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The Western Iberian Peninsula is undergoing compressive tectonic reactivation, resulting in spatial and temporal
variations of surface uplift. Uplift quantification can be undertaken in coastal settings using staircases of shore
platforms developed onto rocky headlands. This study analyses two marine terrace staircases in central Portugal:
Cape Raso - Abano beach and Cape Espichel. Geomorphic and stratigraphic analyses identified marine terraces/
shore platforms developed below a culminant shore platform, four at Cape Raso and eleven at Cape Espichel. The
terrace chronology was obtained by using ESR and pIRIR dating. Using the interactions between the elevation,
age and global mean sea-level elevations, the marine terraces were correlated with Marine Isotope Stages (MIS).
The shore platforms at the Cape Espichel are more elevated than the coeval references at the Cape Raso - Abano
beach and this indicates differential uplift. Considering the culminant shore platform (3.7 Ma), for the Espichel W
promontory the estimated long-term uplift rate is ~0.03 m/ka, but for the Cape Raso is only ~0.01 m/ka. Also,
by using the shore platform considered as produced by the MIS 15 high stand (~572 ka), the estimated uplift rate
for the Espichel W promontory is ~0.13 m/ka, but for the Cape Raso is ~0.07 m/ka. The Espichel W promontory
terrace staircase also allows to deduce that the estimated uplift rate was nearly constant during ~600 ka to ~200
ka ago (~0.13-0.11 m/kA), but it after decreases (~0.06-0.01 m/ka).

1. Introduction Global Mean Sea Levels (GMSL) are driven primarily by the growth and

decay of continental ice sheets, which in turn cause changes in the

Raised paleoshorelines, provided by shore platforms and associated
marine deposits (marine terraces) are useful geomorphic markers for
assessing surface uplift rate patterns along continental margins (e.g.
Lajoie, 1986; Anderson et al., 1999). The present elevation of paleo-
shorelines results from interactions between tectonic crustal motions,
eustatic sea-level fluctuations and glacial isostatic adjustment (GIA).
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volume or mass of the world’s oceans (e.g. Morner, 1982; Lajoie, 1986;
Merrits and Bull, 1989; Bloom and Yonekura, 1990; Pirazzoli et al.,
1993; Pedoja et al., 2014).

Sea-level changes caused by global ice sheet growth and decay
ranged from ca. 22 4+ 10 m (above the present sea level, a.s.l.) during
part of the Pliocene (4.5-3.0 Ma) (Dowsett, 2007; Raymo et al., 2009,
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2018; Miller et al., 2012, 2020; Hearty et al., 2020) to —120 (below the
present sea-level) during the Last Glacial Maximum (LGM, 27 to 20 ka
ago).

In rising coastal areas, the speed of surface movement (uplift rate)
can be roughly expressed by dividing the amount of uplift by the time
over which the crustal movement occurred, considering the sea-level
change between the initial and present times (equation (1); Lajoie,
1986),

E-SI
U= @
where U is the uplift rate, E is the present elevation of the shoreline angle
of the marine terrace, SL is the eustatic sea level elevation at the time of
marine terrace formation, and T is the age of the marine terrace.

Determining the age of marine terraces is always a difficult task,
either due to the absence of datable material or to the complexity of the
available dating methodologies. However, in terrace staircases where
there are levels with some age control allowing the estimation of a local
uplift rate, we may use the elevation of the undated paleo-shoreline
angles and the inferred uplift-rate for estimating their age, based upon
a reference paleo sea level curve (e.g. Roberts et al., 2009, 2013; De
Santis et al., 2023; Robertson et al., 2023).

Despite the apparent simplicity of coastal uplift rate calculations, the
extraction of this data from sea level markers (marine terraces, marine
caves, corals, etc.) can be challenging due to the uncertainties associated
with past eustatic levels, the scarcity of reliable numerical age control
and the erosional loss of paleoshoreline evidence, especially in high-
energy coastal areas. The latter case is particularly relevant on the
west coast of Iberia, exposed to the high-energy conditions of the
Atlantic Ocean, which result in the rapid retreat of less resistant sea
cliffs, the destruction of former shore platforms and poor preservation of
marine terrace deposits. In general, marine terraces in the Western
Iberian Margin are rare and typically have only a small extent in rocky
sea cliffs, commonly expressed as irregularly scattered remnants that are
often challenging or impossible to access. However, they can be mapped
using remote sensing, including unmanned aerial vehicles (drones).

There is consensus that during the late Zanclean (mid-Pliocene), a
marine transgression reached up to 24 km inland from the present
Portuguese coastline (Teixeira, 1979; Cunha et al., 1993; Diniz, 1984;
Cachao, 1990; Ferreira, 2005; Cunha, 2019; Ramos-Pereira and Ramos,
2020), when sea level was for long time positioned at ca. 22 + 10 m
(Miller et al., 2012, 2020) a.s.l. Sediments deposited by this high sea
level are expressed by a culminant sedimentary unit (allostratigraphic
unit UBS13; ~3.7 to 1.8 Ma), which comprises basal beach deposits,
transitioning upwards into coastal plain and fluvial sediments (Diniz
et al., 2016; Cunha, 2019; Cunha et al., 2019; Gouveia et al., 2020]. The
UBS13 basal unconformity is usually expressed as a regionally extensive
shore platform. This platform is considered correlative to the wide shore
platform of the Cantabrian Margin (NW Spain), named “Rasa” (e.g.
Alvarez-Marron et al., 2008). The top surface of the UBS13 is named the
‘Littoral Platform of Portugal’ (LPP; Ferreira, 1983; 1991; Aratijo, 1991).
The LPP has variable width on the coasts of mainland Portugal and its
maximum altitude slightly exceeds 260 m inland. In some areas, de-
posits of uppermost Zanclean to Gelasian age form the (top) surface of
the LPP, while in others the LPP is only represented by the extensive
erosion surface cut in the Cenozoic, Mesozoic or Variscan substratum.
The LPP is well developed along the western and southern coasts of
mainland Portugal, forming a key geomorphic marker to quantify spatial
and temporal variations in long-term uplift rate. River systems draining
to the Atlantic coast are incised into the LPP and developed fluvial
terrace staircases.

Marine terrace staircases are also cut into sedimentary bedrock or
Variscan basement, at elevations below the UBS13. Attempts to date
them are limited (e.g. Ramos et al., 2012; Carvalhido et al., 2014; Fig-
ueiredo, 2015; Ressurreicao, 2018; Ribeiro et al.,, 2019). The
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higher-elevation marine terraces are beyond the range of optical lumi-
nescence methods (quartz-OSL and pIRIR). Therefore, here, we use ESR
dating to gain longer temporal insights, alongside the standard OSL
methods.

This study focuses on two flights of marine terraces developed on the
resistant limestone headlands of Cape Espichel (Espichel promontory,
Cha dos Navegantes, Forte da Baralha) and Cape Raso-Abano beach area
(central Portugal).

