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ABSTRACT

Southwest mainland Portugal is located close to the Eurasia-Nubia
plate boundary and is characterized by moderate seismicity, although
strong events have occurred as in 1755 (Mw=8), 1969, (Mw 7.9), and
more recently in 2007 (Mw 5.9) and 2009 (Mw 5.5), all located in the off-
shore. No historical earthquakes with onshore rupture are known for
this region. At the coastline, high sea cliffs, incised drainages, emergent
marine abrasion platforms and paleo sea cliffs indicate that this region
is undergoing uplift, although no morphological features were found
that could be unequivocally associated with the 1755 mega earthquake.
To better understand the recent tectonic activity in this sector of Iberia,
it is necessary not only to analyze active structures on land, but also to
search for evidence for deformation that may relate to inferred offshore
active structures. We thus conducted a study of marine terraces along
the coastline to identify regional vertical crustal motions. Several poorly
preserved surfaces with thin sedimentary deposits, comprising old beach
sediments, were recognized at elevations starting at 2 m elevation and
rising inland up to a regional abrasion platform situated at about 120
m a.s.l.. We identified distinct paleo sea level references at several loca-
tions at consistent elevations. This terrace sequence is likely Late Pleis-
tocene in age, with individual platforms correlative to MIS 5 high stands
and is coherent with a long-term slow uplift of the littoral zone for the
southwest of Portugal. Although dating of discrete platforms is an on-
going and difficult task, preliminary correlations of paleo-shoreline el-

evations suggest that the uplift rate is in the range of 0.1-0.2 mm/yr.

1. Introduction

The littoral section of southwest Portugal corre-
sponds to the onshore area located close to the main
known regional offshore active structures and also to
the inferred source area of the 1755 earthquake Mw 2
8 (estimated Mw 8.7 by Johnston [1996], or 8.5+0.3,

updated by Martinez Solares and Lopez Arroyo [2004].

Vertical movements for the southwestern Por-
tuguese coastal region were previously recognized as
the result of a Pliocene-Pleistocene long term uplift
[Feio 1951], and the first attempt to quantify the ver-
tical rate was conducted by Cabral [1995] who esti-
mated it to be in the range of 0.1 to 0.2 mm/yr, using
an assumed Pliocene or Pleistocene age for the dis-
placed geological markers. However, the ages of sed-
iments were not fully constrained nor were any late
Pleistocene interglacial marine terraces recognized,
meaning that there was not enough control on the
variability of vertical motions through time. Further-
more, no relationship was established between the ob-
served vertical motions and active crustal structures.
In what concerns the last major regional tectonic
event, the 1755 earthquake, there aren’t any references
of littoral vertical motion associated with the earth-
quake in the historical accounts for the studied area,
so it is unknown if there were any co-seismic effects,
and if so which kind. Following the same reasoning,
no recent vertical motions associated with other large
historical earthquakes known for the region (such as
382 A.D.) or paleo-earthquakes are described or were
identified.

In order to understand the vertical crustal mo-
tions in this region, and to better constrain the
younger movements, detailed field surveys were con-
ducted along both the western and southern coast-
lines for recognizing and mapping paleo sea level
features and correlative beach deposits (marine ter-
races) that could be associated with specific global eu-

S0672



FIGUEIREDO ET AL.

static high stands (Marine Isotopic Stage - MIS stages).
With this aim, a 60 km-long section along the western
coastline and a 40 km-long section along the southern
coastline were mapped for terrace remnants and sur-
veyed for precise elevation. Two specific high-priority
targets were delineated: one was the recognition of
geological evidences of recent vertical movements
along the coastline that might be associated with his-
torical seismicity, namely with the 1755 earthquake,
and the second was the recognition of the last inter-
glacial (MIS 5e) marine terrace, which is expected to
be locally preserved and emergent, even if the uplift
rate is very low, because the terrace was cut at about
6 m above modern sea level.

