

3.2. Statistical analysis

We fit the RSL index points with a spatio-temporal empirical
hierarchical model (Cressie and Wikle, 2011; Kopp et al., 2016; Ashe

et al, in review), implemented using the CESL-STEHM-GP code
base for MATLAB (Kopp, 2016). A hierarchical model separately
distinguishes between process-level variability in the underlying
spatio-temporal RSL field, which reflects the different mechanisms
that cause RSL to vary over space and time, and data-level noise,
reflecting geochronological uncertainty, vertical measurement
uncertainty, and the indicative range. Prior expectations about
scales of variability are described by hyperparameters. In an
empirical model, these hyperparameters are optimized to maxi-
mize the likelihood of the model given the observations. Once the
parameters are optimized, the resulting prior probability distribu-
tion is conditioned upon the observations to generate a posterior
estimate of the spatio-temporal RSL field and its components. Rates
are derived from the posterior estimate of this field through a linear
transformation.

As applied here, the process level decomposes the spatio-
temporal field of RSL change, which we denote f (x,t), into four
components, representing (1) a slowly changing signal common to
the region of study, g(t), (2) a long-wavelength regional signal, r
(x,t), (3) a short-wavelength regional signal, s (x,t), and (4) high-
frequency, localized variability, represented as white noise, w (x,t):

f(x,t) =g(t) +r(x,t) +s(x,t) + w(x,t) (2)

Here, x represents geographic location and t represents time.

Each of the four components on the right-hand side of equation
[2] is characterized by a Gaussian-process prior, which expresses
expectations in the absence of observations about how the
component should behave (Rasmussen and Williams, 2006). A
Gaussian-process prior is characterized by a mean function, which
we assume is zero at all points in space and time, and a covariance
function, which encodes expectations regarding how strongly
correlated different points in space and time are with one another.
Here, we use spatially and temporally separable Matérn covariance
functions. The spatial component is a Matérn-1/2 function, which
allows for the possibility that RSL exhibits abrupt changes in spatial
gradient and is not spatially differentiable. The temporal compo-
nent is a Matérn-3/2 function, which yields time series that are
once differentiable (allowing for abrupt changes in acceleration but
not in rate); this differentiability is a requirement for the approach
we use to handle geochronological uncertainty, as discussed below.

The optimized hyperparameters for these components are
shown in Table 3. For example, the spatially uniform term g(t) is a
priori expected to exhibit variability with a standard deviation of
+78.2m and a decorrelation timescale of about 37 ka; the long-
wavelength regional signal r(x,t) is expected to exhibit variability
on the scale of +2.6 m, with a decorrelation timescale of about 6.5
ka and a decorrelation length scale of about 13.0°. The optimized
hyperparameters indicate that the more local terms [s (x,t) and w
(x,t)] contribute minimally to the overall signal [see Table 3: prior
standard deviations of +3 cm for s (x,t) and +0.2 mm for w (x,t)];
almost all deviations from the spatially uniform signal and the
longer-wavelength regional signal can be explained by individual
sample uncertainty at the data level.

As applied here, the data level represents each individual RSL
estimate y; and age observation t; as a noisy corruption of true RSL
and true age, f (x,t;) and t;:

Yi=fx,t;) +¢ (3)

/f\,' =t +0; (4)

Here, i indexes the individual observations, ¢; represents the ver-
tical measurement and indicative range error associated with
observation i, and ¢; represents the geochronological error
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Fig. 2. Example site location in Basque Country (region #8) (A). Urdaibai estuary map with the location of analyzed cores for stratigraphical purposes (B). Stratigraphic section of the
middle Urdaibai estuary (C). Foraminiferal diagram for the sea-level index point from core AN2 (D).

associated with measurement i. Geochronological uncertainties are
approximated using the Noisy-Input Gaussian Process approxima-
tion (McHutchon and Rasmussen, 2011), which uses the slope of a
time-series at a point to translate an error in the independent
variable (here, age) into a comparable error in the dependent var-
iable (here, RSL). Standard deviations for the vertical and temporal
uncertainty terms in equations [3] and [4] are defined in the
database.