The terraces were surveyed using LiDAR data, a GPS RTK rover
station, and drone surveys, which allowed measurements estimates of
shoreline angle elevations of the less accessible locations of the higher
and older platforms. The marine terrace geomorphology and chronology
were used to: i) quantify uplift rates; ii) correlate marine terraces/shore
platforms with the MISs; iii) compare the terrace staircases; and iv)
discuss the uplift rates of the two coastal areas.

2. Geological and geomorphological settings

East of the Cape Espichel study area, the Arrabida Chain (~500 m
max. elevation) is an Alpine orogenic fold and thrust belt composed of
folded Mesozoic and Cenozoic sedimentary rocks (Ribeiro et al., 1990)
(Figs. 1 and 2).

This chain is bordered by other tectonic structures such as the
Albufeira Lagoon syncline to the north, the Arrabida thrust fault (ArF) to
the south, and the Settbal - Pinhal Novo fault (SPNF) to the east (Moniz,
2010). In detail, folding occurs in an ENE-WSW direction, with a few
dismantled anticlines still preserved as elevations (as the Sao Luis and
Arrabida sierras), forming cuestas and hogbacks along the north side
that are cut by NW-SE and N-S faults (Fonseca et al., 2014, 2015, 2020).
Minor streams with limited incision are partly controlled by these faults
(Manuppella et al., 1999). Along the east side of the chain, the SPNF (a
N-S to NNW-SSE left-lateral strike-slip fault) works as a transfer fault for
the ArF, located to the south of the Arrdabida chain (Kullberg and Kull-
berg, 2000, 2017, 2020; Kullberg et al., 2000).

Cape Espichel occurs at the western end of the folded chain, where
strike-slip faults cut NW dipping Mesozoic rocks. Here, the culminant
late Zanclean marine Cape Espichel Platform (CEP) cuts Mesozoic
limestones at elevations of 120 m a.s.l. in the west, rising up to 220 m a.
s.l. near Sesimbra town. The CEP is thus tectonically deformed (tilted to
SW) (Daveau and Azevedo, 1980-81).

The Cape Raso and Abano beach are located near Cascais village,
immediately south of an east-west trending small mountain named
“Serra de Sintra" which constitutes a resistant relief carved into a Late
Cretaceous igneous intrusion that reaches elevations up to 528 m.

South of "Serra de Sintra”, the culminant late Zanclean shore plat-
form is locally called Cascais Platform (CP). In this area, the CP occurs at
72-100 m a.s.l. with a gentle dip to SW, but occurs at 100-250 m a.s.l. to
the north of the "Serra de Sintra", where it is displaced by NNE-SSW and
N-S faults (Ribeiro, 1940; Dias, 1980; Cabral, 1995). The shore platforms
that are inset below the Cascais Platform, are cut into Mesozoic lime-
stones and sandstones. They can be found from Cape Raso to the Abano
beach, ~4 km to the north. The staircase at Abano beach includes a
shore platform with overlying marine sands and a shoreline angle situ-
ated at 34 m a.s.l. This terrace is a key geomorphic marker used to
quantify uplift rates and is the unique that preserves enough marine
deposits to perform numerical dating.

3. Previous studies

The Cape Espichel Platform (CEP) has been studied previously by
several researchers (e.g., Ribeiro, 1935, 1968; Daveau and Azevedo,
1980-81; Fonseca et al., 2014). The extensive shore platform exhibits
some patches of marine deposits made up of well-rounded pebbles in a
coarse sandy matrix.

Topographically below the CEP, Quaternary beach deposits with
consolidated sands and pebbles have been recognized on the margins of
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Fig. 1. Study area location map depicting the Cape Raso - Abano beach area and the Cape Espichel.

the Arrabida chain (e.g., Ribeiro, 1867; Choffat and Dollfus, 1904-1907;
Breuil et al., 1942; Breuil and Zbyszewsky, 1945; Pais and Legoinha,
2000). Studies were undertaken at Lagosteiros beach (three terraces
identified), Lapa de Sta. Margarida, Figueira Brava cave and Forte da
Baralha (Figs. 1 and 2). In the sector between the Espichel W promon-
tory and Forte da Baralha, cliffs were studied by Ramos-Pereira and
Regnauld (1994), integrating information on emerged and submerged
geomorphic features. Several raised shore platforms were mapped below
the CEP, including the Forte da Baralha level (12 m a.s.l.) and a -7 m
submerged level. At Forte da Baralha, several marine carbonate frag-
mented shells, overlying the 12 m terrace, were 14C dated to 32,040
(+1410/—-1190) ka cal BP and 36,786 cal BP (CalPal, 2004; Ramo-
s-Pereira and Angelucci, 2004) or ca. 36 ka BP (Ramos-Pereira et al.,
2007). The authors recognized the problem arising from the direct
relationship between the ages of the shells and the marine platform on
which they rest, namely the excessively high uplift rate (1.7 m/ka)
resulting from this age. Such high uplift rate values are unknown on
other coasts of Portugal. In our view, the 1*C ages obtained from frag-
mented shells in a coarse sand capping the shore platform should be
younger than the shore platform. The marine shells were possibly
transported by strong winds during the late Pleistocene, when an
extensive coastal dune cover was formed along the Portuguese coast
(Granja et al., 2008) and the sea level was lower than today, or it could
be related to problems in the 14C datings of mollusk shells.

At Cape Espichel area, marine terraces have been identified by
Cunha et al. (2015). Along this part of the coast, a flight of marine ter-
races is well preserved at Cha dos Navegantes, Forte da Baralha and at
Espichel promontory site (Fig. 1).

At the Figueira Brava cave archaeological site (Fig. 2), the lower
marine terrace is present at 6.0-7.0 m a.s.l. and has age constraints from
U-series ages on speleothems and OSL ages on sediment (Zilhao et al.,
2020). These ages constrain the underlying shore platform to be older
than about 80-90 ka, which permits an interpretation that the platform
and cave could date to MIS 5e (~125 ka).

At Cape Raso, the UBS13 is only represented by the extensive
culminant shore (CP). Here, four marine terraces located below the CP
have been identified (Duarte et al., 2014; Cunha et al., 2015), named
Tm1 (highest) to Tm4 (lowest). At Oitavos (Fig. 3), an aeolian cover unit
is largely exposed. At the base of the aeolianite succession (32ma.s.l.),a
layer of horizontally laminated muscovite rich medium sands was dated
by quartz-OSL to 97 + 4 ka (Cunha et al., 2015). Above this, thereisa 1
m thick layer of fine aeolian sands containing Helix shells and organic
matter of a paleosol, dated o) by Monge-Soares et al. (2006) to 31,
700 + 1700 ka and —1400 ka BP. The aeolianite succession is ~10 m
thick, composed of cemented coarse sands displaying dune foresets, that
have been dated (using quartz-OSL) to 15-12 ka (Prudencio et al., 2007).
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4. Materials and methods
4.1. Geomorphology

Geomorphological mapping was made using topographical maps at
scales of 1/25000 and 1:10000 (Military Charts and municipal topo-
graphic maps), with a contour interval of 10 m and 2 m, respectively;
and geological maps at 1/50000 scale (sheets 34-A, Sintra; 34-C, Cas-
cais; 34-D, Lisboa and 38-B, Settibal; National Laboratory of Energy and
Geology - LNEG), along with high-resolution digital elevation models
(DEM) based upon LiDAR data and drone surveys. LiDAR data are pro-
vided by the Portuguese Environmental Agency (APA) with mean ~30
cm vertical and 2 m horizontal resolutions. These topographic data
allowed for the mapping of the marine terraces spatial distribution. The
elevation of the paleo-sea level indicator, i.e., the altitude of the
shoreline angle of a given marine terrace level, was measured by GPS (a
GNS RTK rover station).