2. Regional setting

Southwest mainland Portugal is located close to
the Eurasia-Nubia plate boundary. This plate bound-
ary can be differentiated into three distinct zones: one,
a western segment, starting at the Mid-Atlantic Ridge
and characterized by a transtensional WNW-ESE fault
zone, the Terceira leaky transform. This zone contin-
ues eastward to a second segment, the Gloria fault, a
400 km-long right-lateral transform fault that trends
roughly E-W [Laughton et al. 1972]. Approaching the
Gorringe Bank area, this linear boundary evolves to a
third zone, a more complex and diffuse plate bound-
ary [Sartori et al. 1994], with deformation being dis-
tributed among several structures that span a zone up
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Figure 1. Main active structures and morphological features in the Southwest Iberia region according with Rosas et al. [2012] and Martinez-
Loriente et al. [2013] for the offshore and Dias [2001] for the onshore and their localization regarding the Eurasia-Africa plate boundary. (A):
Schematic Eurasia- Africa Plate boundary for the region and localization of Figure 1 MAR - Mid - Atlantic Ridge; ATJ- Azores triple Junc-
tion; AGFZ-Azores Gloria fault zone; SIM-Southwest Iberian Margin adapted from Duarte et al. [2013], (B) Off-shore structures identified
in the map; inland structures: AP-Alentejo-Placencia Fault; STASFS-Sdo Teoténio-Aljezur-Sinceira Fault System; BSJ-Barao de Sdo Jodo Fault;
EO-Espiche-Odidxere Fault; P-Portimao Fault; SMQ-Sdao Marcos-Quarteira Fault. The area studied in this work is delimited by the dashed

line adapted from Rosas et al. [2012].
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to a few hundred kilometres in width at the Gulf of
Cadiz (Figure 1).

Several geophysical and geological studies have
been undertaken during the past two decades to better
understand this area of diffuse deformation, and the
primary tectonic elements of this region [e.g. Bar-
tolomé et al. 2012, Gracia et al. 2003a, 2003b, Gutscher
et al. 2012, Terrinha et al. 2003, 2009, Zitellini et al.
2001, 2004, 2009]. This has allowed the recognition of
previously unknown relevant active structures, with
some of them showing significant morphological ex-
pression, such as the Marqués de Pombal and Horse-
shoe thrust faults, each with conspicuous scarps that
trend NNE-SSW to NE-SW. Structures in the Gulf of
Cadiz trending E-W, such as those bounding the Por-
tim3o Bank (also named in some references as Gual-
daquilvir Bank), and trending WNW-ESE named the
Southwest Iberia Margin (SWIM) faults, which are ex-
pressed as very long lineaments in the sea floor and in-
terpreted as strike slip faults [Zittellini et al. 2009,
Duarte et al. 2011, Bartolomé et al. 2012]. More re-
cently Martinez-Loriente et al. [2013] demonstrated
that south of the SWIM faults, in the Coral Patch
Ridge and Seine Hills areas at the south Gulf of Cadiz
region, active NE-SW thrusts (such as North Coral
Patch Ridge and South Coral Ridge faults, Seine Hill 1
and 6 faults) and WNW-ESE dextral strike slip faults
(such as Lineament South and Strike slip 1 faults) de-
form the Holocene sedimentary unit and are therefore
active structures.

The structural complexity in the Gulf of Cadiz
area is the result of the long term interaction between
Iberia and Nubia, where structures with different
geometries and tectonic styles, mainly thrust and strike-
slip, have interacted at different scales through time
[Duarte et al. 2011, Duarte et al. 2013, Martinez-Lori-
ente et al. 2013]. Geodetic data along with analysis of
focal mechanisms indicate ongoing WNW-ESE Iberia-
Nubia convergence at a rate of 4-5 mm/yr [Fernandes
et al. 2007, Nocquet and Calais 2004, Serpelloni et al.
2007, Stich et al. 2006], while geological models for the
last 3 Ma point to a NW-SE convergence at roughly the
same velocity [DeMets et al. 1994, 2010]. Ribeiro [2002]
suggested the occurrence of sinistral rotation of the
maximum horizontal compressive stress in southwest
Iberia since the Pleistocene, although changes in the
on-going deformation in this region are a matter of de-
bate [Cunha et al. 2012].