4. Holocene relative sea-level records of the Atlantic coast of
Europe

4.1. French Flanders and Picardy coastal plain (region #1)
The RSL history consists of 16 index points, eight marine limiting

dates, and eight freshwater limiting dates (Fig. 3). In the early
Holocene, between ~10.4 and ~9.3 ka freshwater limiting dates
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Table 3
Optimized hyperparameters.
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prior standard deviation of g(t)
prior timescale of g(t)

prior standard deviation of r (x,t)
prior timescale of r (x,t) and s (x,t)
prior length scale of r (x,t)

prior standard deviation of s (x,t)
prior length scale of s (x,t)

prior standard deviation of w (x,t)

78.2m
37.3 ka
26m
6.5 ka
13.0°
0.03m
1.0°

0.2 mm

constrain RSL to below —21.1 + 3.3 m. The oldest index point places
RSL at —17.7 +3.8 mat ~8.6 ka. Then, RSL rose to —11.8 + 3.8 m at

~75 ka at a rate of 5.7+ 1.2mmyr . A freshwater limiting date
constrains RSL to below —3.1+4.2mat ~71 ka. Younger index
points show RSL rose from —3.3 + 3.8 mat ~5.7kato —1.8 + 3.3 mat
~2 ka at a rate of 1.2+0.5mmyr . Two marine limiting dates
indicate that RSL was above 0.1 + 2.7 m between ~1.5 and ~1.2 ka.

4.2. Seine estuary and coast of Calvados (region #2)

The RSL record contains 20 index points and one freshwater
limiting date (Fig. 3). The limiting date constrains RSL to
below —22.3 +3.4mat ~9.5 ka. The oldest index point places RSL
at —20.2 +3.9 m at ~8.9 ka. RSL was at —10.8 + 3.9 m at ~8.2 ka, and
then it rose to —7.2 + 3.9 mat ~6.9 ka at a rate of 4.3 + 1.0 mmyr~!
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Fig. 3. RSL observations compared to GIA and spatio-temporal statistical model predictions for different coastal regions of France.
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and to —6.5+3.9mat ~6.2 ka at a rate of 2.3+0.8 mmyr . RSL
remained relatively stable during the late Holocene,
reaching —0.2 + 3.6 m at ~4.4 ka, although four index points suggest
RSL was at ~-2.0 + 1.8 m between ~2.6 and ~2.2 ka.

4.3. Normano-Breton gulf and north Brittany (region #3)

The RSL record is based on 24 index points, three marine
limiting dates, and four freshwater limiting dates (Fig. 3). The oldest
freshwater limiting date indicates RSL was below —9.1 + 54 mat
~8.1 ka. Index points show RSL rose from —8.7 + 5.9 mat ~7.5 ka
to —5.7+59mat ~69 ka at a rate of 3.4+11mmyr }, and
to —2.9+5.9mat ~5 ka at a rate of 1.5+ 0.5 mmyr~ .. During the
late Holocene, data are scarce, and a single index point places RSL at
0.0 +5.9mat ~3 ka. Finally, a marine limiting date indicates RSL
was above —1.9 + 5.7 mat ~1 ka.

4.4. West Brittany (region #4)

The West Brittany RSL record is composed of 28 index points
and seven freshwater limiting dates (Fig. 3). The oldest index point
locates RSL at —7.5 + 0.8 m at ~6.9 ka. A series of index points show
RSL rose relatively steadily to —0.4+ 0.8 mat ~0.5 ka at a rate of
1.0+02mmyr L

4.5. South Brittany (region #5)

The RSL record from South Brittany contains 14 index points,
four marine limiting dates, and three freshwater limiting dates
(Fig. 3). A marine limiting date suggests RSL was
above —8.6+0.2mat ~7.9 ka. The oldest index point places RSL
at —6.7 +2.8 mat ~7.5 ka. RSL rose from —5.2 +2.8mat ~6.5 ka
to —2.8 + 3.0 mat ~5.2 ka at arate of 1.0 + 0.5 mmyr~ . A freshwater
limiting date constrains RSL to below —0.5 + 2.1 m at ~4.3 ka. Dur-
ing the late Holocene, RSL remained relatively stable at —1.2 + 1.4
to —1.3 + 3.0 m between ~3.9 and ~1.2 ka.