4.2. Sedimentology

Sedimentological analyses of the terrace deposits were performed to
characterize sedimentary processes. No fossils were found. Sand grain-
size analyses were carried out in the Department of Earth Sciences of
the University of Coimbra (DCT-UC). The carbonate cement of sand-
stones was dissolved using HCl (10%). Grain-size analyses were then
performed using a sieve stack with ', ® increments. Sand grain sediment
composition analyses used binocular microscope observation (50x) and
X-ray powder diffraction using a Panalytical Analytical Aeris XRD
diffractometer with a Cu tube in a 20 range, at a scanning rate of 3°
min~!, 40 kV and 15 nA. The mineralogical composition of non-oriented
subsamples was obtained using HighScore Plus analytical software. Sand
subsamples were prepared according to the standardised Panalytical
backloading system, which provides near random particle distribution.

4.3. Numerical dating

At Cape Raso - Abano beach (Fig. 3), samples of marine terrace sands
of the Tm2 terrace were collected in opaque tubes to prevent light
exposure for electron spin resonance (ESR) and post-infrared infrared
stimulated luminescence (pIRIR) dating. Samples were collected in
stratigraphic order from sediments of this terrace (base at 34 m and top
at 38 m a.s.l.) at ~1 m interval, labelled Abano-1 (base), Abano-5,
Abano-6, Abano-7 and Abano-8 (top), respectively. Abano-6 was also
used for ESR dating.

In the Cape Espichel area, the most complete terrace staircase is
located at Cha dos Navegantes and the adjacent Forte da Baralha sites. In
both places and at the promontory of Cape Espichel, the survey of the
shoreline angle elevations of each terrace was done using the GNS RTK.
Blocks of marine sandstone samples were taken for dating. Sandstone
blocks were collected for ESR and luminescence dating by using a heavy
hammer due to the high degree of carbonate cementation. Cores from
the blocks were extracted under red light conditions, according to lab-
oratory protocols for preventing light exposure.

The preparation of the mineral fractions was carried out in the DCT-
UC, under subdued red light to avoid resetting of the luminescence
signal. Each sample was wet sieved to separate the 180-250 pm grain
size fraction. This fraction was treated with 10% HCI to remove car-
bonates, followed by 10% of HoO» to remove reactive organic matter.
The K-feldspar-rich fraction was separated using heavy liquid (sodium
polytungstate solution; p = 2.58 g cm ™) flotation. Floating grains were
then etched using 10% HF acid for 40 min to dissolve the alpha-
irradiated surface layer and remove surface weathering and coatings.
A similar treatment was applied to the fraction p > 2.58 g cm > to obtain
quartz grains, but using concentrated (40%) HF for 60 min followed by
10% HCI for 40 min in the final two stages.

Radionuclide concentrations (238U, 232Th and “°K) were measured
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using high-resolution gamma spectrometry in the Nordic Laboratory for
Luminescence Dating (Denmark) (Murray et al., 1987). The external
beta and gamma dose rate are the same for both quartz and K-feldspar
grains. For quartz, a small internal dose rate of 0.02 + 0.01 Gy ka—1 was
assumed (Vandenberghe et al., 2008). For K-feldspar grains an internal
beta dose rate due to internal K (and Rb) of 0.839 + 0.041 Gy ka—1 was
used, based on X-ray fluorescence (XRF) measurements of the K-feldspar
extracts (average K concentration = 12.2 + 0.3% [n = 17]). For
K-feldspar, an internal dose rate from U and Th of 0.10 + 0.05 Gy ka—1
was assumed (consistent with Zhao and Li, 2005). The radionuclide
concentrations were converted to dose rate data using the conversion
factors of Guérin et al. (2011). Contributions of cosmic radiation to the
dose rate were calculated following Prescott and Hutton (1994),
assuming an uncertainty of 5%. The water content of each sample was
estimated based on the average of the field water content and saturation
water content. Equivalent doses were obtained on Risg TL/OSL DA-20
readers. Feldspar grains were mounted as medium (~4 mm) aliquots
on stainless steel cups. Feldspar De values were measured using a
post-infrared infrared stimulated luminescence (pIRIR209,290) protocol,
and the results were calculated as in Stevens et al. (2018). Dividing the
De by the environmental dose rate (in Gy ka—1) gives the luminescence
age of the sediment.

ESR dating procedure was carried out in the Dép. de Préhistoire du
Muséum National d’Histoire Naturelle (MNHN), Paris. The ESR method
followed the multiple center approaches (MC) and employed the stan-
dard multi-aliquot additive dose procedure, according to Duval et al.
(2017) (see Supplementary Material). The ESR intensities were extrac-
ted from the spectra via Bruker WinEPR system software. Each sample
was measured at least three times over several days, allowing the
calculation of the mean ESR intensity and standard deviation for each
measured aliquot. The equivalent dose (D) was determined by sub-
tracting the residual intensity evaluated through the maximum bleach-
ing value from the total dose. D. was obtained by an exponential fitting
function (EXP + LIN) and a single saturating exponential function (SSE)
(see details in Voinchet et al., 2013) using the Microcal Origin Pro 8.1
software and weighted by the inverse of the squared ESR intensities -
1/12 (Yokoyama et al., 1985), which gives greater importance to the first
points.

For the age calculation, the annual dose rates received by each
sediment sample were calculated by the radioelements concentrations
(U, Th, and K) measured by the gamma-ray spectrometry method, and it
was used the dose-rate conversion factors from Guérin et al. (2011). The
grain thickness removed after HF etching was assumed to be 20 pm, and
external alpha contribution was therefore considered negligible (« ra-
diation is not considered because it is restricted to the outermost part of
the sample). Values were corrected for j attenuation of spherical grains
(Brennan et al., 1991; Brennan, 2003). Water content was measured by
the difference in mass between the natural sample and the same sample
dried for one week in one oven, and the water attenuation was based on
Griin (1994). Following Prescott and Hutton (1994), the cosmic dose
rate was determined based on each sample’s altitude, latitude, and
longitude.

4.4. Marine isotope stage correlations

The approach to ascribe a raised paleoshoreline to a specific past sea
level, assumes that we actually aproximatelly know what sea levels
were, relative to present, at various interglacials in the past. We used
Spratt and Lisiecki (2016) as the main source for this and to calculate
uplift rates using the paleo high sea levels, along with their proposed age
assignments and terrace elevations. So, the sea level high stands
(Table 1) that we used were taken from the global mean sea level curves
of Spratt and Lisiecki (2016), except the other ones cited (Muhs et al.,
2012; Rowe et al., 2014; Miller et al., 2020; Dumitru et al., 2021a,b).