The Southwest Portuguese Margin is located in
the northwest sector of the Gulf of Cadiz, and is char-
acterized by NNE-SSW to NE-SW striking thrust sys-
tems, such as the previously referred Marqués de
Pombal, Horseshoe and Gorringe Bank faults. Some of

these structures in this sector extend onshore, such as
Alentejo-Placencia fault system [Pereira and Alves 2013]
where a minor sinistral strike-slip component has been
recognized offshore and the Sao Teoténio-Aljezur-Sin-
ceira fault system [Terrinha 1998, Lopes 2002], where a
sinistral component was also recognized but inland.

The regional instrumental seismicity corroborates
the occurrence of diffuse deformation: seismicity is
moderate, frequently shallower than 40 km and broadly
distributed and focal mechanisms are dominantly
thrust and strike-slip [Carrilho et al. 2004, Carrilho
2005, Stich et al. 2010]. An Ocean Bottom Seismometer
(OBS) campaign undertaken in the study region for 11
months (from August 2007 to July 2008) showed that
seismicity extends deeper than 40 km, concentrating in
this time period at a depth of 50-55 km [Geissler et al.
2010], corresponding to three major clusters of earth-
quakes that occurred in areas coinciding with the loca-
tion of the three larger instrumental earthquakes for
the region [Silva et al. 2010]: the 28™ February 1969
(Mw~7.9), the 12 February 2007 (Mw 5.9), and the
17t December 2009 (Mw 5.5) events. The focal mech-
anisms calculated for the three major earthquake clus-
ters and for the OBS survey also reveal different
deformation behaviours, indicating thrusting at the
Marqués de Pombal fault region, and strike slip associ-
ated with the SWIM fault system in the Horseshoe
plain [Bartolomé et al. 2012], consistent with the loca-
tion and focal mechanism of the Mw 5.9, 2007 earth-
quake [Custddio et al. 2012].

Despite the tendency for the occurrence of mod-
erate levels of seismicity, large earthquakes were gen-
erated in this area, such as the November 1% 1755
earthquake and tsunami and the Mw 7.9 1969 earth-
quake [Zittelini et al. 2009 and references within]. Large
historical and paleo-earthquakes generated in the Gulf
of Cadiz were also recognized by the identification of
correlative tsunami deposits [Baptista et al. 2009] and
turbidites [Gracia et al. 2010], suggesting a 1300-1800 yr
recurrence interval for a regional earthquake with mag-
nitude larger than 8.

The Marqués de Pombal fault is usually considered
one of the best candidates for the generation of the
1755 tsunami [Baptista et al. 2009], and is therefore as-
sumed to have ruptured in 1755 together with other
faults, thereby producing a complex rupture. If so, the
1755 Mw > 8 event is likely closely associated with the
southwest Portuguese continental margin.

Several faults with evidence of Pliocene and Qua-
ternary activity have been previously recognized on-
shore southwest Portugal [Feio 1951, Pereira 1990,
Cabral 1995, Dias 2001, Dias and Cabral 2002], mainly
through geomorphologic analyses. The majority of the
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active structures in this region trend NNE-SSW to ENE
-WSW, though N-S to NW-SE faults are also present
(Bardo de Sdo Jodo, Espiche and Portimao faults), are
mostly less than 20 km long, and show predominantly
reverse and strike-slip component. Historical seismic-
ity is known for the past 2000 years (due to Roman and
Arab occupations) [Brito 1597, Lopes 1842], however
no Holocene fault surface rupture was ever recognized.
The active faults that are recognized have low activity
rates, less than 0.1 mm/yr [Dias 2001, Dias and Cabral
2002], and therefore long periods of seismic quiescence
are expected. Instrumental seismicity is usually of low
magnitude, diffuse and hard to correlate with the
known Quaternary structures [Carrilho et al. 2004, Car-
rilho 2005].

