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a b s t r a c t

We present the first comprehensive postglacial relative sea-level (RSL) database for the Norwegian coast
from Oslo to the Kola Peninsula. The database spans the last 20 kyrs and is composed of 413 index points
and 610 limiting data points derived from raised beaches, archeological data, glaciomarine terraces, and
sedimentary indicators from isolation basins, salt marshes, and peat bogs. The data are quality controlled,
assigned standardized indicative meanings, and recalibrated to current standards. We use an ensemble of
Bayesian statistical models, trained on sea-level index points and weighted by their fit to both index and
sea-level limiting points, to assess the spatiotemporal patterns of Norwegian RSL change. Continuous RSL
fall driven by isostatic rebound in response to Eurasian ice sheet collapse dominates the RSL signal at
every inland location in Norway. A first transgression (episode of RSL rise), which occurred in southwest
Norway during the Younger Dryas (14e11.7 ka), increased RSL by as much as 15 m in some locations. A
second transgression, named the Tapes transgression, occurred during the early-mid Holocene between
10 and 5.5 ka. The spatiotemporal model ensemble constrains the timing, amplitude, and spatial dis-
tribution of the Younger Dryas and Tapes transgressions. Based on our modeling results, we speculate
that the Tapes Transgression was the result of global mean sea level rise temporarily outpacing isostasy-
driven RSL fall, while the Younger Dryas Transgression was likely the result of local ice sheet readvance
combined with low viscosity asthenosphere and weak lithosphere in the region. We also describe the
effects of peripheral bulge migration on Norwegian RSL, which caused increased RSL in the early Ho-
locene and a delayed Tapes transgression. We show that postglacial RSL data in Norway contain complex
spatiotemporal patterns of nearfield RSL change that can best be estimated by combining a high-quality
data compilation with glacial isostatic adjustment modeling via a robust statistical model.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Global mean sea level (GMSL) was 125e130 m below present
during the Last Glacial Maximum (LGM) (Peltier et al., 2015;
Austermann et al., 2013) and rose rapidly during the deglaciation as
temperatures warmed, ocean circulation patterns changed, and the
Northern Hemisphere ice sheets destabilized (Baggenstos et al.,
2019; Tierney et al., 2020; McManus et al., 2004). The collapse of
the Eurasian ice sheet complex (EIS) likely caused ~12 m (m) of
GMSL rise (Hughes et al., 2016; Patton et al., 2017). However, the
eel).
timing and spatial pattern of EIS melt leading up to its disintegra-
tion, particularly in the Barents Sea sector, remain uncertain
(Kachuck and Cathles, 2018). For example, melt from the Lauren-
tide, Antarctic, and Eurasian ice sheets drove the fastest period of
deglacial GMSL rise, Meltwater Pulse 1a (MWP-1a), which occurred
at ~14.6 ka and contributed 15e20 m to GMSL rise, yet the exact
amount that each ice sheet contributed remains contested
(Stanford et al., 2006; Liu et al., 2016; Lin et al., 2021). Estimates of
the EIS contribution to MWP-1a range from 0 to 60% of the total
GMSL change associated with the meltwater pulse (Lin et al., 2021;
Brendryen et al., 2020). After collapse of the EIS was completed
(~9.7 ka), GMSL continued to rise due to the final termination of the
Laurentide Ice Sheet (~7 ka, Ullman et al., 2016; Stokes, 2017). GMSL
is thought to have stabilized within a fewmeters of present-day sea
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level as early as ~6e7 ka (Peltier et al., 2015; Abe-Ouchi et al., 2015)
or as late as ~2e4 ka (Bradley et al., 2016; Lambeck et al., 2014).
Variations in Greenland, Antarctic, andmountain glacial ice volume
since GMSL reached present-day levels have been proposed,
though the magnitudes of those changes were likely less than a
meter (Young et al., 2020; Kingslake et al., 2018; Greenwood et al.,
2018; Davis et al., 2009).

Local RSL change in Fennoscandia is predominantly a result of
the combined effects of GMSL rise and glacial isostatic adjustment
(GIA), which is the response of the solid earth, its gravity field, and
rotation axis to changes in ice and ocean load (Farrell and Clark,
1976; Milne and Mitrovica, 1998). In Northern Europe, EIS disinte-
gration caused land uplift in regions previously covered by the EIS
and subsidence in regions near the former ice sheet's edges that
had been elevated by displaced mantle material e an effect termed
‘peripheral bulge subsidence’. The peripheral bulge likely migrated
inland and subsided as the EIS ice margin retreated, as occurred
during Laurentide ice sheet collapse (Scott et al., 1987; Barnhardt
et al., 1995). RSL change driven by EIS isostatic rebound and pe-
ripheral bulge subsidence overwhelmed smaller changes driven by
hydro-isostatic loading, continental levering, and ocean siphoning,
which govern far-field GIA responses (Mitrovica and Milne, 2002).
Isostatic adjustment continues across Fennoscandia today, where
uplift rates are documented by GPS, gravity, and tide gauge mea-
surements (Milne et al., 2001; Sj€oberg and Bagherbandi, 2020;
Vestøl et al., 2019).

Post-LGM RSL change in Northern Europe is highly sensitive to
lateral and radial variations in the physical properties of the solid
earth, most notably viscosity, as well as to spatiotemporal patterns
in ice sheet mass change (Steffen and Kaufmann, 2005; Lambeck
et al., 1998; Auriac et al., 2016). Lithospheric thickness varies from
<70 km in southern Norway to>120 km beneath the East European
craton (Artemieva, 2019). Scandinavian lower mantle viscosity es-
timates are variable and range from <5x1021 Pa s (Lambeck et al.,
1998) to an order of magnitude greater (Steffen and Kaufmann,
2005). Upper mantle viscosities beneath Scandinavia are con-
strained to 3e5 � 1020 Pa s (Steffen and Wu, 2011, and references
therein). Local studies of southern Norway, however, have found
that sea-level data are better fit with upper mantle viscosities an
order of magnitude lower than average values for the rest of
Scandinavia (Fjeldskaar and Amantov, 2018). Similar lateral gradi-
ents in solid Earth structure alter RSL by meters in West Antarctica
(Hay et al., 2017; Nield et al., 2018), and may have done the same in
Northern Europe (Fjeldskaar and Bondevik, 2020). For instance, the
Younger Dryas (YD, ~14.0e11.7 ka) readvance of the EIS in south-
western Norway d an area thought to have thin lithosphere and
weak viscosity structure (Rickers et al., 2013; Schoonman et al.,
2017) d coincided with an RSL transgression in southwestern
Norway not recorded elsewhere along the Norwegian coast
(Mangerud et al., 2016; Fjeldskaar and Amantov, 2018). Similarly, a
transgression observed across Fennoscandia, named the Tapes
Transgression after the freshwatermollusc Tapes decussata, reached
its largest amplitude in southwestern Norway (Fjeldskaar and
Bondevik, 2020).

In addition to GMSL changes and GIA effects, tectonic defor-
mation has affected RSL around Fennoscandia. Mass unloading
during EIS deglaciation caused changing stress regimes in the
lithosphere, which led to pulses of seismic activity (Lagerb€ack and
Sundh, 2008; Olesen et al., 2013). Concentrated in the early Holo-
cene (11e9 ka) but continuing to the present, these episodes
complicate the standard depiction of Fennoscandia as a stable
continental margin (Faleide et al., 2008). Earthquakes and desta-
bilized gas hydrates along the Norwegian continental margin may
also have triggered several submarine mass failures over the last
glacial cycle (Mienert et al., 2010; Smith et al., 2013). The most
2

prominent such mass failure, the Storegga Slide, dated to 8.1 ± 0.1
ka (Bondevik et al., 2012; Dawson et al., 2011), spawned a tsunami
whose deposits have complicated the interpretation of early Ho-
locene sea-level records along the Norwegian coastline (Bondevik
et al., 1997b; Gaffney et al., 2020).

Evidence of GMSL rise, GIA-driven rebound, and smaller scale
tectonic events is preserved in Scandinavia's abundant geomor-
phological archives, which include raised beaches, marine deltas,
and more than 400,000 lakes. This sedimentary record extends
nearly twenty thousand years into the past and differs dramatically
across the region. RSL is recorded in the form of index points that
mark the past position of RSL at a given place and time, and limiting
points that place an upper or lower bound on past RSL. Scandina-
vians have measured RSL in Northern Europe for more than 500
years, a legacy that has produced strong constraints on RSL (Celsius,
1743; Ekman, 1991). Recent studies have used preexisting sea-level
data to improve EIS reconstructions (Steffen et al., 2013; Steffen and
Kaufmann, 2005), bound estimates of lithospheric thickness
(Lambeck et al., 1998; Steffen et al., 2014), and confirm models of
the lateral heterogeneity of the region's mantle viscosities (Huang
et al., 2019). However, existing analyses only use a small subset of
Norway's RSL data, many of which were produced in the 1950's or
earlier (e.g. Fægri, 1944; Nydal, 1959, and references therein) and
have yet to be aggregated into a quality-controlled, standardized
database. Small datasets and a lack of data aggregation and stan-
dardization make it hard to disentangle and understand the
different processes that drive RSL change. Regional sea-level data-
bases, by contrast, can harness the spatiotemporal patterns of GIA
to constrain the distinct processes that drove RSL change since the
LGM (Khan et al., 2019).

Here, we compile the first quality-controlled RSL database
spanning the Norwegian coast. The comprehensive database con-
sists of sea-level index points (SLIPs) and limiting data from20 ka to
present derived from raised beaches, archeological data, glacio-
marine terraces, and sedimentary indicators including isolation
basins, salt marshes, and peat bogs. To compile the data and esti-
mate their uncertainties, we employ standard procedures agreed
upon by the sea-level community (e.g. Hijma et al., 2015; Khan
et al., 2019) that include defining each indicator's vertical rela-
tionship to sea level, calibrating ages to current standards, and
assessing sources of temporal and vertical uncertainty. We employ
an spatio-temporal empirical hierarchical model ensemble
(STEHME) with Gaussian process regression to calculate spatio-
temporal fields of sea-level change. We use the STEHME fields to
map the magnitude and timing of the YD and Tapes transgressions
and to identify areas where ICE-6G (Peltier et al., 2015; Argus et al.,
2014) and GLAC-1D (Abe-Ouchi et al., 2015; Tarasov et al., 2012;
Tarasov and Richard Peltier, 2002; Briggs et al., 2014), two deglacial
ice sheet reconstructions commonly used in sea-level modeling,
misestimate RSL. These findings yield insights into the deglacial
sea-level dynamics of the region. We conclude by discussing events
that possibly contributed to the sea-level change patterns observed
in these data.

2. Sea-level data

We estimate RSL following the standard protocol developed
through the International Geological Correlation Project (IGCP)
numbers 61, 200, 495, 588, and 639 (Preuss, 1979; Hijma et al.,
2015; van de Plassche, 1982; Shennan et al., 2015; Gehrels and
Long, 2007; Padgett et al., 2018). Four conditions must be met for
a sample to be labeled as a SLIP or limiting point: the sample must
have a calendar age, an elevation, an indicative meaning, and a
location known or estimated to within 2 km (Shennan et al., 2015).
Other attributes, such as tendency, are useful but not required for
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sea-level indicators. The RSL that is recorded by each indicator is
estimated following Shennan and Horton (2002):

RSLj ¼ Ej � RWLj (1)

where Ej is the elevation of sample j in relation to present-day
mean tidal level (MTL) and RWLj is its reference water level. The
different sources of uncertainty in Ej and RWLj are assessed sepa-
rately for each indicator, and all uncertainties are combined in
quadrature to derive a total vertical uncertainty for each indicator.
Following Shennan et al. (2015), vertical uncertainties are assumed
to be normally distributed and independent. The uncertainties
included to account for each source of vertical error are described
and justified in Table 1.