Although the Spratt and Lisiecki (2016) paper is a superb effort at
trying to decouple the eustatic and climatic components of the oxygen
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Table 1

Eustatic sea-level highstands used to calculate predicted paleo-shoreline eleva-
tions, which were taken from the global mean sea level curves of Spratt and
Lisiecki (2016), except the other ones cited.

MIS AGE (Ka) HIGHSTANDS (m a.s.l.)

MIS 1 0 0.0

MIS 5e 122 ca. 6.0 (Muhs et al., 2012)

MIS 7a 200 ca. —3.3 to 2.3 (Mubhs et al., 2012)
MIS 7c 213 ca. —6.7

MIS 7e 237 ca. -9.4

MIS 9c 316 ca. —9.8

MIS 9e 323 ca. —0.6

MIS 11c 403 ca. 8.3 to 10 (Muhs et al., 2012)
MIS 11c 408 ca. 7.9

MIS 13 492 ca. —10.8

MIS 15a 572 ca. —6.6

MIS 15e 614 ca. -9.0

MIS 17 687 ca. —9.1

MIS 75 1990 ca. —1.0

MIS G1/G2 2640 ca. 6.4 (Dumitru et al., 2021a,b)

middle Pliocene 3700-2900 ca. 22 + 10 (Miller et al., 2020)

isotope record, it is based on statistics and is really a model of what
might be a sea level record. It should be noted that Table 1 shows the
mean value for each high stand, later used for the estimation of uplift
rates. However, their uncertainties, at two sigma, probably could reach
the order of £10 m.

In turn, for MIS 11, MIS 7a, and MIS 5e, we relied on the eustatic
levels indicated by Mubhs et al. (2012), because these were calculated on
marine terraces levels with exceptional exposure and very well con-
strained through uranium series dating in coral reefs of the Curacao is-
land (Antilles). These MIS highstands were found to be consistent with
the island’s tectonic setting, which is characterized by a low uplift rate
(Muhs et al., 2012).

Indeed, the highstand values for paleo-sea levels are still under dis-
cussion, namely for the effect of the glacial isostatic adjustment (GIA)
(Creveling et al., 2015, 2017); however, the study area can be consid-
ered as not affected by GIA. An example of an area not affected by GIA is
the Canary Islands (just south of this study area) where the paleo-sea
level at MIS 5e is predicted to be +5 to +8 m a.s.l. (Muhs et al., 2014).

5. Results

5.1. Geomorphology and sedimentology of the Cape Raso terrace
staircase

At Cape Raso-Abano beach, four marine terraces located below the
Cascais Platform (CP; 72-100 m a.s.l.) have been identified, labelled
Tm1 (uppermost) to Tm4 (lowermost) (Fig. 3; Table 2).

Tm2 has a sediment thickness enabling sampling for ESR and OSL
dating; no fossils were found. The other terraces (Tm1l, Tm3 and Tm4)
are mainly rocky shore platforms, without enough sedimentary thick-
ness for this type of dating.

The Tm1 terrace (38-45 m a.s.l.) is represented by remnants of a
shore platform, below the CP. Scattered rounded boulders can be found
on this terrace level.

Table 2
Summary of the marine terraces of the Abano beach.

Terrace  Paleoshoreline Sedimentary cover/or rocky ~ Sample

angle, (m) platform

Tm1l 45 boulders and cobles -

Tm2 34 gravels and coarse to Abano-1 Abano-5
medium sands, overlying a Abano-6 Abano-7
shore platform Abano-8

Tm3 22 shore platform -

Tm4 10 shore platform -
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Tm2 is situated at 34-37 m a.s.l. at Abano beach, and at 25-34 m a.s.
1. further south at Cape Raso. The Tm2 shore platform is covered with
siliciclastic boulders, pebbles, and coarse beach sands.

Tm3 forms a narrow surface strip developed into the limestone
substrate; it rises from 16 m at Cape Raso up to 22 m in the Abano beach
area.

Tm4 is recognized only to the South of Guincho beach. Remnants of
this terrace form a very narrow and discontinuous strip at 9-10 m a.s.1.,
cutting the limestone layers.

The Tm2 sedimentary sequence used for dating is located north of
Abano beach, where the shoreline angle was measured at 34.0 m a.s.l.
The deposits comprise basal gravels with rounded boulders and pebbles,
overlain by coarse to medium sands, collectively considered to be of
beach genesis. These gravels and sands are overlain by sandy colluvium
at the top. The Abano-6 sample was collected from the middle part of the
terrace sedimentary sequence. The sample has an orange colour (7.5 YR
5/6), and a mean grain size of 0.5 mm (coarse-medium sand). Grain-size
analysis reveals an almost symmetric distribution, dominated by me-
dium to coarse grain sand. The average grain-size fractions consist of
sand (97.8%), silt (1.8%) and clay (0.4%). The sediment is fine skewed
(0.6), mesokurtic (2.64) and very poorly sorted (2.62). The sand fraction
is composed of hyaline quartz (80%), feldspars (15%) and some dark
minerals. The quartz grains are rounded to sub-rounded.

5.2. Geomorphology and sedimentology of the Cape Espichel terrace
staircase

In the Cape Espichel area (western promontory, Cha dos Navegantes
and Forte da Baralha sites) eleven marine terraces, Tml to Tm1l1, are
found at elevations between 109 m and 7 m a.s.l. (Table 3), inset below

Table 3

Paleoshoreline angle elevations and typology of the marine terraces at the
promontory of Cape Espichel. Sediment samples not dated are indicated by (N).
All conglomerates consist of rolled limestone clasts, except one of sandstone
found on Tm8.

Reference  Paleo-shoreline Sedimentary cover/or rocky Sample
angle elevation shore platform
(m)

CEP 120 rocky platform with remains of -
marine sands embedded into
the platform surface at 120 m

Tml 109.0 small shore platform -

Tm2 91.0 small shore platform -

Tm3 83.0 cemented marine gravels at the Espi-10 (N)
base and very coarse sand at the
top (~90.0 m a.s.l).

Tm4 74.4 cemented marine gravels at the ~ Espi-11 (N)
base, followed by very coarse
sandstones and colluvial
deposits at the top

Tm5 68.0 basal conglomerate followed by ~ Espi-5 (pIRIR)
sandstones and a thin layer of
cemented colluvial deposits at
the top (~5 m thick; top surface
at ~73.0 m)

Tm6 53.4 basal boulder conglomerate Espi-4 (pIRIR)
followed by very coarse Espi-8 (ESR)
sandstones and a thick layer
(~5 m) of cemented colluvial
deposits at the top ~4 m thick;
top surface at ~57.5 m

Tm7 45.0 cemented colluvial deposits.