The most representative of such active structures
in the study region is the NNE-SSW, sub-vertical, 50km
long Sao Teoténio-Aljezur-Sinceira left-lateral fault sys-
tem (STASFS). This fault zone extends north towards
the southwestern section of the Alentejo-Plasencia fault
[Cabral 1995, Villamor et al. 2012], though their spatial
and temporal relationships are still not clear from the
available data. STASFS trends parallel to the western
coast, corresponding to the nearest known inland active
brittle structure that may be related to the ongoing plate
boundary deformation observed in the offshore. This
fault zone deforms a ca.10 km wide regional abrasion
platform that is considered to be originally of late
Miocene age, and which has been reoccupied or recut
during the Pliocene and the Pleistocene, implying that
the capping sediments are of Quaternary age. Dias
[2001] estimated a slip-rate of ca. 0.03-0.06 mm/yr for
this fault zone, based on the vertical offset of morpho-
logical features. However, considering that the sense of
slip on this structure is probably mainly strike-slip, those
vertical separation values are likely a minimum esti-
mate. Some authors suggest that the STASFS extends to
the offshore, towards the south or southwest [Lopes
2002, Terrinha 1998, Roque 2007], but there is no un-
equivocal evidence to correlate the inland fault system
with the morphological features inferred as the fault ex-
tension in the offshore. Detailed geomorphologic and
paleoseismological studies along the STASFS [Figueiredo
etal. 2011, Figueiredo et al. in preparation] indicate that
its southern sector (south of Sinceira basin) does not
show evidence of significant Plio-Pleistocene deforma-
tion, the fault system probably having splayed into sev-
eral minor faults. In fact, several parallel faults do exist
in the local Mesozoic limestone bedrock, promoting the
development of karst pits, which are filled with Plio-
Pleistocene sands (Faro-Quarteira sands) along the
coastal section (Martinhal-Zavial) where the STASFS
should intersect the coastline. The spatial distribution

and elongated shape of those karst features suggest a
structural control by a previous structural fabric on the
karst development [Dias and Cabral 2002].

3. The Southwest Portugal coastal geomorphology
The southwestern Portuguese littoral can be sub-
divided in two distinct coastlines types: the first is the
NNE-SSW oriented, west facing coastline which is di-
rectly exposed to the Atlantic swells, whereas the sec-
ond is the ENE-WSW trending southern coast of
Portugal (Figure 2). The N-S section of coast is exem-
plified by steep cliffs developed in highly deformed Pa-
leozoic schist and greywacke bedrock. The modern
abrasion platform is narrow, around 300 m in width
based on topographic and bathymetric maps (I.G.E.O.E.
and IL.H.), and the littoral zone is dominated by a
rocky-shore environment, with coarse clastic sedi-
ments and thin sandy beaches present at the mouths
of the main drainages and in sheltered areas, or along
some linear coastal segments that locally reach some
kilometers in length, but less than a few tens to a few
hundred meters in width. Cliffs have steep slopes, and
towards the south increase their height, reaching circa
130 m in elevation. Several narrow and deeply incised
creeks hanging along the cliffs are also recognized.
These creeks contrast with larger fluvial drainages
that have broad alluvial filled valleys, which are fre-
quent along the Portuguese coastline in general and
also in this sector. Mass movements are common,
favoured by the bedrock structure. An exception ex-
ists along this coastline in the Carrapateira area (Fig-
ures 2, 7 and 8), where the bedrock is composed of
Jurassic limestone in the Alentejo Basin (a N-S elon-
gated Mesozoic basin generated from the Atlantic ex-
tension; Pereira and Alves 2011). This coastal section,
with cliffs reaching only 40 m, is cut on less deformed
Mesozoic bedrock where karst development has taken
place and there are fewer mass movements. Cliff re-
treat along the western coastline varies substantially
according to lithology and local structure geometry,
with present rates ranging from 2.5 to 11 m/ka in the
Paleozoic schistose bedrock, to as low as 1 m/ka in
the Jurassic limestone, based on 50 years of observa-
tions [Marques 1997]. Andrade et al. [2002] have cal-
culated that the average wave energy input for a
representative site along this coastline (Monte Clérigo)
reaches 40 to 45 kWm-1/yr, which is significantly
higher than at a sheltered location along a south facing
coastal zone near Lisbon, where a value of only 6
kWm-1/yr was inferred using the same methodology,
corroborating that the wave energy input along the
SW coastline is significantly high.
The approximately E-W oriented southern coastline
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Figure 2. Digital terrain model of southwestern Portugal: (A): Regional Geomorphology with main active structures Shaded relief (SRTM)
and continental shelf bathymetry (0 to 200 m depth, contour lines, each 10 m (IH); (B) Digital Terrain Model from the study area, IGEOE
topographic data). Red dots indicate marine terrace locations, black dots correspond to toponymy.