4.6. Coast of Vendée (region #6)

The RSL record is derived from 32 index points (Fig. 3). The
oldest index point in the early Holocene places RSL
at —9.2+2.7mat ~8.9 ka. However, the next two index points
locate RSL at ~—10 m at ~8.6 ka. RSL rose until ~7.9 ka at a rate of
6.7 + 1.2 mmyr~!, when it reached —5.5 + 2.7 m. Then, RSL evolved
from —5.0 + 2.7 mat ~7.1 ka to the modern position at ~5.1 ka at a
rate of 1.1 + 0.4 mmyr~ . Even though the general trend of the late
Holocene RSL record shows an average position close to modern,
there are 3 index points at ~4.9, ~4.7, and ~3.7 ka that suggest RSL
was between —2.1 +2.7 and —2.8 +3.2m.

4.7. Coast of charentes (region #7)

The RSL record is made of 11 index points, six marine limiting
dates, and two freshwater limiting dates (Fig. 3). The oldest fresh-
water limiting date constrains RSL to below —13.1 + 2.6 m at ~9 ka.
Two marine limiting dates place RSL above —11.1 + 2.6 m at ~8.5 ka
and above —9.5 + 2.6 m at ~8.1 ka. The oldest index point indicates
RSL was at —5.2+2.9mat ~7.3 ka. RSL rose to —3.5+2.9mat ~7.1
ka. Then, RSL evolved from -30+29mat ~65 ka
to —1.5+ 2.6 mat ~4.7 ka at a rate of 0.7 + 0.5 mmyr~ . During the
late Holocene RSL was at ~—1.0+25mat ~29 ka and at
0.5 +2.8 mat ~0.6 ka.

4.8. Basque Country (region #8)

The Basque Country RSL record consists of 12 index points, 47
marine limiting dates, and three freshwater limiting dates (Fig. 4).
The database includes two index points from the Urdaibai estuary
that were previously located in the Bilbao estuary in Leorri et al.
(2012a). The RSL record from the early and mid-Holocene is
derived from freshwater and marine limiting dates. Even though
dates from shells recovered from the eastern Cantabrian coast have
sometimes shown signs of reworking because of the high-energy
coastal activity (Alonso and Pagés, 2000; Cearreta and Murray,
2000), the dates included in this database did not show in-
versions and were used to constrain RSL. Three freshwater limiting
dates constrain RSL to below ~—25 m at ~9.8 ka. A series of marine
limiting dates show RSL rose from above —21.6 mat ~9.4 ka to
above —8.5 m at ~8 ka. Marine limiting dates indicate RSL evolved
from above —5.9 m at ~7.5 ka to above —4.2 m at ~6.7 ka. There is a
lack of data between ~6.7 and ~5.8 ka. Two marine limiting dates
indicate RSL was above ~—5.8 m between ~5.7 and ~5.3 ka. The
oldest index point places RSL at —3.3+0.5mat ~4.9 ka. RSL
continued to rise at a rate of 0.4+0.3mmyr~! during the late
Holocene until ~1.6 ka, when it reached —2.1 + 0.5 m.

4.9. Asturias (region #9)

The RSL record includes six index points and three marine
limiting dates (Fig. 4). The oldest limiting date indicates RSL was
above —10.1 mat ~8.2 ka. The oldest index point shows RSL was
located at 7.1 + 2.3 mat ~7.5 ka. Five younger index points indicate
RSL rose from —5.5+2.3 mat ~6.1 kato —1.4+23 mat~1.2 kaata
rate of 0.6+ 0.3 mmyr .