Tm8 33.6 basal boulder conglomerate Espi-7, a
with cemented colluvial sandstone
deposits at the top (~9.0 m boulder (ESR)
thick)

Tm9 27.0 rocky shore platform

Tm10 12.0 rocky shore platform

Tml1l 7.0 rocky shore platform

modern 2.0 rocky shore platform
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the CEP (Figs. 4-7). On the cliffs at the western promontory of Cape
Espichel, the shore platform remnants have a very restricted distribu-
tion; however, cemented beach sands and gravels can be found
embedded into the paleo sea cliffs at different altitudes (Table 3 and
Fig. 4); no fossils could be identified.

The marine platforms located below Tm8 are difficult to recognize in
the western end of Cape Espichel due to cliff erosion, with the two
lowermost levels being dangerously inaccessible. However, by
combining the analysis of the LIDAR data, the drone topographic survey
and lateral correlation with the platforms at the nearby Forte da Baralha
and Cha dos Navegantes sites, we were able to map three marine terrace
levels below the Tm8: Tm9 at 27.0 m; Tm10 at 12.0 m and Tm11 at 7.0
m.

The shore platforms are well developed in the Cha dos Navegantes
cove (Fig. 5), but sedimentary deposits are lacking on almost all plat-
forms, making numerical dating impossible. At Forte da Baralha, the
Tm10 terrace, with a shoreline angle at 12.0 m, has beach sandstones
which were not dated in this study. Given the proximity of the Cha dos
Navegantes and Forte da Baralha sites, the terraces are presented
together in Table 4.

On the promontory of Cape Espichel (Fig. 4), the samples for dating
were collected from the Tm5 terrace (shoreline angle at 68.0 m), Tm6
(shoreline angle at 53.4 m) and Tm8 (shoreline angle at 33.6 m).

The sample Espi-7 was collected from Tm8 at ~36 m a.s.l., from a
boulder of sandstone, composed of pebbly medium sand, with a light
grey colour (7.5 YR 8/3) and carbonate cement. The mean grain size is
dominated by coarse sand (0.67 mm) with a unimodal (0.55 mm) size.
The grain-size fractions consist of sand (98.3 %) and gravel (1.7 %). The
sediment is moderately sorted (0.9), leptokurtic (3.86) and fine skewed
(0.7). The quartz grains are subangular.

Samples Espi-4 and Espi-8 were collected from the middle-upper part
of Tm6 (at 56 m a.s.l.). These beach sandstone samples have a dull or-
ange colour (7.5 YR 7/4), with calcium carbonate cement. The mean
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grain size is dominated by coarse sand (0.59 mm), is unimodal (0.50
mm) and moderately sorted (1.03) with a fine skewness (0.84). In-
spection of quartz grains from the 180-250 pm fraction reveals a cover
of manganese oxides for some grains.

Sample Espi-5 was collected in the middle part of Tm5 (68.0 m a.s.1.)
and is a coarse sandstone.

5.3. Results and discussion of ESR and OSL dating

Regarding the results of samples taken for ESR dating (Tables 5-7),
the dating from the Al centre could be measured for all samples, but
from the Ti-Li centre it was not possible to measure the sample Espi-8
(Table 6). In this case, the signal intensity was too different from each
measurement to be reliably evaluated, even with two scans. This con-
trasts, for example, with sample Espi-7, for which the use of a multi-
centre approach was possible. Here, bleaching mean values are be-
tween 40 and 67%.

For Ti-Li, the equivalent dose (D.) was determined following
different approaches: the exponential and linear fitting function (Duval
et al., 2009; Voinchet et al., 2013), the single saturating exponential
function by limiting the curve to the first six points (from natural to
4000 Gy) and the double saturation exponential function (Fig. SM1 in
Supplementary Material).

5.3.1. Cape Raso — abano beach site

All dated samples from the Abano beach site (both ESR and pIRIR)
belong to Tm2 (local shoreline angle at 34.0 m a.s.l.), comprising a
sedimentary sequence of a basal level of rounded gravels, intermediate
coarse beach sands (samples Abano-1, -5, -6 and -7) and a sandy collu-
vium at the top (Abano-8) (Tables 5-7; Figs. 8 and 9). The obtained ESR
ages: The age of Abano —1 (>590 ka) allows to consider an age of ca.
600 ka with a coeval sea-level peak of —7 m for the shoreline angle of
Tm2 (Table 1); for Abano-5 are 520 + 51 ka (Ti-Li) and 529 + 48 ka

W

A

Fig. 4. The terraces staircase at the western promontory of Cape Espichel. Eleven emerged marine terraces were recognized. Some terraces, without geomorpho-
logical expression, were identified by the sedimentary record on the steep slope of the headland. Red numbers indicate the shoreline angle elevations. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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9°12'W 9°11'40"W 9°1120"W

9°12'W 9°11'40"W 9°11°20"W

Fig. 5. Geomorphological map of the Cha dos Navegantes and Forte da Baralha sectors. Eleven emerged marine terraces and one submerged terrace (at —7 m) were
recognized. The Tm10 (12 m) has a sedimentary record, but most of the shore platforms have insufficient sediment thickness for numerical dating. Red numbers
represent shoreline angle elevations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Espichel Platform (220 m

Fig. 6. A —Forte da Baralha ruins (FB) and the shoreline angles (a.s.1.) of the Tm10 (12 m) and Tm11 (7 m); B — paleo-shoreline angle of the Tm8 terrace (34 m); C —
the Cha dos Navegantes cove; D — rolled limestone boulders of the Tm7 terrace (45 m).
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Tm3 (90 m)

Tm8& (35 m

Fig. 7. Panoramic view taken from the shore platforms of the Tm10 at Forte da
Baralha to the Cha dos Navegantes. Several marine platforms can be distin-
guished: the Tm10 (12 m), Tm9 (25 m); Tm8 (35 m) and Tm3 (90 m).

Table 4
Paleoshoreline angle elevations and typology of the marine terraces at the Cha
dos Navegantes - Forte da Baralha sector.

Level Shoreline angle
elevations (m)

Sedimentary cover/rocky shore
platform

Sample

CEP 145 shore platform, with rare remains of -
rounded pebbles and sands

Tm1l 131 shore platform -

Tm 2 115 shore platform -

Tm 3 90 shore platform -

Tm 4 76 shore platform and cemented marine -
pebbles

Tm 5 69 shore platform, scattered round -
pebbles

Tm 6 55 shore platform, scattered round -
pebbles

Tm 7 45 shore platform -

Tm 8 36 shore platform -

Tm 9 28 shore platform -

Tm10 12 shore platform with marine deposits -

Tm 11 7 shore platform -

Modern 2 shore platform -

Tm12 -7 submerged shore platform (Equipa -

ERLIDES, 1992)

(Al); for Abano-6 are 433 + 66 ka (Ti-Li) and 416 + 42 ka (Al). The
pIRIR measurements of Tm2 samples provided only minimum ages
ranging from >440 to >590 ka, discarding correlation with MIS 11
(younger) and MIS12 (low sea level). The ESR samples gave ages similar
to the pIRIR minimum ages (signal near saturation) of Abano-6.
Considering the ages of all Abano beach samples, the Tm2 sedimenta-
tion should span from MIS 15 (620-570 ka). An uplift rate of ~0.07m/ka
(41m/600ka) is obtained for this coastal stretch and can be used to es-
timate the ages of the other marine terraces of this staircase.