is developed on Mesozoic limestones in the west and
on marls to sandy Miocene sediments towards the
east. This difference in lithology, and the consequent
resulting morphology, lead to an irregular and lower
coastline with clift heights reaching 50-60 m at Sagres
in the west, and decreasing eastward to heights of
about 20-30 m. Karstic features are common and sink
holes are usually filled with sands. The modern abra-
sion platform is slightly broader here than along the
N-S coastline, also increasing in width eastward. This
coastline is sheltered from north and west Atlantic
swells, but more exposed to the southwest and south-
east ones. Sandy beaches are common, mostly in shel-
tered areas in the west, but are continuously present
towards the east, where dune systems also exist. His-
torical cliff retreat rates also vary significantly along
this coastline, ranging from 0.9 m/ka in the Ingrina-
Furnas sector to about 16 m/ka at Boca do Rio-
Salema [Marques 1997] (Figure 2). In the Carrapateira
area, the limestone promontory in the west coast,
coastal morphology exhibits similarities with that
along the southern coastline, and retreat rates are sim-
ilar to the Ingrina-Furnas sector.

Inland, the most significant geomorphologic fea-
ture corresponds to a broad regional abrasion plat-
form cut across the Paleozoic schists. This surface is
particularly well represented along the western coast,

north of Sagres, where it reaches an elevation of 120-
130 m. Capping beach sediments are absent in this sec-
tor of the platform, although scattered rounded
quartz pebbles are commonly present. No geochrono-
logic information is available for this surface, although
the platform has been considered as possibly late
Miocene in age, and reoccupied and re-trimmed dur-
ing Pliocene and Pleistocene times [Feio 1951, Pereira,
1990, Dias, 2001]. It is likely that during the Plio-Qua-
ternary, an abrasion platform was cut across older
Miocene sediments, thereby developing a younger
erosional abrasion platform, where Miocene sedi-
ments could be sparsely preserved beneath Plio-Qua-
ternary capping sediments.

The highest surface with cover sediments, as-
sumed to be marine or fluvio-marine, is present at
Fonte Santa (Figure 2), located 15 km inland at an el-
evation of about 350 m. According to Feio [1951],
these sediments are correlative of a high “summit-
plain” which corresponds to a remnant of a Pliocene
planation morphology that surrounds Mount
Monchique, a Cretaceous igneous massif that reaches
900 m in elevation and is considered an inselberg.
These marine-like sediments are overlain by aeolian-
ites that are strongly consolidated by iron and man-
ganese oxides and considered to be Pliocene in age
[Manuppella 1992], again implying that all lower ter-
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races have been refreshed or re-cut after this time.
Towards the southeast, the regional erosion surface
transitions to several discrete surfaces cut into the
Mesozoic sandstone, marl and limestone bedrock of
the Algarve Basin [Pereira 1990], which may actually
correspond to a sequence of closely spaced, poorly
preserved, middle Pleistocene marine terraces. This is
very similar to the middle Pleistocene Linda Vista ter-
race set of southern California, which transitions from
a very broad (>10 km) abrasion surface at San Diego
to a sequence of discrete, narrow (50-200 m-wide) ma-
rine terraces northward towards Los Angeles, prima-
rily as a function of bedrock resistance to erosion
[Kern and Rockwell 1992].

4. Identification of references for characterizing ver-
tical movements

4.1 The present reference

The present tidal range in Portugal is meso-tidal
within a 2 to 4 m maximum range, and with the max-
imum high-tide at circa 2 m m.s.l. For characterization
of the elevation of the modern wave-cut platform and
associated beach deposits in this region, one must take
into account this tidal range, as most terrace cutting

likely occurs during storms at high tide. As expected,
other features in this area, such as notches and sea
caves, will also reflect this tidal range and present
larger dimensions [Wziatek et al. 2011] than equiva-