2.1. Indicative meaning

The indicative meaning defines the vertical relationship be-
tween the elevation of a sea-level indicator and sea level. The
indicative meaning has two parts: the indicative range (IR), which
delimits the 2s range in elevation that an indicator occupies, and
the reference water level (RWL), which represents the indicator's
elevation of formation in relation to tidal levels, such as the
midpoint between mean higher high water and highest astro-
nomical tide (MHHWdHAT) (Shennan and Horton, 2002). Data
whose indicative meanings cannot with confidence be assigned an
upper and lower boundmay still be determined to have formed in a
terrestrial or marine environment and therefore can be classified,
respectively, as having formed above or below a tidal datum, e.g.
above MHHW (>MHHW) or below MTL (<MTL). The indicators
employed in this study, along with their indicative meanings and
supporting evidence, are described in detail below and summa-
rized in Table 2.

2.1.1. Isolation basins
Isolation basins comprise the majority (n ¼ 624) of the in-

dicators in the database. Isolation basins form when RSL fall dis-
connects marine inlets from the ocean and transforms them into
first brackish lagoons, then freshwater lakes which, following lake
infill and terrestrialization, often become peat bogs (Fægri, 1944;
Gabrielsen, 1959). Sediment deposition during the isolation records
the event in several ways. A lake's lithological profile changes from
marine to freshwater facies, a transition typically accompanied by
changes in magnetic susceptibility (Bakke et al., 2005), loss on
ignition (Snyder et al., 1997), and bulk organic chemistry (Balascio
Table 1
Sources of elevational error and associated uncertainties for Norwegian RSL indicators.

Source of elevational error Associated elevation uncertainty (2s)

Indicative range (m) 50% of the indicative range described in Table 2
Indicative range modeling (m) 20% of the maximum difference between modeled

(Khan et al., 2017) e included to account for error
Paleotide indicative range change

(m)
50% of the difference between modern- and mode

Sampling (m) 0.01 m (after Shennan, 1986).
Tidal range 50% of the tidal range, applied solely to samples co

assessment of sample elevation relative to MSL.
Reference water level modeling Uncertainty from RWL calculated through linear i

element estimation via FES2014, a global tidal mo
GPS (m) For studies after 1995 that used GPS, 0.1 m unless
Map (m) 50% of a contour line for elevations measured on

where locations had to be estimated from diagram
Benchmark (m) 0.1 m to account for any deviations between indiv

benchmarks (e.g. NN1954, NN2000).
Leveling (m) 0.1 m for altitudes measured by high precision sur

Following Dyke and Peltier (2000) while acknowle
altitudes reported without explanation receive 0.5

3

et al., 2011). Biostratigraphic indicators, including diatoms (e.g.
Thomsen, 1982), pollen (Fægri, 1954; Hyv€arinen, 1975; Hafsten and
Tallantire, 1978), dinoflagellate cysts (Johnsen, 2017; Lid, 2019), and
plant macrofossils (Austad and Erichsen, 1987; Solem and Solem,
1997; Lohne et al., 2007) can also mark the isolation. Lake isola-
tion is measured as the height of the basin's bedrock sill relative to
MTL (Long et al., 2011). The isolation basin index point does not
depend on the depth of the dated soft-sedimentary isolation con-
tact in the sediment column, but instead on the elevation of the sill
that connected the basin with the ocean. Though erosion and hu-
man activities can lower sill elevations (see Long et al., 2011, section
2.2 for further discussion), isolation basins with sills underlain by
bedrock and undisturbed by humans are generally considered
among the most reliable of sedimentary indicators in high-latitude
locations.

Lake isolation can be partitioned into four stages: (1) the water
in a basin's photic zone becomes fresh; (2) marine incursions into
the basin cease; (3) sedimentation shifts from marine minerogenic
flux to organic-rich terrestrial deposition; and (4) remaining ma-
rine water exits the system (Kjemperud, 1986; Long et al., 2011;
Lloyd, 2000). Stage 1 corresponds to an indicative meaning of mean
high water spring tide (MHWS), while stage 4 maps to mean low
water spring tide (MLWS) (Corner and Haugane, 1993; Corner et al.,
1999; Baranskaya et al., 2018). Some rapid Norwegian lake iso-
lations compress these stages into 100e200 years and a few cen-
timeters of sediment (Sørensen, 1979; Anundsen, 1985); other
slower isolations smear the stages over thousands of years (Prøsch-
Danielsen, 2006; Bird and Klemsdal, 1986). Though sedimentation
during lake isolation typically is continuous, RSL transgressions
that flood isolated basins with seawater often scour lacustrine
sediment, creating depositional hiatuses that make it challenging
to date the true flooding event (e.g. Thomsen, 1983; Anundsen and
Fjeldskaar, 1983). Lake isolation also depends on tidal range, which
can change by orders of magnitude over glacial-interglacial cycles
as changing sea level alters continental shelf geometry (e.g. Uehara
et al., 2006; Griffiths and Hill, 2015). To account for differences in
the isolation stage reported as the true isolation, we assign isolation
basin index points the conservative indicative range of MHWS-
MLWS, following Baranskaya et al. (2018). The RWL is given by
the midpoint between MLWS and MHWS. Because freshwater
gyttja is not typically deposited in brackish conditions, the 150
isolation basin terrestrial-limiting points reported here are
assigned > MHWS as an indicative meaning. We also recognize
marine limiting datapoints from isolation basins (n ¼ 177) where
tidal datums and the local tidal conditions, as calculated at sites with tide gauges
s in indicative range assessment.
led paleo-IR.

llected offshore below MSL to capture additional uncertainty associated with field

nterpolation from tidal stations, GPR interpolation from tidal stations, and finite
del (see text).
specified by authors to be lower.

topographic maps. Samples with lat/lons rounded to the nearest minute, or those
s, we assigned an additional 1 m uncertainty.
idual stratigraphic benchmarks and the Norwegian network of reference

veying; 0.3 m for all other altitude measurements where techniques are reported.
dging the high quality of Norwegian leveling practices even when not described,
m plus an additional 1% of the altitude if < 50 m, or 0.05% of the altitude if > 50 m.



Table 2
Indicative meaning and facies description of SLIPs and limiting data in the Norwegian database.

Sample type Evidence Reference water level Indicative range Data
count

Index points
Isolation basin Gyttja, mud, clay, or silt mark the transition between freshwater and marine/brackish

sediments, supported by diatoms, macrofossils, or pollen assemblages (Kjemperud, 1981a;
Stabell, 1980; Long et al., 2011; Romundset et al., 2018)

(MHWS þ MLWS)/2 (MHWS-MLWS) 335

Raised Beach Sand, gravel, and/or boulder deposits in beach facies. Macrofossil assemblages including
shells fromMytilus edulis, Hiatella arctica, and other intertidal molluscs (Donner et al., 1977;
Helskog, 1978; Møller, 1995; Snyder et al., 1996)

(MLLW þ HATþ3)/2 (HATþ3) - MLLW 20

Marine Terrace Shallow subtidal to intertidal facies bearing intertidal macrofossil assemblages (Andersen,
1968; Sørensen, 1979; Hafsten, 1983; Snyder et al., 1996)

(MHWS þ MLWS-2)/2 MHWS-(MLWS-2) 1

Salt Marsh Microfaunal assemblages in marsh sediments related to tidal datums via transfer function
with analogous modern assemblages. (Barnett et al., 2015)

Variable. See (Barnett
et al., 2015))

Variable. See (Barnett
et al., 2015))

23

Peat Bog Submerged sediments record marine-freshwater transition. Diatoms, pollen, macrofossil
assemblages, and/or geochemical indicators confirm contact (Møller, 1984; Vorren andMoe,
1986)

(MHWS þ MLWS)/2 MHWS-MLWS 32

Limiting Data
Terrestrial limiting Lacustrine gyttja containing freshwater shell and diatom assemblages that does not warrant

index point classification; aeolian, alluvial, lacustrine, or bog sediment; not directly linked to
sea level (e.g. Prøsch-Danielsen, 2006)

MHWS >MHWS 261

Marine limiting Marine, glaciomarine, or isolation basin sediments containing in-situ marine shells,
foraminiferal assemblages, diatoms, or identifiable geochemical signals in clastic sediment
(e.g. Balascio et al., 2011)

MTL <MTL 157
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marine macrofossils were dated prior to isolation or following
ingression; these datapoints are assigned an indicative meaning of
<MTL.

2.1.2. Raised beaches
Raised beaches in Norway are found primarily in Finnmark and

along the Varanger peninsula. Composed of sand, gravel, pebbles,
and other coarse littoral material, they form when glacioisostasy
lifts shorelines above the influence of wave action. Although Nor-
wegian raised beaches were once thought to be precise sea-level
indicators (Fletcher et al., 1993), the heterogeneous morphology
of northern Norwegian raised beaches complicates their interpre-
tation (Sanjaume and Tolgensbakk, 2009). Local environmental
conditions such as prevailing wind direction, wave height, coastal
geometry, storm fetch, and extreme wave return period, have been
found to control beach structure and indicative meaning (e.g. St-
Hilaire-Gravel et al., 2010; Simkins et al., 2015; Kelsey et al.,
2015). We therefore assign the 20 raised beach indicators that
were well-described when first reported (e.g. Donner et al., 1977;
Møller, 1995) an indicative meaning of mean lower low water
(MLLW) to 3 m above HAT (cf. Vacchi et al., 2018; Baranskaya et al.,
2018). The remaining 17 raised beach observations, whose original
descriptions are not sufficient to classify them as SLIPs, are deemed
terrestrial limiting points. Their indicative meanings are defined as
higher than highest astronomical tide (>HAT).

2.1.3. Archeological/cultural sites
Humans may have migrated north along the Norwegian coast-

line as early as 10.2 ka (Prøsch-Danielsen, 1993; Glørstad, 2016).
Radiocarbon-dated traces of their habitation are frequently used as
terrestrial limiting data (e.g. Bang-Andersen, 2003; Prøsch-
Danielsen, 2006; Solheim and Persson, 2018; Høgestøl et al.,
2019; Helskog, 1978) because uncertainty about the indicative
meaning of archeological sites typically limits their utility as index
points. We therefore deem all archeological data (n ¼ 183) to be
terrestrial-limiting points that formed above MHWS (>MHWS).

2.1.4. Marine terraces
Marine terraces form when isostatic or tectonic uplift elevates

shallow marine wave-cut benches, deltaic deposits, glaciomarine
outwash, or other sedimentary features. Even before Norwegian
4

marine terraces and relict shorelines were assigned absolute dates,
they were used to identify the prominent sea-level rise events now
known as the Tapes and YD transgressions (Tanner, 1906; Fægri,
1944; Gabrielsen, 1959; Marthinussen, 1974). Radiocarbon dates
on marine terraces typically come from bivalves including blue
mussels (Mytilus edulis), European flat oysters (Ostrea edulis), and
saltwater clams such as the blunt gaper (Mya truncata) and wrin-
kled rock-borer (Hiatella arctica). These bivalves, when found un-
broken, in growth position, and near the top of a marine terrace
formed near past sea level, can serve as sea-level indicators
(Andersen, 1968; Grothaug Andersen, 1975). We assign the one
such indicator an indicative meaning of 2 m below MLWS to
MHWS. Terraces with less supporting evidence, as well as glacio-
marine sediment deposits without terrace morphology, are
marine-limiting datapoints (n ¼ 44) and assigned an indicative
meaning of <MTL.
2.1.5. Sedimentary indicators
Beyond Norway's plentiful isolation basins, tight sedimentary

constraints on RSL are derived from salt marshes and peat bogs. The
most precise sedimentary indicators come from the Lofoten-Ves-
terålen archipelago, where geochemical profiles of anthropogenic
pollution were combined with radiocarbon dates and visual as-
sessments of foraminiferal assemblages, loss-on-ignition analysis
of organic carbon and CaCO3, grain size, and lithostratigraphy to
create 23 late-Holocene index points (Barnett et al., 2015).
Depending on their stratigraphic position, Barnett et al. (2015)
assigned these salt marsh index points indicative meanings
ranging from MHHW - HAT to between lowest astronomical tide
andmean lower lowwater tide (LAT - MLLW). Additional indicators
are derived from terrestrial peat bogs and peat bogs that sea-level
transgression has flooded, termed seashoremires (Vorren andMoe,
1986). The majority of dated peat bog deposits are deemed limiting
points with indicative meanings of greater than MHWS (terrestrial)
and less than MTL (marine). However, bog deposits that have suf-
ficient accompanying information (n ¼ 32)de.g. continuous sedi-
mentary successions with radiocarbon-dated transgressive or
regressive contacts that overlay incompressible substratesdare
interpreted as index points and assigned MLWS-MHWS indicative
meaning.
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2.2. Age determination

The ages of nearly all index and limiting points included in this
database were estimated using radiocarbon (14C) measurements on
sediments, macrofossils, bones, marine shells, charcoal, and
midden deposits. More than half of the 14C measurements were
performed on bulk sediment samples of peat. Bulk sample dates are
less precise than dates from macrofossils, shells, or other identifi-
able material, for two reasons: undifferentiated sediment can (1)
inherit older carbon from dissolved limestone or relict organic
material (e.g. Hendy and Hall, 2006) and (2) undergo diagenetic
alteration from freshwater leaching or acid that contemporaneous
roots excrete, which typically skews sediment age young, a phe-
nomenon especially common in oligotrophic lakes (Kaland, 1984).
Hu (2010) argues that though the botanical and mechanical effects
which skew bulk 14C ages d e.g. root penetration and the
reworking of older organic material, respectively d tend to cancel
each other out, extra uncertainty to account for the dominant in-
fluence of one or the other is prudent. Following suit, we add 100
years of uncertainty to bulk 14C dates to account for this additional
noise. Early measurements of 14C were typically not corrected for
isotopic fractionation, as modern laboratories do (Stuiver and
Polach, 1977). All samples in this database that were dated before
1975 were measured at the radiocarbon laboratories at the uni-
versities of Trondheim (T-), Helsinki (Hel-), or Lund (Lu-), which
began reporting isotope-corrected 14C starting respectively in 1978,
1983, and 1962 (Håkansson, 1969; Gulliksen et al., 1978; Jungner
and Sonninen, 1989). Samples older than these dates from each
institute were corrected and assigned additional uncertainties
following T€ornqvist et al. (2015).