For the attribution of a paleo sea-level and the attribution of the
other terraces to a MIS the following procedure was used.
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1) We dated Tm2, and the obtained ages (Fig. 8) indicate that the Tm2
marine terrace should have be formed during MIS 15 (620 - 570 Ka);

2) Using the sea-level curve of Spratt and Lisiecki (2016), we calculated
a local uplift rate from Tm2 by evaluating the vertical offset between
the sea-level at the time of the Tm2 formation (-7m, according to
Spratt and Lisiecki, 2016) and the current position of the terrace
shoreline angle;

3) Assuming a uniform uplift rate of 0.07 m/ka, and using again the
Spratt and Lisiecki sea level curve, we assigned a marine isotope
stage and an age to all other undated terraces, based on a best fit
between the expected and the actual terrace sequence.

The Tm1 (42.0 m a.s.]) was ascribed to MIS17 because of its higher
elevation with respect to Tm2 and because, using the uplift rate rate of
0.07 m/ka, an estimated age of 729 ka is obtained, which is compatible
with the MIS17 (710 -680 ka).

According to Spratt and Lisiecki (2016), sea levels were lower during
MIS 13 (about —11 m at 492 ka, and —14 m at 498 ka). Using these
eustatic sea level values and an uplift rate of 0.07 m/ka, estimated ages
of 471 and 514 ka were obtained for the Tm3 (at 22.0 m a.s.l.). This
implies that Tm3 may represent the MIS 13 (533-478 ka) and could have
been reoccupied during the MIS 9e (323 ka), when the sea level was at
ca.-0.6 m. The correlation of the Tm3 with the MIS 11 (403 ka; +9 m) is
not possible as for the assumed uniform uplift rate of 0.07 m/ka the
correlative marine terrace should be at a much higher elevation of ca.
37 m; so, we have to admit that the MIS 11 is not recorded in the Raso
Cape - Abano beach staircase.

For the Tm4, with a shoreline angle located at 9.0 m a.s.l., a corre-
lation with the MIS 7 (coeval sea-level peak of 2.3 m; 200 ka) is only
possible by using an estimated uplift rate of 0.03 m/ka. The Tm4 should
not be correlated with the MIS 5e (coeval sea-level peak of 6.0 m; 122
ka), because this would imply an even lower uplift rate of 0.02 m/ka.

So, if we assume a uniform uplift rate of 0.07 m/ka we conclude that
the MIS 5e level should be at a height of ca. 8.5 m and thus is not
recorded in the Cape Raso area. It was probably eroded by the Holocene
high stand, as is the case along other stretches of the Portuguese coast
(Ramos-Pereira, 2008; Aratjo, 2008, 2020; Figueiredo et al., 2013;
Zilhao et al., 2020).

5.3.2. Cape Espichel promontory

For the terrace staircase located at the Cape Espichel promontory,
several paleobeach sandstones, collected from different terrace levels
yielded numerical ages. The following terrace deposits were dated
(Figs. 10 and 11).

- From Tm5 (shoreline angle at +68.0 m), a sample (Espi-5) collected
at the base of the sandstone unit yielded a pIRIR minimal age of
>450 ka, but also ESR ages of 598 + 139 ka (Ti-Li) and 646 + 58 ka
(Al), encompassing MIS 15 (620 - 570 ka). The upper level of the
sandstone (>450 ka) could correlate with MIS 13 (520 - 470 ka),
however, it should be noted that this latter age is a minimum.
From Tm6 (453.4 m), sample Espi-4 gave a pIRIR age of >420 ka and
ESR ages of 432 + 48 ka (Ti-Li) and 405 + 64 ka (Al); sample Espi-8
provided a pIRIR age >430 kA and ESR (Al) age of 343 + 10 ka. This
allows correlation with MIS 11 (430 - 360 ka).

Table 5

Dosimetry and ESR in Al, Ti—Li centre of collected marine terraces sedimentary samples.
Sample code U(ppm) Th(ppm) K(%) DB (uG/a) Dcos (pG/a) Dy (pG/a) Dt (uG/a) We (%)
Abano-5 0.98 + 0.06 3.21+0.4 1.081 £ 0.05 887 + 25 124 +75 473 £ 34 1510 + 58 10
Abano-6 0.65 + 0.06 2.38+0.4 0.49 &+ 0.02 422.1 +£23.7 76.1 + 3.8 274 £ 27 772 + 36 10
Espi-4 0.49 £+ 0.06 1.48 +£ 0.3 1.19 + 0.09 870 + 25.0 166 + 8.0 375 + 39 1423 + 41 10
Espi-5 0.51 + 0.06 1.84 £ 0.30 0.96 + 0.08 727 £13 190 +9.0 341 £ 36 1273 + 39 10
Espi-7 0.29 £+ 0.06 0.75 £+ 0.07 0.74 = 0.01 535.4 £16.8 163.8 £ 8.1 243.8 +£5.1 965 + 14 5
Espi-8 0.61 + 0.08 1.86 +0.10 2.56 + 0.02 1799 + 16 164.8 £ 9.1 733.6 £17.6 2.691 £ 19 7
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Table 6
ESR age of sedimentary samples collected from the marine terraces.
Sample code  Depth (m)  Elevat. (m)  Grain size (um)  Bleaching (%)  De Ti-Li (Gy)  Adj. Square = De Al (Gy)  Adj. Square  Age (ka) Ti-Li ~ Age (ka) Al
Abano-5 2.8 34.4 100-200 52 786 0.97 799 0.99 520 529
+9 +87 +51 +48
Abano-6 0.6 35.0 300 58 334 0.99 321 0.99 433 416
+48 +29 +66 +42
Espi-4 1.0 57.5 250-180 56 616 0.98 576 0.97 432 405
+54 +65 +48 +64
Espi-5 0.1 70.0 250-180 54 762 0.99 823 0.98 598 646
+61 +77 +39 +58
Espi-7 0.2 36.0 250-180 48 581 0.98 573 0.99 618 609
+31 +60 +34 +64
Espi-8 0.1 56.0 250-180 50 - - 723 0.99 - 343
+25 +10
Table 7 - Tm7 only records a colluvium, not a marine sediment, for that
able

Post-IR IRSL ages of samples collected from Cape Raso - Abano beach and Cape
Espichel marine terraces. Samples with measured De values significantly greater
than 900 Gy are given as minimum ages, because the accuracy of palaeodoses
>1000 Gy has not been established with confidence yet.

reason, this terrace level was not dated.