4.10. Galicia (region #10)

The RSL record for Galicia is composed of five index points, eight
marine limiting dates, and one freshwater limiting date (Fig. 4).
Two marine limiting dates constrain RSL to above —38.2 m at ~10.9
ka and —36.2 m at ~10.6 ka. An early Holocene index point suggests
RSL was at —21.7 + 2.3 m at ~9.6 ka. RSL rose from —9.5 + 2.1 mat
~8.4kato—4.1+21mat~7kaatarate of 4.7 + 0.8 mmyr~ . During
the late Holocene, one freshwater and three marine limiting dates
constrain RSL to below -07+1.8mat ~5 ka and to
above —3.2 + 1.8 mat ~4.4 ka and —1.0 m at ~3.1 ka. Younger index
points show RSL rose from —1.8 + 2.1 mat ~2 ka to —0.2 + 2.1 mat
~0.9 ka at a rate of 0.6 + 0.7 mmyr .

4.11. Southern Galicia and north of Portugal (region #11)

The RSL record contains eight index points, four marine limiting
dates, and four freshwater limiting dates (Fig. 4). The early and mid-
Holocene record is constrained only by marine and freshwater
limiting dates. Marine limiting dates suggest RSL was
above -22.7+13mat ~104 ka, -206+13mat ~10
ka, —6.7 + 0.4 mat ~7.6 ka, and —5.4 m + 0.4 at ~6.5 ka. Freshwater
limiting dates suggest RSL was below -13.9+13mat ~10.8
ka, —-42+01mat ~78 ka, -10+14mat ~6.7 Kka,
and —1.2 m + 0.1 at ~6 ka. Late Holocene index points demonstrate
RSL remained close to present, from —16+11mat ~24 ka
to —0.2 + 0.6 mat ~0.4 ka.

4.12. Lisbon and Tagus Valley (region #12)
The RSL history is constrained by 17 index points and four ma-

rine limiting dates (Fig. 4). The oldest index point indicates RSL was
located at —36.7 + 1.2 m at ~11.5 ka. RSL then rose to —2.4 + 1.7 m at
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Fig. 4. RSL observations compared to GIA and spatio-temporal statistical model predictions for different coastal regions of Spain and Portugal.

~75kaatarateof81+0.7mmyr !andto—1.6+12mat~69kaat
a rate of 3.4+1.0mmyr . A younger index point places RSL
at —09+12mat ~6.3 ka. Index points indicate RSL rose
from —1.6 + 1.6 mat ~4.1 ka to —1.5+ 1.5 mat ~1.5 ka at a rate of
0.0 +0.5mmyr .

4.13. Algarve (region #13)

The Algarve RSL record is derived from 21 index points, four
marine limiting dates, and two freshwater limiting dates (Fig. 4).
The oldest index point constrains RSL to —10.7 + 1.7 m at ~8.5 ka.
RSL rose to —3.6+ 1.7 mat ~7.2 ka at a rate of 5.3 +0.6 mmyr .
Later, a series of index points indicate RSL rose from —2.5 + 0.5 m at
~6.4 ka to 0.4+ 0.9 mat ~1 ka at a rate of 0.5+ 0.2 mmyr .