All 14C ages from terrestrial sources were calibrated to calendar
years using Intcal20 (Reimer et al., 2020). Dated marine samples
younger than 12.2 kawere calibratedwithMarine20 and assigned a
local reservoir correction DR and uncertainty based on a weighted
mean of nearby corrections from the CALIB Marine Reservoir
Correction Database (http://calib.qub.ac.uk/marine/; Heaton et al.,
2020). DR values varied from �224 ± 80 to 21 ± 239 yrs, with a
mean of �150 ± 58 yrs. Marine 14C ages older than 12.2 ka were
calibrated using NorMarine18, a calibration curve derived from
Norwegian sea sediment cores that accounts for the older age of
Norwegian seawater carbon during the deglacial, and were not
assigned an additional local reservoir correction (Brendryen et al.,
2020). The NorMarine18 calibration curve assumes a marine
reservoir age slightly older than Marine20 (<0.1 ka) between 12.2
ka and 14.6 ka, and much older (~ 0.8e1.5 ka) between 14.6 and 19
ka. Positive and negative 2s uncertainties, calculated in quadrature
from errors in measurement, isotopic fractionation, reservoir
correction, and bulk analysis, were assigned to each age. Ages were
rounded to the nearest decade and reported in thousands of years
before 1950 CE (ka, Stuiver and Polach, 1977). Calibrations were
performed with the Iosacal Python library (Costa, 2018).

Several isolation basin index point ages in the database were
originally calibrated using Bayesian calibration software tools that
combine knowledge from many ages at a single site into a single
calendar year estimate (e.g. Romundset et al., 2018; Rasmussen
et al., 2018; Romundset et al., 2011, 2010a,b). Only isolation basin
SLIPs were originally calibrated in this way. Eight late-Holocene
index points from the Lofoten-Vesterålen peninsula were dated
using 210Pb, 137Cs, and 241Am, details of which are described in
Barnett et al. (2015). To increase the utility of the database, we
report all radiocarbon dates, calibrate each age individually, and
label the associated indicators as either limiting or index points
based on their stratigraphic context. In nearly all cases, this choice
increases age uncertainties but does not appreciably change the
estimate of the basin's mean calendar age of isolation.
5

2.3. Estimating uncertainties in RSL

Modern tidal datums related to indicative meanings were esti-
mated by a composite method. First, tidal datums were gathered
from all Norwegian tide gauges (n ¼ 15) maintained by the Nor-
wegian Mapping Authority (2021). Relevant tidal datums for each
data location were estimated using a distance-weighted average of
the two tide gauges closest to each datum. Second, the tidal datums
were combined via Gaussian process regression (GPR) with a
Mat�ern 5/2 kernel to produce a smooth spatial field that was
sampled at the location of each RSL observation (Rasmussen and
Williams, 2006). Third, each tidal datum was calculated using
FES2014, a global tidal model with enhanced accuracy in arctic
regions (Carrere et al., 2015). The distance-weighted prediction,
GPR prediction, and tidal model were combined to produce a mean
and standard deviation for each tidal datum, which was included as
a spatially-varying reference water level modeling uncertainty.

Many factors controlling tidal ranges along
Norway's > 100,000 km coastline, including local bathymetry, tidal
dissipation, and the resonance structure of the oceans, were sub-
stantially different before GMSL neared present-levels in the mid-
Holocene (Thomas and Sündermann, 1999). It is therefore impor-
tant to consider paleotidal range changes for sea-level indicators
older than ~6 ka. Paleotidal reconstructions, however, typically
depend on estimates of paleobathymetry derived from GIA models.
Because GIA models themselves are calibrated on sea-level in-
dicators whose indicative meanings may come from paleotidal
reconstructions, it is challenging to create a paleotidal modeling
framework independent from the choice of GIA-modeled sea level
that drives it. Independent constraints that can groundtruth
deglacial paleotidal range estimates are also rare (Griffiths and
Peltier, 2009). It is therefore common practice to include paleo-
tidal range changes by increasing SLIP uncertainties rather than
using a paleotidal correction itself (e.g. Khan et al., 2017). We follow
this practice by adding uncertainty to all index points based on the
difference between modern datums (calculation described above)
and datums from a 2D paleotidal model of Northwestern Europe
based on the Princeton Oceanographic Model, full details of which
are found in Uehara et al. (2006).

2.4. Data projection: the isobase method

Norwegian RSL studies typically use empirical maps of constant
uplift based on Holocene sea-level data and present-day uplift rates
to project nearby data into a single time series e a technique called
the isobase method (De Geer, 1888; Hafsten, 1960). The isobase
method makes it possible to build complete timeseries out of
isolation-basin index points measured at lakes tens of kilometers
apart. It is therefore useful in a nearfield region like Norway where
uplift histories vary substantially around the coastline. Isobase
maps can be inaccurate or misleading, however, because the
technique does not include calculation of projection uncertainty,
often relies on undated shorelines, and is designed for lines of equal
uplift that are straight e such as occur on Norway's west coast e
but not curving, such as occur in southern Norway (Romundset
et al., 2018).

Nevertheless, the isobase method of projection is an effective
tool for grouping sea-level data on a regional level to visualize the
spatial heterogeneity of sea-level change close to former ice sheets.
We therefore introduce a modified isobase approach. Data are
grouped into clusters that follow current regional isobases, have
similar STEHME-modeled sea-level histories (see next section), and
have data density high enough (n � 5) to warrant visualization
(Hafsten, 1983; Anundsen, 1985; Corner et al., 1999; Lohne, 2006;
Romundset et al., 2015; Fjeldskaar and Amantov, 2018). The average

http://calib.qub.ac.uk/marine/
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location of each cluster e computed by averaging the latitudes and
longitudes of all data in a clustere is chosen as the plotting site. For
each datapoint that is not located at the plotting site, we calculate
the difference between the mean STEHME-predicted RSL at the
plotting site and the mean STEHME-predicted RSL at the data site;
this difference is used as a correction that, for plotting purposes
only, is applied to all data from the data site.

3. Bayesian empirical hierarchical model

Space-time correlations in the processes that affect RSL can be
leveraged in statistical models to account for known uncertainties,
balance the effects of geographic and temporal clustering, fill in
gaps in space and time, and integrate disparate observations into a
common framework. To that end, we model Norwegian RSL with a
STEHME (Ashe et al., 2019). Each spatiotemporal empirical hierar-
chical model (STEHM) member of the ensemble treats every SLIP as
a noisy record of ‘true’ sea level at a specific point in space-time,
and models uncertainty on this ‘data level’ as uncertainty in the
measurement of each indicator's age and height. Prior knowledge
about the processes that changed sea level is included via covari-
ance functions that specify how RSL observed in one place in-
fluences unobserved sea level modeled elsewhere. Uncertainty on
this ‘process level’ represents uncertainty about the scientific as-
sumptions made in modeling the spatiotemporal RSL field. The
hyperparameters used to specify the temporal and spatial length
scales over which the processes that formed the true RSL field are
correlated, and the amplitude of those processes, are included in a
third ‘hyperparameter’ level, which specifies the prior distribution
of each hyperparameter. Each single STEHM produces a point es-
timate of the maximum likelihood hyperparameter values.
Employing a STEHME enables an empirical distribution over
hyperparameters to be calculated.

3.1. Data level

Consider the elevation of true RSL k 2 k1, …, kn at times t 2 t1,
…, tn and lat/lon locations x 2 x1, …, xn. This RSL results from
several processes f 2 f1, …, fm, where each process can be repre-
sented through hyperparameters q 2 q1, …, qp that characterize its
behaviour, and is distributed according to a probability distribution
pðkjqÞ. Each observation n of that true RSL is noisy in elevation and
time:

yn ¼ fnðxn; tnÞ þ e
y
n (2)

Tn ¼ tn þ etn (3)

where etn and e
y
n are assumed to be independent, normally-

distributed errors in age and RSL, respectively; yn is noisy RSL;
and Tn is the noisy age of the indicator. Time uncertainties are
approximated via the noisy-input Gaussian process method
(Mchutchon and Rasmussen, 2011), where age uncertainties are
translated via a first-order Taylor-series approximation into
equivalent RSL uncertainties (cf. Kopp et al., 2016; Lambeck et al.,
1998; Steffen et al., 2013).

3.2. Process level

Sea level is modeled as a spatiotemporal field sðx; tÞ with three
components:

sðx; tÞ ¼ hðx; tÞ þ rðx; tÞ þ eðtÞ (4)
6

representing the prior distribution on RSL h, which operates at
hemispheric scale; the spatiotemporal process operating at
regional scale r; and a temporal field representing white noise e �
Nð0;Kðt; t0ÞÞ, where ~ reads ‘is distributed as’, N denotes a normal
distribution, and K(t, t’) refers to a stationary covariance function
(Cressie and Wikle, 2015).

Gaussian processes are completely described by their mean and
covariance functions, which define prior expectations about the
mean values of the component terms through space and time, the
variance of each point, and the correlation among points. The
regional and white noise processes are each modeled as a Gaussian
process (GP), which is a continuous distribution over stochastic
functions, any finite sampling of which is a multivariate normal
distribution (Rasmussen and Williams, 2006). The regional process
r (x, t) has a GP prior distribution with zero mean and Mat�ern
covariance functions:

rðx; tÞ � GP
�
0; s2r rðx; x0; lrÞ rðt; t0; trÞ

�
(5)

where s2 refers to amplitude, covariance between sample locations
x and x0 at times t and t0 is represented by a once-differentiable
Mat�ern covariance function r with smoothness parameter 3/2,
and lr and tr are, respectively, the geographic and temporal length
scale hyperparameters for regional variability (Ashe et al., 2019;
Khan et al., 2017).