Tm8 (+33.6 m) provided a rounded boulder of sandstone (Espi-7)
that yielded ESR ages of 618 + 34 ka (Ti-Li) and 609 + 64 ka (A,
but also a pIRIR age >440 ka. This boulder should represent a
sandstone fallen from the cliff; so, Tm8, being a marine terrace

Sample Elevation Grain pIRIR N° Dose rate Age . .
code ) size (um)  (De cups  (Gy/ka) () located immediately below Tm6 and Tm7 could represent MIS 9e
Gy) (323 ka).
Abano-1 200 250180 ~1000 11 170 £006 59 - Tm9 (+27.0 m) is rfepresented by a very narrow shore platform,
052233 probably corresponding to MIS 9c (316 ka).
Abano-5 34.4 250-180  >1000 6 2224008  >450 - Tm10 (+12.0 m) is represented by shore platform, probably corre-
072217 sponding to MIS 7 (240 - 180 ka).
Aboa;zoz-is 35.0 250-180  >1000 6 2.25+£0.08  >440 - Tm11 (+7.0 m) should be correlated with the shore platform located
Abano-7 35.5 950180 1000 3 2534073 >430 at the. nearby Figueira Brava archaeologmtal site, w%th a pale.o—
072219 shoreline angle at 7.0 m a.s.l. and associated marine deposits
Abano-8 36.5 250-180  >1000 4 5.62+0.19  >180 which was were attributed to the MIS 5e (Zilhao et al., 2020).
072220
015?'20233 5 31.0 250-180 ;82 * 6 245010 Z4 * Considering the long-lasting period of the CEP formation, from the
Espi-4 54.0 250-180  >1000 5 2374008  >420 upper Pliocene until the Lower Pleistocene, we admit that the terraces
052243 Tml to Tm4 were formed during the Middle Pleistocene Transition
Espi-5 69.0 250-180  >1000 3 2.23 £ 0.11 >450 (MPT; 1.2 to 0.7 Ma). Tm4 and Tm3 could be correlated with MIS 17 and
052241 MIS 19, respectively.
Espi-7 36.0 250-180  >1000 6 2.25+0.08  >440 . . . .
202228 From the described marine terraces, the respective uplift rates could
Espi-8 56.0 250-180  >1000 6  2.31£0.08  >430 be estimated.
202229
- For Tm5, with a coastal angle at 68.0 m a.s.l., considering a coeval
sea level peak of —6.6 m (MIS 15a highstand, 572 ka; Table 1), the
uplift rate is ~0.13 m/ka;
MIS 1 MIS 5 MIS 7 MIS 9 MIS 11 MIS 13 MIS 15 MIS 17 MIS 19
407
201 Abano-7, Tm2
Oitavos dune Abano-6, Tm2 [\_ ®->» "'}———#———I\ Abano-5, Tm2
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Fig. 8. Ages given by the samples measured by pIRIR (minimum) and ESR methods, collected from the sands of the Tm2 terrace in the Abano beach (Cape Raso

area). Eustatic sea level curve data from Spratt and Lisiecki (2016).
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MISI5  Tm2
> 590 ka; >450 ka; >440 ka; >430 ka Abano 1, 5, 6,7 8-

MIS 13/9? Tm3

MIS 7? Tm4

450 375 300

MIS 17?7 Tml
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Fig. 9. — Schematic cross profile of the terrace staircase at the Cape Raso - Abano beach area.
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Fig. 10. Age results derived from pIRIR (minimum) and ESR methods in the Cape Espichel promontory. Eustatic sea level curve data from Spratt and Lisiecki (2016).

- For Tm6 (+53.4 m), considering a coeval sea level peak of +9 m (MIS
11c highstand, 403 ka), the uplift rate is ~0.11 m/ka;

- For the Tm7 (+45 m) considering a coeval sea level peak of ca. —11m
for the MIS 13 highstand, (492 ka), the uplift rate is 0.11m/ka.

- For Tm8 (+33.6 m), considering a coeval sea level peak of —0.6 m
(MIS 9e highstand, 323 ka), the uplift rate is ~0.11 m/ka;

- For Tm9 (+27.0 m), considering a coeval sea level peak of —9.9 m
(MIS 9c highstand, 316 ka), the uplift rate is ~0.12 m/ka;

- For Tm10 (12.0 m), considering a coeval sea level peak of ~0 m (MIS
7a highstand, 200 ka), the uplift rate is 0.06 m/ka;

- For Tm11 (+7.0 m), considering a coeval sea level peak of +6.0 m
(MIS 5e highstand, 122 ka), the uplift rate is 0.01 m/ka;

6. Discussion
Despite the inherent uncertainties in eustatic levels, at the Cabo

Espichel promontory, the reasonable matching of coastal terrace angles
with the different MISs suggests that the tectonic uplift rates (between

12

0.11 and 0.13 m/ka) are likely close to the true values for the period
from MIS 17 to MIS 7. After MIS 7, the tectonic uplift rate seems to have
decreased considerably.

The large extension of the Cape Espichel Platform (~10 km west-
ward of Sesimbra town), carved on the resistant limestones of the
Arrdbida Chain, implies that the development of this shore platform
occurred over an extended period. It occurs at 120 m on the west end of
Cape Espichel but reaches 220 m a.s.l. towards the ENE, suggesting a
slight tilt of the platform due to differential vertical displacement by
active tectonics.

By 3.7 Ma, the eustatic sea level reached +22 m (Miller et al., 2020).
Considering the CEP altitude at its western edge (120 m), we obtain a
long-term uplift rate of 0.03 m/ka at this location in the last 3.7 Ma. This
contrasts with the Cascais Platform altitude at 70 m which corresponds
to an uplift rate of 0.01 m/ka for the same period.

The UBS13 correlative platform was progressively incised when sea
level progressively fell, linked to the development of continental-scale
ice sheets in the Northern Hemisphere over the last 2.5 Ma. Since 1
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Fig. 11. Schematic cross section of the terrace staircase at Cape Espichel promontory. MPT - Middle Pleistocene Transition.

Ma, continuous uplift was marked by climatic oscillations (glacials and
interglacials) with a tendency for cooling and resulting sea-level
lowering, generating the staircases of marine terraces.

Comparing the Cape Espichel area with the Cape Raso — Abano beach
area (Table 7), the following details can be noted.

a) The marine terraces are more numerous at Cape Espichel than at the
Cape Raso — Abano beach area, because at Cape Espichel the uplift
rates are high enough to prevent the terraces from being reworked by
subsequent high sea levels, except the MIS 13 terrace, which may
have been submerged by the high sea level peak of MIS 11.

The differential uplift between the two coastal stretches increases
with the age of the terraces, from a minimum of 3 m for MIS 7 up to
~34 m for MIS 15-13, reaching 73 - 48 m (145 - 72 m) between the
CEP and the CP, using the lower, outer limits of the two platforms.