5. Discussion
5.1. RSL reconstructions from the Atlantic coast of Europe

The Holocene RSL database for the ACE is made up of 214 index
points and 126 limiting dates extracted from estuaries, coastal la-
goons and salt marshes (Fig. 1). Most RSL reconstructions are
derived from intercalated index points from salt-marsh and occa-
sionally lagoonal sediments (regions #10—13) that extend back to
~11.5 ka. Only 40 basal index points are distributed between ~7 and
~5 ka. The general lack of basal data from the early Holocene has
also been noted in other RSL databases such as the Mediterranean
(Vacchi et al.,, 2016). Data are limited during the early Holocene
because of restricted peat formation and preservation during
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periods of rapid RSL rise, as well as the difficulty in retrieving these
coastal sediments, which occur mainly offshore (Brooks and
Edwards, 2006; Tornqvist and Hijma, 2012). When the rate of
marine transgression slowed at ~7 ka, the modern coastline and
estuaries formed (Teixeira et al., 2005; Vis et al., 2008; Stéphan and
Goslin, 2014), with basal peats occupying the base of the coastal
sequences. Subsequently, the estuaries of the ACE infilled with tidal
flat and salt-marsh sediments deposited mainly during the mid-
and late Holocene (Boski et al., 2002; Vis and Kasse, 2009;
Chaumillon et al., 2010; Fenies et al., 2010; Menier et al., 2010). The
stabilization of RSL in the mid to late Holocene is reflected by the
formation of coastal barriers, due to sediment transport along the
coastline, and development of lagoons in low-lying coastal areas
(Dias et al., 2000; Cearreta et al.,, 2003; Freitas et al., 2003;
Naughton et al., 2007; Lespez et al., 2010; Stéphan and Laforge,
2013; Stéphan et al., 2015a,b).

Subdivision of index points within the ACE into basal and
intercalated categories provides an initial assessment of the influ-
ence of compaction (e.g., Tornqvist et al, 2008; Horton and
Shennan, 2009). However, there is no difference in the elevation
between basal and intercalated index points in regions #2, 3, and 4,
which have data covering the same time period (Fig. 3). These re-
sults contradict conclusions made from coastal organic sediments
of eastern and southwestern England (Edwards, 2006; Horton and
Shennan, 2009), and the Gulf coast of United States (Tornqvist et al.,
2008), which show long-term compaction rates between ~0.4 and
5mmyr~ . Furthermore, Horton et al. (2013) and Khan et al. (2017)
assessed the influence of compaction in organic sediments from
temperate salt marshes and tropical mangroves in terms of their
stratigraphic position and showed ~0.3 m compaction per meter of
overburden. RSL reconstructions from intercalated samples in re-
gions #2 and 3 from the ACE exhibit up to 8 and 9 m overburden,
respectively, but do not seem to have suffered significant consoli-
dation. Compaction parameters such as pore space, de-watering,
structural collapse or biological decay of vegetal remains, and
biogeochemical alteration of organic matter (van Asselen et al.,
2009; Brain et al.,, 2017) are controlled both directly and indi-
rectly by organic matter content (Plater et al., 2015). The coastal
sediments of the ACE are minerogenic (Cearreta et al., 2013; Garcia-
Artola et al., 2016). Indeed, natural and regenerated salt-marsh
sediments from the ACE contain low organic matter content
(<10%), which decreases with depth due to rapid degradation at the
surface (Cearreta et al., 2002, 2013; Santin et al., 2009; Ferndndez
et al., 2010), compared to the organic-rich salt marshes of the US
Atlantic coast (e.g., >40% organic matter in New England; Carey
et al., 2017).