The hemispheric prior distribution h (x, t) is represented by the
spatiotemporal RSL fields of GIA predictions from two ice thickness
histories pairedwith nine different viscosity models: ICE-6G and its
viscosity profile, VM5 (Peltier et al., 2015; Roy and Peltier, 2017;
Argus et al., 2014) with a 90 km thick lithosphere; and GLAC-1D
(Abe-Ouchi et al., 2015; Tarasov et al., 2012; Tarasov and Richard
Peltier, 2002; Briggs et al., 2014) with all possible combinations of
an upper mantle viscosity of 3 and 4 � 1020 Pa s, lower mantle
viscosity of 1.5 and 3 � 1021 Pa s, and lithospheric thickness of 71
and 96 km. These parameters are consistent with previous GIA-
related investigations of Fennoscandian solid earth structures
(Lambeck et al., 2006, 2010). The GLAC-1D and ICE-6G ice histories
are chosen as priors because of their contrasting postglacial ice
distributions, open availability, and widespread use in the sea-level
community. A global glaciation phase between MIS-5a (80ka) and
LGM is constructed for each model that follows the GMSL curve
estimated by Waelbroeck et al. (2002), which is based on RSL data
and d18O records. Ice geometries for ICE-6G and the GLAC-1D EIS
during this interval exactly match post-LGM configurations with
the same GMSL value. Pre-LGM geometries for the GLAC-1D Lau-
rentide, Greenland, and Antarctic ice sheets follow published
sources (Tarasov and Richard Peltier, 2002; Tarasov et al., 2012;
Briggs et al., 2014; Abe-Ouchi et al., 2015). We adopt the density
structure and elastic parameters of the Preliminary Reference Earth
Model (PREM, Dziewonski and Anderson, 1981).

To calculate RSL associated with these ice histories and viscosity
structures, we use the gravitationally self-consistent sea-level
model described in Kendall et al. (2005), which simulates the RSL
change produced by the gravitational and viscoelastic effects of
water and ice mass loading, shoreline migration, and load-driven
changes to Earth's rotation axis (Milne and Mitrovica, 1998). First
a single GIA-predicted prior spatiotemporal RSL field is subtracted
from each RSL index point; then the Gaussian process is fitted to
this RSL-GIA difference; then the GIA field is added back to the
posterior. This procedure eases computation by improving covari-
ance matrix conditioning and mandating that at locations or times
too distant from observations to be influenced by them, modeled
sea level reverts to the GIA-modeled prior.

The empirical Bayesian approach, which produces each STEHM
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of the STEHME, approximates process hyperparameter distribu-
tions with point estimates (lr, tr). The process hyperparameters are
optimized by maximizing the log marginal likelihood of their fit to
the noisy sea-level data, which for normally distributed observa-
tions e as all SLIPs in this study are assumed to be e resembles a
root mean squared error (RMSE) metric. After an initial guess,
STEHM hyperparameters are optimized using a two-phase global
optimizer to find hyperparameter point estimates that produce
sea-level fields that best fit the sea-level observations given the
chosen covariance functions. The optimizer used is the Scipy
basinhopping function (Virtanen et al., 2020), which combines local
gradient-descent optimization following the quasi-Newton
method of Broyden, Fletcher, Goldfarb, and Shanno (BFGS)
(Fletcher et al., 1993) with a global stepping algorithm that mimics
energy minimization of atom clusters (Olson et al., 2012). The
product is a posterior probability distribution that estimates the
‘true’ sea-level field sðx; tÞ conditional on the optimized
hyperparameters.

Relative to fully Bayesian methods that include hyperparameter
uncertainties, empirical Bayesian methods underestimate the full
uncertainties of predicted RSL (cf. Piecuch et al., 2017). We address
the empirical Bayesian limitation by initializing STEHM optimiza-
tion with 1012 different hyperparameter combinations for each of
the 9 GIA-predicted prior RSL estimates. This procedure results in
9108 different reconstructions of the spatiotemporal sea-level field,
each of which has a mean and 95% credible interval. Characteristic
length and time scales are initialized between 100 and 13000 km
and 0.1e10 kyr, hyperparameter ranges that span the temporal and
spatial dimensions of the modeled region. We do not bound
hyperparameter optimization because sensitivity tests showed that
such bounds hinder optimization and decrease model perfor-
mance. The posterior distribution of hyperparameters, conditioned
on the SLIPs, shows most likely spatial length scales on the order of
2500 km and time scales on the order of 2e4 kyr (Fig. 1).

Once optimized to fit the SLIPs, each of the 9108 ensemble
members is assigned a posterior likelihood based on its fit to both
SLIPs and limiting points. Limiting data probability distributions,
which combine each datum's normally-distributed measurement
uncertainty and stepwise indicative meaning, are approximated as
error functions:
Fig. 1. Posterior distributions of optimized (A) spatial and (B) temporal length scales for Ma
empirical hierarchical model ensemble.

7

pðyn j RSLnmÞ ¼ 1
2
þ 1

2
erf

�
cn
yn � RSLnm

ε
y
n

�
(6)

where cn ¼ 1 when the datum is terrestrial-limiting and cn ¼ �1
when it is marine-limiting, and RSLnm is the STEHME posterior
mean m sampled at the age and location of data point n. The
associated error enm, necessary for misfit calculations, is calculated
by taking the natural log of pðyn j RSLnmÞ (Menke, 2018, equation
9.6):

enm ¼ �2 ln
�
1
2
þ 1

2
erf

�
c
yn � RSLnm

ε
y
n

��
(7)

Following Auriac et al. (2016), limiting point elevation and age
uncertainties are combined with index points and their associated
uncertainties via a weighted residual sum of squares (WRSS)
calculation to derive fitness scores for each model:

WRSSnm ¼

8>>>>><
>>>>>:

�
2rtnm
etn

�2

þ
�
2rynm
e
y
n

�2

cn ¼ 0

�
2rtnm
etn

�2

þ enm cns0

(8)

where cn¼ 0when a datum n is an index point, rtnm is the residual in
time, and rynm is the residual in elevation. To calculate the residual,
we find the age of the mean posterior sea level m at data location n
that minimizes the distance (in elevationdage space) between the
means of the SLIP and the STEHME. We then calculate the residual
as the difference between the time and elevation of the modeled
sea level at that age, and the time and elevation of the SLIP.WRSSnm
values are summed over all data points n to obtain a chi-squared
value, c2m, which describes the overall model-data misfit for a
given model m:

c2m ¼
PN

n¼1WRSSnmPM
m¼1

�PN
n¼1WRSSnm

� (9)

where N is the number of data andM is the number of different sea-
level reconstructions in the GIA prior model ensemble. Note that
t�ern 3/2 covariance kernels used to model the regional to local process in the Bayesian
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the denominator serves to normalize the weights so that they add
up to 1.

Aweighted mean of model posteriors ^RSLw is then computed by
multiplying the mean of each posterior reconstruction RSLm by its
c2m value:

^RSLw ¼
XM

m¼1
RSLm,c2m (10)

The total variance of ^RSLw is calculated as ^RSLw’s weightedmean
variance and variance of means, summed:

s2^RSLw
¼

XM

m¼1
s2m,c

2
m þ

XM

m¼1
c2mðRSLm � ^RSLÞ2 (11)

where s2m is the variance of a given posterior sea-level recon-

struction and ^RSL is the unweighted mean of the posterior sea-level
reconstruction. The posterior RSL distribution represents the un-
derlying RSL field conditional on the distribution of process

hyperparameters (Fig. 1). The uncertainty of ^RSLw may be larger
than a single observation's uncertainty because it accounts for
hyperparameter uncertainty. The spatiotemporal continuity of the
posterior model allows us to estimate RSL for places and times
without data, the uncertainty of which increases with distance
from the data. Though single STEHMs are commonly applied to
post-glacial sea-level data (e.g. Vacchi et al., 2018; Khan et al., 2017;
García-Artola et al., 2018), the procedure outlined above is, to our
knowledge, the first instance of an ensemble of STEHMs (i.e.
STEHME) applied to postglacial sea-level data. All STEHME calcu-
lations presented here are produced using GPflow, a Tensorflow-
based GP library in Python (Matthews et al., 2016).

4. Results

The Norwegian database spans the coast of continental Norway
from the Kola peninsula in the Barents Sea to the northeastern
shores of the North Sea (Fig. 2), in latitude from 58� to 73�N and
longitude from 2� to 43�E. The compilation excludes Svalbard. It
includes data from more than 100,000 km of Norwegian coastline
between 19.4 ka and the present.

The new database is composed of 1023 data points, of which 413
are SLIPs, 433 are terrestrial limiting points, and 177 are marine
Fig. 2. Distribution of Norwegian RSL data. (A) Spatial distribution of index, marine-, and terr
data. (C) Age and inferred RSL from all locations, plotted by indicator type. All ages and RS
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limiting points. RSL observations cluster in the south: 70% of all
data were collected in the southern half of Norway. A majority of
the data date to the early Holocene: 76% of index points, 79% of
terrestrial limiting data, and 89% of marine limiting data formed
before 7 ka. A similar distribution describes data in other areas such
as in Arctic Russia, northern Canada, and the Baltic, where rapid
early Holocene isostatic uplift preserved more sea-level indicators
than slower uplift in the late Holocene (Baranskaya et al., 2018;
Vacchi et al., 2018; Rosentau et al., 2021).

Ages and elevations of samples in the database are reported
with 2s uncertainties. For visual convenience, we plot and discuss
the corrected elevation of each RSL observation as calculated via the
modified isobase approach (see Section 2.4). RSL observations are
gathered along lines of similar uplift to minimize correction. As a
result, the elevation of index points plotted and referred to in the
text will differ to some degree from the raw elevations that can be
found in the supplementary materials. In the following we describe
the evolution of RSL around Norway starting from the north.

4.1. Russian Kola Peninsula, site 1

The data from the Kola Peninsula (site 1, Fig. 3) include 9 marine
limiting points, 1 terrestrial limiting point, and 2 index points.

Derived from emerged shorelines and stratigraphic relations,
these data, which accord with isolation basin records already
compiled in the region (Baranskaya et al., 2018), describe an RSL
stillstand during the early Holocene, then RSL fall to present.
Though the highest basins to isolate in the region are located near
~60 m above present sea level (Koshechkin, 1975; Snyder et al.,
1997), the data compiled here suggest that RSL on the Murman
coast reached 12 ± 2.2 m at 6.2 ka, remained essentially constant
until 4.3 ka, andwas less than 2.5 m at 1 ka (Snyder et al., 1996). The
STEHME aligns with the early Holocene RSL plateau, accords with
both index points, and suggests that the Holocene RSL plateau
began around 8 ka.

4.2. Varanger Peninsula, sites 2-3

The Varanger Peninsula hosts 14 SLIPs (sites 2 & 3, Fig. 3) from
beach ridges (n ¼ 12) and isolation basins (n ¼ 2), as well as 2
marine-limiting data from marine terraces and 54 terrestrial-
estrial-limiting data (see panel B for legend). (B) Temporal Frequency of Norwegian RSL
L estimates are reported with 2s uncertainties.



Fig. 3. RSL data, data distribution, and spatiotemporal statistical model predictions for north Norway: (1) Kola Peninsula, (2) South Varanger peninsula, (3) North Varanger
peninsula, (4) Nordkinn. Data on map are shown as markers that are color coded by indicator type. Age and vertical uncertainties for indicators in timeseries plots are reported as
2s. The statistical posterior model (STEHME) is shown in grey; the light grey band is the 95% credible interval, the dark grey band is the 68% credible interval, and the mean is shown
as a black line. The ensemble of GIA prior models, consisting of predictions from ICE-6G VM5 and GLAC-1D with a range of solid earth structures, is shown as brown (GLAC-1D),
purple (ICE-6G), and dotted black (GIA ensemble mean) lines. Vertical bands denote notable time intervals, including Meltwater Pulse 1a, the Younger Dryas transgression, and the
Tapes transgression. The marine limit line describes the highest marine sediments measured at each site or modeled from available constraints (cf. http://geo.ngu.no/kart/losmasse_
mobil/). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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limiting beach ridge, sedimentary, and archeological data (Helskog,
1978; Donner et al., 1977; Schanche, 1988; Møller, 1987). The data
describe a continuous sea-level fall over at least the last ten thou-
sand years, with the falling RSL remaining consistent at ~2 cm/yr
throughout the Holocene. While the majority of archeological data
cluster between 10 and 20 m and 4e5 ka, sedimentary indicators
extend from 32.2 ± 2.0 m at 10.0 ka to 0.9 ± 1.1 at 0.6 ka. The
preponderance of mid-Holocene limiting points and single early-
Holocene index point at 10.0 ka accord with the STEHME.