The same difference is reflected on the estimated uplift rates. For
example, considering as geomorphic reference the culminant shore
platform (3.7 Ma), for the Espichel W promontory the estimated
long-term uplift rate is ~0.03 m/ka wile for the Cape Raso is ~0.01
m/ka. Using the marine terrace platform considered as produced by
the MIS 15 high stand (572 ka), the estimated uplift rate for Espichel
is ~0.13 m/ka, but for the Cape Raso - Abano beach area is ~0.07 m/
ka. The terrace staircase at the Cape Espichel promontory also allows
to deduce that the estimated uplift rate was nearly constant from
~600 ka to ~200 ka ago (~0.13-0.11 m/ka) but then decreases
(0.06-0.01 m/ka).

b

=

=

C

The physical features of the Portuguese west coast diverge from other
passive continental margins, such as the ones of the Western Atlantic, in
North America. For instance, on the west coast of Portugal, sandy bea-
ches and offshore barrier islands do not dominate. Rather, rocky coasts
formed by erosion, such as headlands and steep sea cliffs, predominate.
The geodynamic framework of Iberia is being subjected to strong intra-
plate compression due to the Africa-Europe plates convergence (Ribeiro
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et al., 1990; Zitellini et al., 2004; De Vicente et al., 2018). Despite the
Iberian margin unique geodynamic framework, comparison with other
passive continental margins around the world are useful for exploring
and explaining marine terrace heights and uplift rates (Table 8). For this
purpose, we use the compilations of Pedoja et al. (2014, 2018), since
prior to these works, uplift rates often corresponded to best estimates, as
eustatic sea-level changes were not properly accounted for.

It should be noted that on a global scale, the extension and preser-
vation of marine terraces seem to be promoted in coastal stretches with
moderate to low uplift rates (Pedoja et al., 2014; Alvarez-Marron et al.,
2008; Muhs et al., 2014). In view of the obtained results, despite the
differences in the number of terraces, elevations and ages, the staircases
of Cape Espichel and Cape Raso — Abano beach areas are in agreement
with the global coastal sections of moderate to low uplift. Indeed, the
uplift rates estimated for the studied middle and upper Plistocene ma-
rine terraces are low (0.13-0.01 m/ka), especially when compared to
values of 2 m/ka observed in the vicinity of convergent or transform
plate boundaries.

Table 8 highlights that the average rates estimated for the two
studied stretches of the Portuguese coast are similar to those observed at
the northern sector of the Iberian Peninsula, where the culminant shore
platform (Rasa) records uplift rates varying between 0.07 m/ka and
0.015 m/ka (Alvarez-Marron et al., 2008).

On the NW coast of Portugal, with higher uplift, the RSL marker of
MIS 5 is found at 2.0-5.5 m a.s.1., the MIS 7 at 7.3-9.3 m and the MIS 9 at
ca. 13 m (Carvalhido et al., 2014). However, at the Castelejo beach (SW
coast of Portugal), a marine sedimentary terrace located within the
present intertidal zone provided two OSL dates of 112 + 7 ka and 110 +
5 ka, indicating MIS 5 (Figueiredo, 2015).

In the Cotentin Peninsula (Normandy, France), the MIS 5e bench-
mark is at 5 + 1 m and MIS 7 is at 12 m (Pedoja et al., 2018). Both sea
level markers are at similar elevations of the same geomorphic markers
at Cape Espichel.

Why has the rate of tectonic uplift apparently decreased over the last
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Table 8
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Coastal uplift rates and elevation of the MIS 1, MIS 5e, MIS 7, MIS 9 and MIS 11 geomorphic markers in different continental passive margins (modified from Pedoja
etal., 2014, 2018). In the Cape Raso — Abano beach and Espichel areas, the paleo sea-level changes were incorporated into the uplift rate calculations. * Average uplift

rate in short span of time (last 122 ka).

Domain MIS 1 (El. m) MIS 5e (EL m) MIS 7 (EL. m) MIS 9 (El. m) MIS 11 (EL m) Uplift rate (m/ka)
Passive margin East South 6.3+1.1 131 +1.7 50+ 4 0.11 to 0.01 + 0.01

America

Australia 2+1 7.6 +1.1 26.0 +£ 1.0 0.06-0.07 + 0.01

West - 6.8 + 2.0 31.0+ 1.0 0.06 £+ 0.02

Europe

Arabia 20+1.2 7.4+20 - 0.06 + 0.02

Africa 3.5+09 6,4+ 1.1 - 0.05 £ 0.01

West & South

Africa East 3.1+05 6.5+ 1.0 - 0.05 + 0.01

East North - 6.4+ 1.1 15.0 £ 1.0 0.05 £ 0.01

America

North - 3.8+1.9 43.3+1.0 0.03 to 0.11 + 0.01

Mediterranean

Alaska - 8.6 +1.6 23.0+ 1.0 0.07 £ 0.01

Normandy (Fr.) - 5.0 +£ 1.0 12+2 22 20+ 3 0.06 + 0.01

Canary Islands 12to 8 20 0.0 to 0.05

Cape Raso 2.0 - 22.0 0.04-0.07

Cape Espichel 2.0 7.0 12.0 33.6 53.4 0.01%to 0.13

~200 ka in the studied coastal stretch of Iberia? Subsidence due to
glacial isostatic adjustment (GIA) after the Last Glacial Maximum (LGM)
does not explains the relatively low elevation of the MIS 5e marine
terrace in Cape Espichel (+7 m) as previous peripheral forebulge uplift
had to be compensated. Actually, subsidence rates of —0.5 to —1 m/ka
due to GIA have been predicted for the study region (Serpelloni et al.,
2013), and present, short term, GPS based, vertical geodetic velocity
rates in the study region of ~0 mm/yr (Serpelloni et al., 2013) and rates
corrected for GIA also close to 0 mm/yr (Faccenna and Becker, 2020)
have been estimated. As GIA does not explain the unexpected low height
of the marine platforms ascribed to the MIS 5, a combination of active
tectonics and deep-seated geodynamic processes must be invoked,
mantle dynamics being the most likely process.

7. Conclusions

The geomorphological and geochronological data obtained from the
studied shore platforms cut into resistant limestones and their associated
coastal deposits, confirm the action of high energy coastal marine pro-
cesses (erosion and sedimentation) during periods of high sea level,
under low to moderate uplift rate conditions.

The studied geomorphic references (shore platforms) at the Cape
Espichel area are more elevated than the coeval references at the Cape
Raso — Abano beach area, indicating differential uplift between the two
areas. Indeed, considering the regional culminant shore platform (3.7
Ma), for the Cape Espichel promontory the estimated long-term uplift
rate is ~0.03 m/ka while for the Cape Raso — Abano beach area it is only
~0.01 m/ka. Also, by using the marine terrace platform considered as
produced by the MIS 15 high stand (572 ka), the estimated uplift rate for
the west end of Espichel Cape is ~0.13 m/ka, while for the Cape Raso —
Abano beach area it is ~0.07 m/ka. The terrace staircase at the Cape
Espichel promontory also allows to deduce that the estimated uplift rate
was nearly constant during ~600 ka to ~200 ka ago (~0.13-0.11 m/
ka), but it after decreases (0.06-0.01 m/ka).

Our study supports that the sequential correlation between marine
terrace elevation and different MIS can be problematic if a robust nu-
merical dating framework is not available.
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