5.2. Rate of RSL rise during the Holocene from the Atlantic coast of
Europe

The database from the ACE documents a continuous rise in RSL
from —36.7 + 1.2 m at ~11.5 ka until present (region #12; Fig. 4). The
height of RSL did not exceed the current position at any time during
the Holocene, although Moura et al. (2007) suggested a RSL high-
stand occurred during the mid-Holocene in southern Portugal. We
analyzed the temporal variability of RSL rise for each site calcu-
lating the average rate in time intervals of 1-ka (Table 4 and Fig. 5)
using the spatio-temporal empirical hierarchical model (Kopp et al.,
2016). Rates of Holocene RSL rise were faster in the early Holocene
(107 ka) with rates between 6.3+08mmyr ! and
6.8+ 0.5 mmyr~!, and a notable decrease in rates occurred at 7 ka.
This inflection in the rate of RSL rise was also observed by Vis et al.
(2008), Leorri et al. (2012a,b), Stéphan and Goslin (2014), and
Costas et al. (2016). The rate of RSL rise further decreased from the
mid to late Holocene; from 7 to 4 ka RSL rise ranged from
1.8 +0.5mmyr! to 0.5+04mmyr! compared to
0.9+04mmyr ! to 01+0.5mmyr~! between 4 ka and present.
The rate of RSL rise decreased throughout the Holocene because of
areduction in meltwater input and diminishing contribution of GIA
(Engelhart and Horton, 2012). The decrease in rates of RSL rise after
~7 ka coincides with the disappearance of the far-field Laurentide
Ice Sheet (Carlson et al., 2008; Lambeck et al., 2014; Ullman et al.,
2016), and the deglaciation peak of West Greenland (Sinclair
et al.,, 2016). However, there is no consensus on the termination
of Holocene global meltwater input, which has been associated
with melting from the Antarctic Ice Sheet after ~7 ka (Nakada and
Lambeck, 1988; Ivins and James, 2005; Bentley et al., 2014). Models
for the end of Antarctic melting vary between 6 ka (Milne et al.,
2005) and 4 ka (Peltier, 2004), or a much later melting up to 2 ka
(Nakada and Lambeck, 1988; Fleming et al., 1998; Whitehouse et al.,
2012; Lambeck et al., 2014) and 1 ka (Ivins et al., 2013; Bradley et al.,
2016).

5.3. Spatial variability in RSL and comparison with glacial isostatic
model predictions

The most likely source of spatial variability of RSL along the ACE
is the deglaciation of the British-Irish and Fennoscandian Ice sheets
(Carlson and Clark, 2012; Cuzzone et al., 2016). The ACE database
seems to reflect the migration of the European peripheral forebulge
from the northeast to the northwest during the Holocene (Fig. 5).
From 8 to 4 ka, RSL rise rates decrease towards the southwest from
a maximum of 2.5+0.5mmyr ' (region #1) to a minimum of
1.5+ 0.4 mmyr~! (regions #8—12) (Table 4). After 4 ka, the rate of

Table 4

Rates of RSL change (+2 standard deviations) along the Atlantic coast of Europe at 1-ka time intervals estimated by the empirical hierarchical model since 11 ka.
Site Average rate (mm yr— )

11-10 ka 10-9ka 9-8ka 8-7 ka 7-6 ka 6-5 ka 5-4 ka 4-3 ka 3-2 ka 2-1 ka 1-0 ka

#1 French Flanders and Picardy coastal plain 84+2.0 82+17 69+14 45+10 26+09 15+09 14+08 12+08 06+09 07+10 08«17
#2 Seine estuary and Coast of Calvados 85+20 82+17 69+13 43+10 23+08 13+08 12+07 11+07 05+08 0.7+08 07x1.6
#3 Normano-breton Gulf and North Brittany 86+20 83+16 68+13 41+09 20+08 1.0+07 1.0+07 11+0.7 05+0.7 06+0.7 0.7+1.6
#4 West Brittany 85+19 82+16 67+13 39+10 18+07 08+06 10+05 12+06 07+06 08+06 08+15
#5 South Brittany 87+19 83+16 67+13 39+09 18+07 08+06 09+06 11+06 05+06 06+07 07+1.5
#6 Coast of Vendée 88+19 84+16 6.7+12 38+09 16+07 06+07 06+06 07+06 03+0.6 04+0.7 06x15
#7 Coast of Charentes 88+19 84+16 68+13 38+09 16+08 05+08 05+07 06+06 02+07 05+08 06+16
#8 Basque Country 88+19 84+15 68+12 37+09 14+08 03+08 04+06 06+05 03+05 06+08 0.7+1.6
#9 Asturias 88+18 84+14 68+11 38+09 14+08 04+08 05+07 08+07 05+07 07+07 08+15
#10 Galicia 89+18 85+14 70+11 39+09 14+08 04+08 04x07 07x07 04x+08 06+0.7 0.7+1.5
#11 Southern Galicia and north of Portugal 9.0+18 86+14 71+11 40+09 14+08 03+08 03+08 05+07 03+0.7 05+06 06+14
#12 Lisbon and Tagus Valley 92+16 89+13 74+10 42+07 15+08 02+08 00+07 01+07 -02+07 01+08 03+16
#13 Algarve 90+17 88+14 74+11 45+07 20+07 07+07 05+06 05+06 01+06 03+07 04+1.6
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Fig. 5. Mean estimates of RSL heights and rates of change from the spatio-temporal model for each coastal region (A) and rates of RSL change for the entire Atlantic coast of Europe

in 1-ka time intervals (B). Note the changes of scale among time intervals.