4.3. Finnmark, sites 4-7

The RSL history of Finnmark (sites 4e7, Fig. 3 4) is derived from
isolation basin index points (n ¼ 17), terrestrial-limiting points
from peat bogs (n ¼ 7) and isolation basins (n ¼ 5), and marine
limiting points from cobble shores (n ¼ 2), peat bogs (n ¼ 2),
isolation basins (n¼ 3), and marine terraces (n¼ 2) (Marthinussen,
1962; Nydal, 1960; Donner et al., 1977; Gulliksen et al., 1978;
Andersen, 1968; Rickerich, 2018; Kui, 1996; Fodnes, 1996). RSL in-
dex points at coastal locations in Finnmark, all below ~25 m, first
occur at 10.6 ka. When combined with a marine limit higher than
50 m, this implies 25 m of largely-unrecorded post-glacial RSL fall.
After 10.6 ka, a slight transgression occurred between ~8 ka and
~5.5 ka e hereafter termed the Tapes transgression e though the
magnitudes of regression and transgression vary among sites. At
Nordkinn (site 4), data suggest that the early Holocene lowstand of
~13 m was reached by 9.6 ka, after which RSL transgressed a small
amount before falling again after 5 ka. The STEHME captures the
Tapes transgression pattern in this region and, despite the few in-
dex points in Finnmark, fits the data within uncertainties.

At Rolvsøya (site 5), seven isolation basin index points constrain
sea level to have reached 5.8 ± 1.2 m by 11.2 ka and remained no
more than a meter higher than that level until 5.1 ka, when it fell
until the present. Similarly, at Sørøya (site 6), isolation basins
(Romundset et al., 2018) and driftwood from raised beaches
(Marthinussen,1960) constrain sea level to have reached 17 ± 1.3 m
by 11.1 ka, continued falling to 11.0 m ~8.1 ka, then remained
constant for 1.7 kyr. After 6.2 ka, sea level likely regressed to the
present shoreline. At both sites, the STEHME captures a mid-
Holocene transgression and the isolation basin index points
before 10 ka, though few, are still sufficient to lower the early Ho-
locene STEHME mean enough to fit the data.

RSL records further inland (site 7) do not preserve the trans-
gression recorded on the coast. Instead, the inland record, con-
sisting of three isolation basin index points and eight limiting
points, two marine-limiting marine terraces, and three terrestrial-
limiting peat bogs, is consistent with a pattern of rapid deglacial
and slower Holocene RSL fall also present on the Varanger Penin-
sula (Kui, 1996; Fodnes, 1996; Gulliksen et al., 1978; Donner et al.,
1977; Andersen, 1968; Marthinussen, 1962; Nydal, 1960). The
STEHME is consistent with all indicator points at this site.

4.4. Troms, sites 8-9

The record from Troms consists of 15 index points and three
limiting points from isolation basins,11marine limiting points from
marine terraces, and 11 terrestrial limiting points from raised
beaches (sites 8 & 9, Fig. 6). Inland (site 8), the early Holocene re-
cord is derived frommarine terraces, the highest of which constrain
sea level to more than 71.7 ± 1.3 m by 13.8 ka (Andersen, 1968;
Nydal, 1959, 1960; Bakke et al., 2005). Sea-level data then record
sea level falling by as much as 45 m after 13.3 ka, reaching a still-
stand or small transgression between 9.6 ka and 6.8 ka, before
falling to present-day sea level (Corner and Haugane, 1993;
Rasmussen et al., 2018). The STEHME reproduces the transgression
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described by Corner and Haugane (1993), and in the early Holocene
to is consistent within uncertainties with the isolation basin index
points.

Towards the coast (site 9), the mid-Holocene Tapes Trans-
gression is constrained by beach ridges (Møller, 1984, 1987, 1995;
Nydal et al., 1970; Hald and Vorren, 1983) and isolation basins
(Corner and Haugane,1993) to notmore than 9.5 m by 6.6 ka before
RSL falls to the present-day shoreline. Though only two isolation
basin data constrain the site 9 curve, nearby index points shape the
STEHME mid-Holocene transgression (site 11) and enforce low sea
level in the late Holocene (site 10), consistent with both a deglacial
(13.5 ka) index point at 52.7 ± 1.9 and a late Holocene index point at
7.9 ± 1.7 m (site 9).
4.5. Nordland, sites 10-11

The RSL record from Nordland contains 43 index points from
isolation basins, salt marshes, and peat bogs; 21 marine-limiting
points from marine terraces and isolation basins; and 45
terrestrial-limiting points from raised beaches, isolation basins, and
archeological sites (sites 10e11, Fig. 5). In the inland of the Ves-
terålen archipelago (site 10), marine terrace (n¼ 7) and beach ridge
(n ¼ 2) limiting data indicate that RSL was ~70.8 m at 15.1 ka, then
fell rapidly until the mid-Holocene, when the rate of regression
slowed (Lid, 2019; Billah, 2020; Møller, 1987; Andersen, 1968;
Nydal et al., 1964; Marthinussen, 1962; Nydal, 1962). Salt marsh
index points from Hinnøya, in south Vesterålen, tightly constrain
RSL since 3.3 ka to less than 2 m (Barnett et al., 2015). The STEHME
describes a slight RSL transgression in the early Holocene and an
RSL plateau in the late Holocene. It agrees with the isolation basin
data within uncertainties.

In Lofoten and northwest Vesterålen (site 11), limiting data from
raised beaches, peat bogs, archeological sites, a marine terrace, and
three isolation basins constrain RSL to have fallen >60 m from an
elevation greater than 45.8 ± 1.1m at 3 ka to below present-day RSL
in the earliest Holocene (Marthinussen, 1962; Vorren et al., 1988;
Midtun, 2019; Møller, 1984, 1986; Nydal et al., 1964; Vorren, 1978;
Vorren and Moe, 1986; Balascio et al., 2011; Vetti, 2020). After
reaching a YD lowstand, RSL then transgressed to 6.5 ± 1.3 m at 5.1
ka before falling to the present.

Lofoten and Vesterålen index points produce a pronounced
mid-Holocene transgression in the STEHME, and abundant index
point constraints after 10 ka (site 11) enforce that the STEHME
mean passes up to 20 m below present-day MTL at 16 ka, contrary
to several marine limiting points and one index point between 12
and 17 ka, though all data fall within the STEHME's uncertainty.
This tradeoff is reflected in large uncertainties at site 11 prior to 10
ka.
4.6. Svartisen, salten, and helgeland, sites 12-13

The sea-level histories of Svartisen, Salten, and Helgeland (sites
12& 13, Fig. 5) are delimited by isolation basin index points (n¼ 7),
marine-limiting marine terraces (n ¼ 9), and terrestrial-limiting
isolation basin data (n ¼ 4) (Ramfjord, 1982; Nydal, 1960; Nydal
et al., 1972; Rasmussen, 1981; Møller, 1986). In Svartigen (site 12),
7 marine-limiting sedimentary indicators constrain RSL to have
been higher than 40.0 ± 1.3 m at 9.8 ka (Rasmussen, 1981). Though
no index points exist in this region, the STEHME is consistent with
all marine limiting points. In Salten and Helgeland, further to the
south (site 13), RSL fell rapidly from 128.3 ± 1.9 m at 11.4 ka to
54.9 ± 1.9 m at 7.9 ka (Ramfjord, 1982; Nydal et al., 1972; Nydal,
1960). Uniform regression continued through the Holocene at a
slower rate.



Fig. 4. Same as Fig. 3 but for northwest Norway: (5) Rolvsøya, (6) Sørøya, (7) Inland Finnmark, (8) Inland Troms, (9) Coastal Troms. See Fig. 3 caption for details.
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4.7. Trondheimsfjord, sites 14-15

The RSL record from east Trondheimsfjord (site 14, Fig. 6) in-
cludes 17 isolation basin index points, 12 terrestrial limiting data
from isolation basins and raised beaches, and 7 marine-limiting
data from marine terraces (Sveian and Olsen, 1984; Kjemperud,
1981a,b, 1986; Gulliksen et al., 1978; Nydal et al., 1972, 1970). RSL
fell from 170 ± 1.8 m at 12.3 ka to 47.7 ± 1.5 m at 6.8 ka, then
continued falling at a slower rate (~0.6 cm/yr) until the present. As
at site 13, the STEHMEmaps a fast rate of RSL fall between 12 and 10
ka and more gradual RSL fall in the Holocene.

East Trondheimsfjord sea level, as recorded in 24 isolation ba-
sins and 1 sedimentary indicator (site 15, Fig. 6), followed a similar
pattern (Nydal et al., 1964,1985; Bondevik et al., 1997b; Kjemperud,
11
1986; Reite et al., 1982). From a peak altitude of 121.0 ± 1.8 m at
13.7ka, sea level fell without transgression through the Holocene,
with rates before 9.6 ka exceeding ~2 cm/yr and after remaining at
~0.5 cm/yr.
4.8. Northern møre og romsdal, sites 16-17

The Northern Møre og Romsdal RSL database, principally from
Frøya (site 16, Fig. 6) and Hitra (site 17, Fig. 6), is derived solely from
isolation basins and consists of 15 index points, 5 terrestrial-
limiting points, and 3 marine-limiting points (Svendsen and
Mangerud, 1987; Solem and Solem, 1997; Solem et al., 1997;
Kjemperud, 1986; Johansen, 1985). The highest isolation basin on
Frøya places RSL at 34.1 ± 1.7 m at 12.2 ka (site 16). The remaining



Fig. 5. Same as Fig. 3 but for central Norway: (10) southeast Vesterålen, (11) Northwest Vesterålen & Lofoten, (12) Svartigen, (13) Salten & Helgeland. See Fig. 3 caption for details.
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Fig. 6. Same as Fig. 3 but for west Norway: (14) Inner Trondheimsfjord, (15) Outer Trondheimsfjord, (16) Frøya, (17) Nordmore, (18) Northeast Sunnmore, (19) southwest Sunnmore.
See Fig. 3 caption for details.
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index points have RSL decreasing gradually until 11.0 ka, falling
rapidly for ~1 kyr, transgressing slightly, then declining linearly to
present. Higher RSL data around 11 ka at sites 15 & 17 influence the
STEHME prediction more strongly than this lower estimate at site
16, leading to a STEHME that updates towards the lower RSL index
points in the early Holocene but remains higher than the Frøya
index points. The STEHME also records a small Tapes transgression
at this coastal site.

On Hitra (site 17), isolation basin index points trace RSL pla-
teauing around 86.0 ± 1.7 m between 14.8 ka and 11.5 ka. After that,
the rate of sea-level fall increased sharply for 1.5 kyr before slowing
after 8 ka, transgressing less than a meter, then falling steadily to
the present (Solem et al., 1997; Solem and Solem,1997; Kjemperud,
13
1981b,a; Johansen, 1985; Svendsen and Mangerud, 1987). The
STEHME shifts upwards to pass through the YD index points, then
falls sharply to intersect with the middle Holocene index points.
4.9. Sunnmore, sites 18-19

Sea-level isolation basin data from Sunnmore in southern Møre
og Romsdal, including 13 index points, 90 terrestrial limiting data,
and 1 marine limiting datum (site 18, Fig. 6), outline a deglacial RSL
regression that likely passed 33.2 ± 1.7 m at 14.8 ka, slowed or
transgressed between 13.3 and 11.9 ka, then regressed to
reach �3.0 ± 1.5 m at 9.3 ka (Svendsen and Mangerud, 1987; Nydal
et al., 1972; Bondevik et al., 1997a; Lie et al., 1983; Lise Kristiansen



Fig. 7. Same as Fig. 3 but for southwest Norway: (20) inner Hardanger-, Sogne-, and Innvikfjord, (21) Inland Sunnhordland, (22) Northeastern Boknafjorden, (23) Bergen, (24) North
Rogaland, (25) Stavanger, (26) Southwest Rogaland. See Fig. 3 caption for details.
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et al., 1988; Bondevik et al., 2019). Sea level transgressed after that
with an isolation datum that places Sunnmore RSL at 8.6 m by 4.5
ka, before RSL fell to its present-day level. The STEHME is consistent
with both the YD RSL slowdown or transgression and the mid-
Holocene transgression. Abundant RSL indicators at this site and
in the surrounding region (sites 21e25, Fig. 7) keep the STEHME
uncertainties low, and the single index point at 9.3 ± 1.2 ka delimits
the onset of the Tapes transgression at this site.