Figure 3 (counterclockwise from down left). The modern abrasion
platform is reoccupying an older one at several sites in the southwest
Portuguese coastline. All of these sites share the same sedimentary
sequence, and the paleo-shorelines are at the same elevation. a) Per-
spective at Amoreira beach; in the background the abrasion platform
is cut into schists. Overlying the abrasion platform (p), now reoccu-
pied by the nowadays sea level are basal coarser sediments (bc) and ae-
olianites (aeol), with a notch (n) developed at the back edge. b)
Another perspective from Amoreira beach, aeolianites (acol) on top
of basal coarser sediments (bc). ¢) Castelejo beach, coarser basal sed-
iment (bc), interbedded with medium to fine sand, overlying an abra-
sion platform (not visible in this image, covered by modern beach
sand) and underlying aeolianites (aeol); d) Bordeira beach, basal
coarser sediments (bc), underlying several aeolianite (aeol) units.

lent features that form in regions of micro-tidal
ranges, such as in the Mediterranean Sea, and their
mean elevation fluctuates within the tidal range. The
coastline is frequently hit by storms generated at long
distances in the Atlantic [Costa et al. 20017, and the
wave energy during such storms is commonly quite
high, resulting in the formation of storm benches and
storm notches. The shoreline angle elevation reflects
not only the tidal range, the wave energy impact, and
the bedrock resistance, but also the smaller scale
coastal physiography (if it is a bay or an exposed cliff)
and, therefore, the shoreline angle elevation fluctuates
within a range up to a few meters from the mean sea
level [Wright 1970]. Assuming that the resulting effect
from all these variables has not changed significantly
since the Pleistocene, it is therefore crucial to under-
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stand the local modern processes involved in the de-
velopment of a wave-cut abrasion platform, along
with the cliff and beach system, to properly interpret
the past and correctly interpret the elevations of paleo
features. We discuss this further below in the section
on field interpretations.

As referred above, in this work we will focus on
the surfaces and features associated with sea-level that
we expect to be the youngest, or attributable to recent
vertical movements. Secondly, we discuss observations
that pertain to a possible uplift or subsidence signal as-
sociated with historical seismicity.

4.2 Recognition of paleo marine terraces

The morphological recognition of paleo marine
terraces follows the nomenclature of Bradley and
Griggs [1976]. According to these authors, most plat-
forms can be described as having three different seg-
ments: an offshore or outer edge segment with a
generally low gradient, a near-shore segment, with an
intermediate gradient, and a shoreline segment char-
acterized by a steeper gradient adjacent to the inner
edge at the paleo-shoreline. Thus, a single marine ter-
race can exhibit these different surface segments, and
distinct morphological elements, all generated with
the sea at the same level. This differentiation may vary
locally, especially with lithology resistance, wave en-
ergy incidence and coastal morphology. In the pres-
ent study we infer the original elevation of the
platform segments and of other morphological ele-
ments based upon the elevation of their modern ana-
logues.

Paleo sea level features related to past sea level
high stands, such as raised marine terraces, are present
along the western and the southern coastlines, albeit
in a discontinuous pattern. In general, the marine ter-
races or wave-cut platforms are poorly preserved,
beach sediments are mostly eroded and, locally,
younger aeolianites cover the entire morphology,
making it difficult to recognize the terraces and to dis-
tinguish them from other features. Along the cliffs in
the Paleozoic schists, lower elevation features that are
expected to be correlated with the late interglacial
(MIS 5) are mostly absent, since they have been mostly
or completely removed by the Holocene transgression
and erosion. In areas of limestone cliffs, which are
even more resistant to erosion, paleo sea level features
at lower elevations are better represented, although
they are still poorly preserved in most areas. To un-
derstand the regional marine terrace patterns and to
establish a regional sequence, consistent observations
from several sites are needed, along with their tenta-
tive correlations. We will present a brief description

of the mentioned sites, describing each of the recog-
nized surfaces, and discuss their inferred ages later.

For detailed geomorphological analyses, topo-
graphic surveys were conducted using a DGPS-RTK
(Leica GPS1200), with a vertical error smaller than 10
cm. All elevations presented correspond to elevations
above mean sea level.

4.2.1 Ingrina beach

Located along the southern coastline (Figures 2
and 4), the Ingrina beach is located in a small and con-
fined bay, 200 m in width and 300 m in length, cut into
Jurassic limestone. At this site, several surfaces are in-
terpreted as paleo wave-cut platforms, and are pre-
served in a sequence along with their respective
paleo-sea cliffs. The modern wave-cut platform, T0, is
developed at the infra-tidal, tidal, and supra tidal zone,
and is mostly recognized in the submarine section and
during very low tides. The beach has fine to medium
sand, and the inner edge is usually covered by beach
and aeolian sediments at an elevation of about 2 to 3 m
(white line in Figure 4).