RSL rise decreases from the northwest (0.9 + 0.4 mmyr~!; region
#4) to a minimum of 0.1 + 0.5 mmyr~' (region #12). These results
confirm previous conclusions showing highest RSL rates associated
with the peak forebulge collapse occurring in distal locations, up to
hundreds of kilometers away from the former ice margins (Farrell
and Clark, 1976; Engelhart and Horton, 2012; Engelhart et al,,
2015). Data from regions #12 and 13 do not follow the general

north-south trend and present higher rates to the south in region
#13 (Fig. 5). Previous regional studies in Algarve/Gulf of Cadiz area
have also suggested anomalously high rates of Holocene RSL rise
(Dabrio et al., 2000; Delgado et al., 2012). Consequently, RSL records
from the southern region of Portugal could be influenced by the
previously mentioned late Quaternary tectonic activity as sug-
gested by Leorri et al. (2012a,b).
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GIA model predictions have been compared to RSL re-
constructions from the ACE (Leorri et al., 2012a,b; Goslin et al,,
2015; Costas et al., 2016). Similar to Bradley et al. (2011), the pre-
dictions of the GIA model used here (Bradley et al., 2016 with the
rheological parameters from Leorri et al., 2012a,b) compare favor-
ably at most regions during the Holocene. However, misfits are
observed before ~7 ka in regions #6, 10, 12, and 13; the RSL
reconstruction is up to ~10 m below GIA model predictions at ~9 ka
in region #6 (Fig. 3). Furthermore, region #8 also shows late Ho-
locene RSL reconstructions ~2.5 m below the GIA model predictions
(Fig. 4). However, many salt marshes from the Basque Country
studied in this database have suffered land drainage related to
reclamation for agricultural purposes (e.g., Pascual et al., 2000),
which would have led to compaction and lower the RSL re-
constructions in this area (Shennan and Horton, 2002).

Other possible causes of discrepancies between the RSL records
and GIA model predictions have been extensively discussed in
previous studies (Leorri et al., 2012a,b; Goslin et al., 2015). These
differences could be caused by changes in paleo-tidal ranges at
regional (continental shelf) and local (bay, estuary) scales (region
#4), tectonic activity (region #13), and large morphological coastal
changes (region #7). Otherwise, uncertainties in GIA models
employed have been pointed out, such as the choice of parameters
for the Earth model used (especially the lithosphere thickness and
mantle viscosity structure) and the deglaciation history of the
Fennoscandian ice sheet (Goslin et al., 2015).

6. Conclusions

We produced a standardized Holocene RSL database from the
Atlantic coast of Europe (ACE) that synthesizes the existing results
from northern France to southern Portugal. The database is based
upon 214 index points and 126 limiting dates that extend back to
~11.5 ka. The ACE represents an intermediate-field location with a
continuous Holocene RSL rise history controlled by isostatic and
eustatic factors. We observed the highest rates of RSL change in the
early Holocene (10—7 ka) with a maximum in middle Portugal
(6.8+05mmyr-!) and a minimum in southwestern France
(6.3+0.8mmyr ). Reduction of meltwater input explains the
slowdown in the rates after 7 ka, up to 0.1 + 0.5 mmyr~! in middle
Portugal during the late Holocene. The spatial variability of the ACE
database reflects the deglaciation of the British-Irish and Fenno-
scandian Ice Sheets and the migration of the peripheral forebulge
from a northeast position before ~4 ka to a northwest location in
the late Holocene.
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