In southwesternmost Sunnmore (site 19, Fig. 7), 11 isolation
basin indicatorsd5 index points, 5 marine-limiting points, and 1
terrestrial limiting datumdplace RSL at 18.0 ± 1.6 m at 14.6 ka
(Bondevik et al., 1997b,1998; Svendsen andMangerud,1990). Index
points also constrain sea level to reach 6.4 ± 1.5 m by 7.5 ka, remain
there until 5.8 ka, then regress to the present. As at site 18, the
STEHME's spatial covariance produces a posterior model that ac-
cords with the observations within uncertainty.

4.10. Hardangerfjord, site 20

The sea-level history of Inner Hardanger, Sogne, and Innvik
fjords (site 20, Fig. 7) is delimited by 67 indicator data consisting of
19 index points (including 9 isolation basins), 19 marine-limiting
points, and 29 terrestrial-limiting points (Romundset et al.,
2010a; Helle, 2006). Index points place sea level at 82.7 ± 0.6 m
at 10.7 ka, then track a rapid fall to 32.0 ± 0.6m at 9.5 ka. During the
Holocene, the rate of sea level fall slowed to a possible sub meter-
scale transgression; RSL then regressed continuously through
18.5 ± 0.6 m at 6.4 ka and towards the present. High index points
lift the STEHME curve in the early Holocene, but because of data
scarcity, the model assigns a low probability to a sea-level trans-
gression reaching 81 m at this site. Some evidence (e.g. Helle et al.,
1997) suggests that the YD transgression reached as high as 117 m
in this region. The isolation basin sediments recording this eleva-
tion, however, are typically disturbed, yield conflicting radiocarbon
dates, or contain anomalously old Allerød carbon (Mangerud et al.,
2016). These data are therefore labeled terrestrial-limiting or
discarded.

4.11. Bergen, site 21

The sea-level record around Bergen in inland Sunnhordland
(site 21, Fig. 7) indicates that RSL transgressed in the late deglacial
(12.8e10.9 ka, Lohne et al., 2004; Bondevik and Mangerud, 2002;
Nydal et al., 1970; Nydal, 1960; Gulliksen et al., 1978). Sea level, as
constrained by 16 index points, 14 terrestrial-limiting points, and
19 marine-limiting points, dips below 50.3 ± 1.3 m at 13.3 ka and
rises to 59.1 ± 1.2 m by 11.6 ka. The youngest index point at site 21
places RSL at 20.7 ± 1.2 m at 10.6 ka. The STEHME is constrained by
data at site 23 to pass through ~28 m at 13.3 ka (site 23) and also to
pass through the 13.3 ka data at sites 21 and 22 at ~45 m d sites
within 80 km of each other.

Though the STEHME 95% credible envelope includes nearly all
index points in this region, the model's spatiotemporal length
scales of covariation do not permit such short-scale variability, and
the model mean passes between the two YD constraints. A gap in
RSL data during the mid-Holocene precludes data-driven certainty
about the existence or magnitude of a Tapes transgression in the
Bergen region. Because of covariation from surrounding sites,
however, the STEHME produces a Tapes transgression centered
around ~7 ka.

4.12. Inner boknafjorden, site 22

A similar sea-level pattern emerges in Northeastern Boknafjor-
den (site 22, Fig. 7). Deglacial isostatic rebound in Boknafjorden is
15
punctuated by a ~12 m transgression starting at 13.3 ka and ending
at 11.8 ka (Kaland,1988; Anundsen and Fjeldskaar, 1983; Anundsen,
1978). Isolation basin records from the Stavanger archipelago then
indicate that sea level fell ~40 m in 3.6 kyr (to 13.7 ± 1.2 m at 10.4
ka) and returned to that level at 4.6 ka before regressing to present-
day levels (Prøsch-Danielsen,1993). As around Bergen, the STEHME
mean captures a YD transgression, but the full magnitude of the
transgression, as outlined by index points, is only contained within
the STEHME's uncertainty envelope.

4.13. Sunnhordland, site 23

Sea level in Sunnhordland is delimited by 86 indicator points. In
Austrheim and the Sotra archipelago (site 23, Fig. 7), 57 isolation
basin index points, supported by 19 terrestrial-limiting and 8 ma-
rine limiting points, record that after a ~5 m regression between
13.9 and 13.5 ka, RSL transgressed 12 m to reach a maximum of
39.3 ± 1.2 at ~11.8 ka, then fell at 3.3 cm/yr to 6.7 ± 1.5 m at 10.3 ka
(Lohne et al., 2007; Bondevik et al., 1997a, 2006; Kaland, 1984;
Krzywinski and Stabell, 1984; Gulliksen et al., 1975; Nydal, 1960). In
the mid-Holocene, indicators suggest that Sunnhordland sea level
transgressed to 12.8 ± 1.5m by 8.1 ka then fell to present-day levels.
The data drive the STEHME to include substantial YD and Tapes
transgressions that are consistent with the data.

4.14. Northern Rogaland, site 24

Sea level in North Rogaland (site 24, Fig. 7) including Karmøy,
Tysvaer, Fosen, and Haugesund, is well-documented by 48 indicator
points, including 30 isolation basin index points; 23 terrestrial
limiting points from sedimentary, archeological, and isolation basin
indicators; and 3 marine-limiting data from marine terraces and
isolation basins (Midtbø et al., 2011; Kaland, 1984; Thomsen, 1989;
Helle et al., 2007; Johnsen, 2017; Austad and Erichsen, 1987;
Vasskog et al., 2019; Karlsen, 2009; Lindblom et al., 1997). Northern
Rogaland SLIPs track a RSL history that falls from LGM to
17.4 ± 1.1 m at 13.9 ka (Johnsen, 2017; Thomsen, 1989). It then rises
to 30.8 ± 1.2 m by 11.7 ka (Thomsen, 1989) before falling sharply to
its minimum at 5.0 ± 1.2 m at 9.4 ka. In the Holocene, index points
suggest that RSL in Northern Rogaland advanced to a maximum of
8.5 ± 1.2 m by 6.5 ka, then retreated to the present (Kaland, 1984;
Thomsen, 1989; Midtbø et al., 2011; Prøsch-Danielsen, 2006). The
STEHME aligns with the YD maximum RSL and the Tapes trans-
gression in form and amplitude. High RSL index points from sites 22
& 23, however, prevent STEHME RSL from falling to ~16 m at 13.3
ka, as the data indicate occurred.

4.15. Stavanger, site 25

The RSL records near Stavanger extend the Holocene RSL curve
into the deglacial with isolation basin index points that bracket a
YD transgression (site 25, Fig. 7). Stavanger sea-level indicators
suggest that RSL first dipped below 14.5 ± 1.3 m at 15.8 ka, trans-
gressed to 21.4 ± 2.2 m by 12.3 ka (Prøsch-Danielsen, 1993;
Thomsen, 1982; Helle et al., 2007), fell below 4.7 ± 1.1 m by 8.4 ka
(Juhl, 2001), rose as high as 10 m in the mid-Holocene ((Prøsch-
Danielsen, 2006; Bang-Andersen, 1995), then fell to the present
(Gulliksen et al., 1975; Prøsch-Danielsen, 2006). Within un-
certainties, the STEHME is consistent with this history, but the
model mean does not pass through the oldest SLIP because of
higher nearby data of similar age (sites 22 & 23).

4.16. Southwest Rogaland, site 26

In Southwest Rogaland (site 26, Fig. 7), sea level is constrained
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by peat bog index points to reach� 2:9±1:2m at 10.9 ka, transgress
to 7.9 ± 1.1 m by 7.6 ka, and slowly fall to the present (Prøsch-
Danielsen and Simonsen, 2000; Gulliksen et al., 1975; Thomsen,
1983; Prøsch-Danielsen, 2006; Juhl, 2001; Nydal, 1960; Simonsen,
2005). The STEHME reproduces the Tapes transgression present
at site 26 and accords with earlier data given large uncertainties.
Spatial covariance in the STEHME extends the YD transgression to
this site despite a lack of data prior to 11 ka.

4.17. Skagerrak coast: Vest-Agder, sites 27-28

In Vest-Agder (site 27, Fig. 8), sea level is constrained by 21 index
points and 15 terrestrial-limiting points from isolation basins,
supported by six marine-limiting marine terrace data and three
terrestrial-limiting peat bogs (Romundset et al., 2015; Nydal et al.,
1970; Nydal, 1959, 1960, 1962; Hafsten and Tallantire, 1978;
Hafsten, 1983; Hoeg, 1995; Prøsch-Danielsen, 1996, 1997). In Lista,
index points suggest that sea level reached a minimum of
2.0 ± 1.2 m at 9.0 ka, rose to exceed 6.5 ± 1.3 m by 6.5 ka, then fell
through the rest of the Holocene. The lack of pre-Holocene index
data in Vest-Agder leaves the STEHME in the YD under-constrained,
but the model accurately captures the Tapes transgression.

The oldest SLIP records in Hartmark (site 28, Fig. 8) indicate that
RSL reached 6.6 ± 1.2 m at 10.7 ka and remained constant for at
least 2 kyr (Nydal, 1959,1962). There is then a hiatus in index points
until 3.3 ka, when sea level passed 4.7 ± 1.2 m on its way to the
present. Thoughmany high RSL data exist to the east (e.g. sites 29&
30), the few index points here are sufficient to diminish the
magnitude of the STEHME-modeled Tapes transgression to ~5 m.

4.18. Skagerrak coast: Aust-Agder, site 29

Further north along the Skagerrak coast (site 29, Fig. 8), the RSL
history at Tvedestrand, Aust-Agder, is tightly constrained by 21
index and 3 marine limiting points from isolation basins
(Romundset et al., 2018). From a maximum of 85.7 ± 1.0 m at 11.5
ka, sea level regressed to 27.5 ± 0.3 m by ~9.5 ka, then fell more
slowly until present-day levels. The majority of data fall within the
STEHME's 95% credible envelope.

4.19. Skagerrak coast: telemark, sites 30-31

The RSL history of Telemark (sites 30 & 31, Fig. 8) is delimited by
20 index and 2 terrestrial-limiting isolation basin data. At Kragerø
(site 30), index points outline a rapid RSL regression from below
82.2 ± 1.4 m at 10.1 ka to 43.0 ± 1.2 m at 9.5 ka, then a slower
regression through the rest of the Holocene (Stabell, 1980). At
Porsgrunn (site 31), index points suggest that sea level fell
continuously through the Holocene from 67.0 ± 1.3 m at 10.0 ka
through 32.0 ± 1.2 m at 5.7 ka to the present (Nydal, 1960; Stabell,
1980; Henningsmoen et al., 1978; Sørensen et al., 2014).

4.20. Skagerrak coast: Oslo & East Viken, site 32

RSL index points from 13 isolation basins, supported by 5
isolation basin terrestrial-limiting points and 11 marine-limiting
data from marine terraces and peat bogs (site 32, Fig. 8),
constrain the sea-level history in Oslo and along the eastern side of
Oslofjorden (Sørensen, 1979; Nydal et al., 1970, 1985; Nydal, 1960;
Gulliksen et al., 1975). From a highest index point at 172.4 ± 1.2 m at
11.6 ka, indicators track a continuous sea level fall to the present,
Fig. 8. Same as Fig. 3 but for south Norway: (27) Vest-Agder, (28) Kristiansund, (29) Aust-
Viken. See Fig. 3 caption for details.
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with RSL falling most rapid in the early Holocene d ~116 m in 1.6
kyr d and slower through the late Holocene.

5. Discussion: spatiotemporal patterns of RSL change

Norwegian RSL change over the last 20 kyr has been dominated
by postglacial rebound (Fig. 9A), which was interrupted by the YD
and Tapes transgressions. While Fennoscandian GIA models cap-
ture the rebound (Lambeck et al., 1998; Steffen and Wu, 2011;
Patton et al., 2017), they produce the transgressions to varying
degrees, highlighting inconsistencies in ice sheet reconstructions
and/or Earth viscosity models.