A bench at 3-4 m elevation corresponds to the
modern storm boulder accumulation. At a sheltered
section along the eastern side of the bay, paleo sea caves
and a possible level of bioerosion, inferred by the pres-
ence of round borings that develop perpendicular to
the surface and are assumed to be Lithophaga borings,
occurs at 2.8 to 3.8 m. No correlative sediments are pre-
served at this elevation.

A well-preserved bedrock surface at 6 to 8 m ele-
vation is recognized primarily along the western side
of the bay. Although this surface is very well preserved,
it shows a scarce sedimentary cover. The elevation of
the shoreline or inner-edge varies from 6 to 7 m along
the southern, ocean-ward section of this surface, and
reaches a maximum elevation of 8 m at the cuspate
landward back-edge of the bay, similar to the modern
shoreline. We refer to this terrace as T1 (blue line in
Figure 4).

Another surface cut into the limestone bedrock at
circa 12 m elevation is a striking feature at Ingrina, and
it is visible mainly along small spurs on both sides of
the bay. This surface expressed along the spurs is gen-
erally flat or shows a low gradient, and smoothly ramps
up to a higher elevation farther inside the bay, ranging
then between 12 m and 16 m elevation. It has pedo-
genic carbonate locally capping the abrasion surface
along with locally preserved cemented littoral sedi-
ments. Sandy sediments are scarcely preserved (except
where cemented by carbonate), but round quartz peb-
bles are scattered ubiquitously on the surface. Another
surface is present at elevations ranging from 16 to 18 m,
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Figure 4. Map identifying the marine terrace at the Ingrina site. a) Panoramic view from east and terrace perspective. b) Inner edge and ter-
race map. Terraces are mapped in transparent colors and the inner edges in solid line when visible and dashed line when inferred. White-T0
(modern); blue-T1; yellow-T2; green-T3; red-T4. Inner edges elevations in meters are provided. Topography contours lines each 10 m.

gently rising to an internal section where an inner-edge
is recognized at 20-21 m. Along the inner-edge or paleo-
shoreline, conglomerates of quartz pebbles testify to
the presence of the paleo-beach face. No sediments
were identified above this level, but scattered quartz
pebbles are preserved.

We have interpreted these 3 surfaces as morpho-
logical segments of a single wave-cut platform. In gen-
eral, the surface ramps up towards inland as three
distinct morphologic sections: a generally flat or low-
gradient section near the outer-edge that ranges be-
tween about 12 m and 16 m elevation; a moderately
sloping middle section at circa 16-18 m elevation, and a
higher more steeply sloping surface that ramps up to
the inner-edge of the terrace at 21 m elevation.

Collectively, we designate this sequence as T2, or
the second emergent marine terrace at Ingrina. The
inner-edge, or shoreline angle, which is locally buried
by colluvium, reaches maximum elevations of 20-21 m
near the shoreward cuspate part of the paleo-bay, sim-
ilar to the modern shoreline, which reaches its maxi-
mum elevation at the shoreward inner-edge of the bay
(green line in Figure 4).

Higher surfaces, which correspond to older marine
terraces, are also recognized at Ingrina, inferred from
slope changes at about 26 m, 33 m, 37 m and 45 m, but
further work is needed to adequately identify shore-
lines, characterize their elevations and their degree of
preservation. Nevertheless, their presence, along with
the well-preserved terraces at 8 m and 21 m (Figure 9),
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and the higher broad abrasion surfaces at elevations
higher than 100 m, indicate long-term uplift of a rising
coastline.

4.2.2 Furnas

At Furnas, located in the southern coastline 2 km
east of Ingrina and 10 km to the southeast of Castelejo
beach (presented in 4.2.3), a narrow raised bench at 2 m
elevation is present at the base of a 40 m-high cliff (Fig-
ure 2 and 5). Additionally, at this site, there are two lev-
els of sea caves and associated beach sediments at
different elevations that we interpret as additional evi-
dence for the presence of the terrace T1 along the
southern coast.