RSL in northern Norway tends to be overestimated by the GIA
ensemble compared to our STEHME prediction (Fig. 9C), while in
southern and southwestern Norway, GIA ensemble members do
not capture the YD transgression and predict Tapes transgressions
that are of smaller amplitude and differing durations than that of
the STEHME. These misfits are likely produced by inaccuracies in
solid earth structure, including unaccounted-for lateral variations
in mantle viscosity and lithospheric thickness. They may also be
caused by inaccuracies in ICE-6G and GLAC-1D EIS ice volumes.
Estimates of both pre- and post-LGM EIS evolution differ substan-
tially (N€aslund et al., 1994; Lambeck et al., 2006, 2010; Patton et al.,
2017), and differences in glacial-phase loading history can have a
large effect on postglacial GIA predictions near the EIS (e.g. Auriac
et al., 2016, Fig. 9).

A comprehensive exploration of which ice sheet-solid earth
combinations best fit the Norwegian sea-level database is beyond
the scope of this study, as is constructing a STEHME that uses GIA
prior predictions from large ensembles of ice histories and solid
earth structures. Nevertheless, we show that a prior GIA ensemble
composed of nine GIA predictions from two contrasting ice sheet
histories is sufficient to produce a STEHME RSL field across Norway
that is consistent with the vast majority of Norwegian RSL data and
reproduces both the YD and Tapes transgressions.

In order to produce the observed transgressions, the mean of
our STEHME is higher during the YD, falls more rapidly after the YD,
and traces RSL change in the mid-Holocene that has a shorter
period but higher amplitude than the mean of the GIA ensemble
(Figs. 9C and 11 ka; 7, sites 23e26, respectively). The spatiotem-
poral smoothness of the STEHME's posterior and uncertainty is
explained by the model's spatial and temporal covariation length
scales (Fig. 1A and B, respectively), which cause the model to up-
date the GIA prediction even in areas distant from RSL data, with
the uncertainty of that update increasing with distance from the
nearest observation.

In the following sections, we will describe and investigate the
origin of the two transgressions using our data compilation and
STEHME prediction.

5.1. Younger Dryas transgression

During the late deglacial, southwestern Norway underwent a
local RSL transgression that lasted ~2 ka and reached a maximum
amplitude of ~10 m in the 250 km stretch of coastline between
Stavanger and Fonnes (Figs. 7 and 8, sites 21e25). Beyond this re-
gion, RSL fall during the YD also slowed between 13.5 and 11 ka in
Trondheimsfjord (sites 14e15, Svendsen and Mangerud, 1987) and
along the Skagerrak coast (site 29, Romundset et al., 2018). A
deglacial RSL rise during the YD was also seen across areas of
northern hemisphere glaciation in Iceland and Canada. For
Agder, (30) Kragerø, Telemark, (31) Porsgrunn, Telemark & Vestfold, (32) Oslo & East



Fig. 9. Time slices at 2 kyr timesteps of the Bayesian empirical hierarchical model ensemble (STEHME, column A), the STEHME 95% credible interval (column B), and the difference
between the mean of the GIA model ensemble and the posterior mean of the STEHME, i.e. the mean of the amount that the STEHME updates the GIA models in order to better fit the
Norwegian RSL record (column C). Blue regions in (C) are places where the STEHMEmean has lower RSL than the GIA ensemble mean, red, where the STEHMEmean has higher RSL.
Contours are 5 m (A), 1 m (B), and 1 m (C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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instance, sectors of Iceland likely underwent a YD transgression of
at least 10 m (Rundgren et al., 1997; P�etursson et al., 2015). Limiting
data from around the Innuitian Ice Sheet near Fosheim peninsula
also indicate that RSL reached a maximum before 10.6 ka with a
suggested transgression in the late deglacial (England, 1992; Bell,
1996). In both instances, the proposed cause of sea-level trans-
gression is a local ice sheet readvance.

The driver for the YD transgression in Norway is similarly
thought to be a readvance of the EIS some time during the late
Bolling-Allerød and YD periods (Lohne et al., 2007; Helle et al.,
2007; Mangerud et al., 2016). The timing of the YD ice sheet
18
readvance varied around Norway. As dated by YD end-moraines,
ice-sheet lobes in the north (Troms), center (Trøndelag), and east
(Oslo) reached maxima in the early-mid YD, whereas in the
southwest the EIS likely reached its maximum in the latest YD
(Hughes et al., 2016; Mangerud et al., 2016). Themagnitude of these
readvances is difficult to discern because the advancing ice sheet
destroyed evidence of its earlier retreat, but extant evidence sug-
gests that the southwest EIS readvance was larger than analogues
further north (e.g. Knies et al., 2007). This readvance is not included
in standard global ice models (e.g. GLAC-1D, ICE-6G; Abe-Ouchi
et al., 2015; Peltier et al., 2015) but is included in some regional
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models (e.g. Patton et al., 2017; Fjeldskaar and Amantov, 2018).
EIS readvance would have raised RSL through a combination of

increased gravitational attraction and local subsidence due to ice
loading. Though the duration andmagnitude of these effects would
depend on the amount of ice change and the solid earth structure
underlying the region, estimates from GIA modeling suggest that
between 13 and 11.6 ka EIS readvance diminished isostatic uplift in
parts of southwest Norway by as much as 25 m, while the increase
in gravitational attraction raised RSL by less than 1 m (Fjeldskaar
and Amantov, 2018). Recent tomographic studies in Norway sug-
gest a strong northeast-southwest gradient in seismic wave speed
along the Norwegian coast, which likely translates into tempera-
ture and mantle viscosity (e.g. Barnhoorn et al., 2011; Schoonman
et al., 2017; Lei et al., 2020). Though a cold continental root un-
derlies much of Scandinavia, asthenospheric fingers radiating from
the Iceland plume may have weakened the earth structure beneath
southern Norway (Rickers et al., 2013). Aweak lithosphere and low-
viscosity asthenosphere beneath southern Norway also match
regional paleoshoreline tilts and accord with GIA-based assess-
ments that a viscosity gradient beneath Fennoscandia is needed to
fit GPS uplift rates and RSL records simultaneously (Fjeldskaar and
Amantov, 2018; Whitehouse et al., 2006; Steffen and Kaufmann,
2005). Weak Earth structure would have sped the solid earth
response time to YD readvance, as happened beneath Iceland
during the deglaciation (Sigmundsson, 1991).

A paucity of northern Norwegian YD sea-level records, and
longstanding evidence for halts in EIS ice recession along the
northern coast of Norway (Sollid et al., 1973), make it challenging to
rule out a YD transgression in coastal Finnmark, Troms, and on the
Varanger peninsula based on sea-level data alone (sites 1e6 & 9,
Figs. 3 and 4). Moreover, recent estimates of Barents Sea deglacia-
tion timing, which place local ice retreat in Finnmark at ~14.6 ka
(Romundset et al., 2011), do not themselves preclude a YD trans-
gression there, because the region would have been ice-free during
the YD interval. However, limiting data in Finnmark and Troms
(sites 7 & 8, Figs. 3 and 4), when combined with marine limits,
imply that no transgression is recorded inland in north Norway.
Fig. 10. Maps of the maximum amplitude (A, E), difference between posterior and GIA en
duration (D, H) of the Younger Dryas (AeD) and Tapes (EeH) transgressions based on the
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Further south in the Lofoten-Vesterålen region (sites 9 & 10, Figs. 3
and 5), the combination of index and limiting points also preclude a
YD transgression. More data from Finnmark and Troms are needed
to clarify whether the YD transgression occurred north of the
northernmost extant sea-level evidence for such a transgression,
which occurs in coastal Trondheimfjord in the form of a sea-level
slowdown between 14 and 12 ka (site 15, Figs. 5 and 6). On the
south coast of Norway, by contrast, the STEHME produces a YD
transgression as large as 8 m (Figs. 9C and 11 ka), which argues for
the existence of an ice sheet readvance as well as possible weaker
solid-earth structure. With RSL data alone it is not possible to tell
whether weak earth structure or differential EIS readvance
magnitude caused the differences between north and south Nor-
wegian YD sea-level histories, but it seems likely that both mech-
anisms may have contributed to the observed pattern.

We estimate the magnitude, timing, and duration of the YD
transgression using the STEHME's continuous sea-level field. We
map these fields, as well as the difference between STEHME and
GIA ensemble maximum amplitudes, by computing inflection
points in mean RSL between 14e12.3 ka and 12.3e11 ka, which are
the intervals that flank the pre-YD transgression minimum and YD
maximum (Fig. 10, Fjeldskaar and Amantov, 2018). The STEHME
transgression reaches a maximum at around 11.8 ka (Fig. 10C), with
a maximum amplitude increasing from ~1m at inland sites to >8m
along the southwestern Norwegian coast. Though the maximum
amplitude of the STEHME YD transgression exceeds that of the GIA
ensemble mean at the vast majority of mapped sites (Fig. 10B),
data-model comparisons (Fig. 7 site 23, 24) suggest that the
STEHME still underestimates the YD transgression amplitude at
some coastal sites and that Fig. 10A should therefore be considered
a minimum estimate. Data paucity between Sunnmore and Bergen
(Fig. 2) also leads the STEHME to predict no YD transgression in that
region. This result is discordant with the sea-level effects predicted
by regional modeling of ice dynamics (Fjeldskaar and Amantov,
2018), which indicates that further observations of YD-age RSL in-
dicators between Sunnmore and Bergen are needed.

The STEHME produced here d like other single STEHMs
semble mean prior maximum amplitude (B, F), age of sea-level maximum (C, G), and
STEHME.



Fig. 11. Elevation profile across the Lofoten-Vesteralen archipelago of ICE-6G ice thicknesses 19e10 ka (A); Location of transect (B); Time series plots of predicted relative sea level
(RSL, black), global mean sea level (GMSL, red), and glacial isostatic adjustment (GIA, green) for the STEHME and ICE-6G with 96 km lithosphere and two contrasting mantle
viscosity structures: weak (2 � 1020 Pa s upper mantle, 3 � 1021 Pa s lower mantle) and strong (5 � 1020 Pa s upper mantle, 50 � 1021 Pa s lower mantle). GIA in panels 1e5 of top
two rows is computed by subtracting ICE-6G GMSL from ICE-6G RSL. GIA in bottom row is computed by subtracting ICE-6G GMSL from STEHME posterior mean. Blue highlight
denotes duration of modeled Tapes transgression (C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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produced by the post-glacial sea-level modeling community d

assumes that a single set of spatiotemporal processes forms Nor-
way's ‘true’ sea level, that sea-level covariation decays with dis-
tance, and that covariation does not depend on location or time
(Ashe et al., 2019). Models of this nature are ill suited for processes
that operate only in certain regions or time intervals, change
smoothly in some places but abruptly in others, or whose covari-
ation decouples from distance d e.g. intrahemispheric tele-
connections or GIA sea-level fingerprints. Norwegian RSL data
record two such abrupt sea-level discontinuities, both in southwest
Norway. Neither of them is fully captured by the STEHME. The first
occurs near North Rogaland (site 24, Fig. 7). There the amplitude of
the YD transgression diminishes by > 10 m across the ~20 km
Boknafjorden (sites 24, 25, 26). The second occurs between Bergen
and Hardangerfjorden, where >10m differences exist between pre-
YD transgression RSL minima at sites 21 (48 m)& 23 (24m) vs. sites
20
22 (45 m) & 24 (16 m) as outlined by SLIPs. In both cases, the
regional covariance structure to which the STEHME opti-
mizesdaverage length scale of 3000 km and temporal scale of 2.5
kyrdis too long to fully model the rapid spatiotemporal fluctuation
that the sea-level data require. The latter discontinuity may, as
Helle et al. (2007) argued, be up-to-the-East tectonic displacement
produced by one of the many sizeable postglacial Norwegian
earthquakes (Arvidsson, 1996; Lagerb€ack and Sundh, 2008; Sutinen
et al., 2014). The former discontinuity is likely caused by ice sheet
readvance and not tectonics (Mangerud et al., 2016). Though other
disjointed sea-level records have not to our knowledge been re-
ported elsewhere in Norway, the postglacial seismic activity ubiq-
uitous along the Norwegian coastline (c.f. Olesen et al., 2013)
suggests that higher resolution sea-level observations in northern
and central Norway could uncover additional discontinuities.

For locations like southwest Norway, a nuanced form of sea-
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level modeling is needed, one that can accommodate sea-level
processes whose covariance length scales change through space
and time. Though the ensemble approach used here satisfies that
need by permitting a range of length scales of covariation, the
computational cost of producing ~9000 STEHMs suggests that
other approaches, such as the use of anisotropic kernels, may be
more feasible for future studies of sea level that seek to include
such abrupt RSL discontinuities. The implementation of a model
with those characteristics is beyond the scope of this paper, but the
application of models with anisotropic kernels is established in the
GPR (e.g. Saatchi et al., 2010; Grande et al., 2016) and Bayesian
change point communities (e.g. Shaochuan, 2021), and is ripe for
application to paleo sea-level studies.

5.2. Tapes transgression

A second major sea-level transgression in Norway occurred in
the mid-Holocene, when RSL around the Norwegian coast rose up
to 13 m (Fig. 10; Svendsen and Mangerud, 1987). Areas of Norway
far from the center of the EIS record the most pronounced Tapes
transgressions (e.g. sites 11, 26, 27; Kaland, 1984; Vorren and Moe,
1986; Prøsch-Danielsen, 2006; Lohne et al., 2007). By contrast,
areas closer to maximum EIS loading do not record the trans-
gression at all (e.g. sites 10, 13e17, 20, 29e32 Helle, 2006;
Romundset et al., 2010b, 2018).

Because of good data-model fit during the Holocene, we used
the STEHME's continuous sea-level field to calculate the timing and
magnitude of the Tapes transgression. We map the maximum
amplitude and duration of the STEHME Tapes transgression, along
with the age of the sea-level maximum and the difference between
STEHME and GIA ensemble maximum amplitudes, by calculating
inflection points in mean RSL between 11e8 ka and 8e3 ka, which
are the time windows that bracket the pre-Tapes transgression
minimum and Tapes maximum (Fig. 10, Fjeldskaar and Bondevik,
2020). The transgression began around 10 ka and generally
reached its maximum in the north around 6e7 ka and the south
around 8 ka (Fig. 10G), though sparse records in northern Norway
make the precise determination of the Tapes maximum more
difficult (Romundset et al., 2010b, 2011, 2018). The STEHME predicts
a Tapes transgression that occurs later and has consistently higher
amplitude than that of the GIA ensemble (Fig. 10F). Early and
regional studies from southwest Norway argued for the existence of
two or multiple shorter Holocene transgressions (Fægri, 1944;
Sørensen, 1985; Andersen, 1960), but the data aggregated here
suggest a single transgression of longer duration.

Unlike the YD transgression, the Tapes transgression was not
driven by local ice readvance because the EIS had melted by ~10 ka
(Hughes et al., 2016). Instead, two other effects likely shaped the
Tapes transgression: (1) a combination of concurrent GMSL rise and
postglacial rebound such that GMSL rise briefly exceeds isostatic
uplift near the edges of former ice sheets (henceforth termed the
GMSL-GIA effect); and/or (2) peripheral bulge migration (PBM),
which occurs in formerly glaciated areas when the hinge line
separating areas of isostatic rebound from areas of peripheral bulge
subsidence moves towards the center of the former ice sheet
(Steffen and Wu, 2011). PBM is a phenomenon predicted by GIA
theory and confirmed on the eastern edge of the EIS by increased
eastern European river incision and sedimentation rates (Rosentau
et al., 2007).

5.2.1. The GMSL-GIA effect
We investigate the extent to which the data support the GMSL-

GIA effect by decomposing the observed and modeled RSL into
contributions fromGMSL and GIAwith increasing distance from EIS
loading (Fig. 11). Using the ice history ICE-6G and two solid earth
21
structures not used in the STEHME (two top rows of Fig. 11C) pro-
duces a transgression as a result of GMSL temporarily outpacing
GIA. The magnitude of transgression and its duration are expected
to increase with distance from the ice center while the maximum
age is predicted to decrease. The transgression is larger and longer
for a stiffer lower mantle due to a smaller GIA signal. These
modeled predictions are in line with the observations (Figs. 10 and
11C).

If the GMSL-GIA effect is the dominant cause of the Tapes
transgression, we would expect a transient transgression that
would begin at most Norwegian coastal sites typically after 10 ka
and likely no earlier than 11 ka, since 11e10 ka marked the final
phase of EIS collapse and the beginning of purely viscous expo-
nential decay in isostatic rebound along the Norwegian coast, as
well as ongoing isostatic effects due towater loading (Hughes et al.,
2016; Patton et al., 2017). This is consistent with our reconstruction,
as can be seen in Figs. 4, 5, 7 and 8, in which both STEHME and RSL
data place the earliest start of transgression around ~10 ka (site 26,
28) and the majority of transgression inceptions after 9.7 ka (e.g.
sites 8, 18, 22, 23, 24, 27).

Further, if the GMSL-GIA effect is significant, the transgression
should reach amaximum height before ~5 ka, since GMSL rose until
the Laurentide ice sheet collapse ended around 7 ka and likely
approached present-day levels by ~5e6 ka (Abe-Ouchi et al., 2015;
Peltier et al., 2015; Lambeck et al., 2014; Bradley et al., 2016).
Fig. 10F demonstrates this pattern, with the earliest transgression
maximummodeled at ~8 ka and latest maximum along most of the
coastline around 5 ka. Overall, we conclude that the correspon-
dence between predicted and observed sea-level patterns suggests
that the GMSL-GIA effect can explain much of the Tapes
transgression.

5.2.2. Peripheral bulge migration
The second mechanism, PBM, could also contribute to a mid-

Holocene transgression, but not to a subsequent regression. This
would be the case for a site that first experiences isostatic rebound
and then peripheral bulge subsidence as the hinge line moves
closer to the Norwegian interior. Since topography is defined in GIA
models as the negative of RSL, the pattern of solid-earth rise then
fall corresponds to a pattern of RSL fall then rise, the timing of
which would primarily depend on the timing of local ice margin
retreat and the local solid earth structure. This patterndregression-
transgression with no subsequent regressiondis not recorded at
any coastal Norwegian site from which data have been collected,
even though several with high data density (e.g. Fig. 5 site 11, Fig. 8
site 26) are the most probable locations to record such a pattern
based on their distance from the center of EIS loading. It therefore is
likely that every coastal Norwegian site is located inland of the EIS
peripheral bulge hinge line and has been since the LGM. The site
furthest oceanward in Fig. 11C, which underwent almost entirely
regression and transgression with no subsequent regression, sup-
ports this hypothesis, as do maps of modern land uplift, which plot
the present-day hinge line�50 km off the Norwegian coastline (e.g.
Vestøl et al., 2019). We therefore conclude that PBM might have
affected the magnitude of rebound and hence past sea level, but
likely did not contribute to a reversal in the sea-level trend.

That may soon change. Isostatic uplift has until recently pro-
tected much of the Norwegian coastline from the effects of GMSL
rise. Until the late 20th century, rates of land uplift in Norway, even
in areas most distal to the EIS such as southwest Norway and the
Lofoten-Vesterålen archipelago, exceeded rates of GMSL rise
(Steffen et al., 2020; Dangendorf et al., 2019). In the last thirty years,
however, rates of GMSL change have accelerated, while uplift is
slowing down, causing RSL at some Norwegian sites to increase by
as much as 2 mm/year (Simpson et al., 2015). As the EIS peripheral
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bulge continues to migrate, this trend will continue: rates of GIA-
related RSL fall for regions near the hinge line will decelerate un-
til, as occurred for sites near the Laurentide (Batterson et al., 2003)
and Greenland (Long et al., 2011) ice sheets during the Holocene,
RSL fall ceases and the regions undergo RSL rise. The westernmost
islands of the Lofoten-Vesterålen archipelagodalready near the
hinge line, as evidenced by their slow rates of RSL fall in the late
Holocenedmay soon begin to experience PBM-driven inundation.
Most Norwegian sites, however, sit far enough from the hinge line
that ongoing postglacial rebound will buffer them from future
GMSL rise in the near-term (Simpson et al., 2012). At those sites,
PBMwould not have caused any transgression in the mid-Holocene
but only a slowdown in regression which, only when combined
with GMSL rise, produced the Tapes transgression. Though PBM is
typically not cited in explanations of Tapes transgression dynamics
(e.g. Fjeldskaar and Bondevik, 2020), further consideration of PBM
dynamics in future work on Scandinavian sea level may help to
clarify the RSL patterns observed on the Norwegian coastline.

5.2.3. Evidence for a mid-holocene transgression at other locations
A mid-Holocene RSL transgression of up to 10 m that interrupts

the last deglacial RSL fall is a pattern observed in RSL records
located along the edges of many former ice sheets. For instance,
indicators from the St. Lawrence corridor of Canada's Maritime
provinces record a highstand at ~5.5 ka that Vacchi et al. (2018)
attribute to mid-Holocene ice sheet melt. Similar sea-level his-
tories occurred on the edges of the British ice sheet in northern
Scotland (Shennan et al., 2018); the Barents-Kara ice sheet in Franz
Josef Land (N€aslund et al., 1994); and the Cordilleran ice sheet in the
south around Vancouver Island (Engelhart et al., 2015), off the coast
of British Columbia (Shugar et al., 2014), and in the north off the
Alaskan peninsula (Jordan, 2001). Spatiotemporal analysis such as
performed in the study, along with further GIA modeling, could be
used with sea-level data from these regions to better understand
the influence of the GMSL-GIA effect and PBM on postglacial sea-
level.

6. Conclusion

We have created the first comprehensive database of postglacial
sea-level data that spans the Norwegian coastline and extends from
19.4 ka to the present. Derived from multiple sea-level indicators,
including isolation basins, raised beaches, marine terraces, salt
marshes, and peat bogs, the quality-controlled compilation con-
tains 379 SLIPs and 418 limiting data, grouped into 32 regions based
on similarity of uplift history and data availability. The majority of
index points and limiting points were collected in the southern half
of Norway and date to between 14 and 2 ka, with the highest
concentration of index points occurring between around 11 and 5
ka. We expand on previous Norwegian RSL studies by assigning
indicative meanings and standardized uncertainties to each indi-
cator based on local RSL factors.

We employ an ensemble of empirical Bayesian hierarchical
statistical models to produce probabilistic spatiotemporal assess-
ments of Norwegian RSL over the last 16 kyr. Our model constrains
rates and patterns of Norwegian RSL change produced by GMSL rise
and Fennoscandian GIA response to Eurasian ice sheet collapse. In
northeast and southeast Norway, RSL fell continuously between
LGM and the present. Similar uninterrupted sea-level fall happened
at every inland site around Norway. Along the south, southwest,
and northwest sectors of the Norwegian coastline, RSL fell to a
lowstand in the early Holocene, followed by a spatially-variable
mid-Holocene Tapes transgression and a slow RSL fall to the pre-
sent. The magnitude of Holocene lowstands and transgressions
vary by location and distance from formerly glaciated areas. In
22
southwest Norway, an additional coastal RSL transgression
occurred during the YD stadial. We produce spatiotemporally
continuous maps of Tapes and YD transgression amplitudes and
timings, and conclude from them that locations that record Tapes
transgression maxima were influenced primarily by competition
between GMSL rise and isostatic uplift, with additional possible
influence in the late Holocene by peripheral bulge migration.

The standardized database presented here provides a high-
quality constraint to test GIA models in order to refine existing
ice histories such as ICE-6G, GLAC-1D (Abe-Ouchi et al., 2015;
Tarasov et al., 2012; Tarasov and Richard Peltier, 2002; Briggs et al.,
2014), UIT (Patton et al., 2017), N05 (N€aslund et al., 1994), and ANU
(Lambeck et al., 2010); to produce new ice histories; and to further
constrain Norwegian solid earth structure. Updating ice and Earth
models could be performed in a variety of ways, for instance by
combining our STEHME results with an adjoint inversion approach
(Crawford et al., 2018). Lastly, our work demonstrates that existing
data in the northern half of Norwaydespecially Svartisen, Salten,
Helgeland, Finnmark, and the Lofoten-Vesterålen archipelagodare
insufficient to fully characterize local RSL histories and regional
trends in Eurasian ice sheet melt, and cause high STEHME un-
certainties in the deglacial and early Holocene (Figs. 9B, 13 and 11
ka). Our data compilation and spatiotemporal modeling provides
an important step towards better constraining EIS history and
Norwegian Earth structure.
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