Of note at this location is that the modern sea cave
notch is actively being cut at about 3 m below m.s.1.,
probably because this is along a prominent section of
the coast and inner edges tend to be lower at promon-
tories; and also because locally the rock could be more
resistant to erosion due to its hardness. Thus, paleo-sea
level features need to be interpreted according to this
relative reference frame.

The raised bench corresponds to a terrace high-
lighted by a narrow abrasion platform and a sea
cave/notch at 2 m, and another sea cave/notch at about
3.8 m elevation (Figure 5). Both sea caves/notches are

Figure 5. Marine terrace at Furnas site. Location is given in Figure 2.

a) Perspective of the terrace: An abrasion platform and an inner edge
are recognized at ~2 m elevation; a notch level (~4 m elevation) and
sea cave (between ~4 and ~2 m elevation)are also indicated; A small
surge channel (Sgc) is identified, suggesting that the sand deposit (sd)
that covers the coarser deposits is correlated with the beach sand de-
posit (Bs) present at ~8 m elevation. b) detail of beach sand unit; c)
detail of sand deposit; d) sea cave filled by coarse deposits.

filled with cemented coarse marine sediments, with
cobles ranging from 5 to tens of centimeters (Figure
5b). A cemented sand deposit with marine shells (mus-
sels) is present, covering the coarser sediments, at ele-
vations ranging from 2 m to 4 m. This sand deposit has
a depositional shape comparable to a fan, and may be

interpreted as a small paleo surge channel. The sands
with marine shells indicate a submarine proximity to a
paleo beach and a likely paleo intertidal environment
presently at the ~4 m elevation. These features are ap-
proximately 5-7 m above their modern counterparts, so
we infer these to correlate to the T1 terrace surface at
Ingrina, which is at a comparable elevation above its
modern counterpart.

Remains of beach deposits with small pebbles,
shells and cross bedding are also preserved at 8 m eleva-
tion (Figure 5¢) and probably correspond to a paleo
beach in the mouth of the paleo surge channel that is
present here. For now, we correlate these marine rem-
nants with the highest T1 terrace elements at the Ing-
rina site.

In summary, the modern shoreline notch at Fur-
nas is located at about 3 m below sea level, and there
are elevated notches at 2-4 m, indicating 5-7 m of rela-
tive difference for exposed rock erosional features. At
the mouth of a small surge channel, littoral deposi-
tional features are preserved up to about 8 m. Together,
we interpret these features to represent different littoral
elements of the same sea level high stand and correlate
all of these with the T1 marine terrace at Ingrina.

4.2.3 Castelejo

Castelejo site is located in the western coastline at
the base of a 120 m high cliff (Figures 2, 3c and 6). At
Castelejo beach we only recognized one surface, which
was referred by previous authors [Pereira 1990, Cabral
1995, Dias 2001]. This surface corresponds to a wave-cut
platform cut into the Paleozoic schistose bedrock at 1.5
to 2 m elevation: the modern abrasion platform is there-
fore essentially reoccupying and retrimming an older sur-
face, as evidenced by the preservation of a wave-cut
platform locally capped by sediments. Overlying the
abrasion platform, there are two conglomeratic layers
separated by a thin beach sand layer [Figueiredo et al.
2010, 2011] overlain by strongly cemented aeolianites.
Equivalent remnants of this surface and the capping sed-
iments are also preserved at the Amoreira and Bordeira
beach sites, also along the western coastline, 15 and 30
km farther north, respectively (Figure 3).

The upper unit, the aeolianite sequence, contains
several paleosols and colluvial units (Figure 6), and there-
fore probably represents multiple periods of deposition
on top of a paleo marine terrace and against a paleo-cliff
during the late Pleistocene. The sequence is outcropping
as a residual relief located 75 to 100 m seawards of the
present active cliff. Marques [1997] calculated a maxi-
mum cliff retreat of 0.017 m/yr for this specific location
based on a 50 year period of observations. This rate is
consistent with the average Holocene rate of cliff retreat
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Figure 6. Marine terraces at the Castelejo site. Location is given in
Figure 2. a) Perspective of the aeolianites unit which lays on top of
a paleo wave-cut platform; b) Detail of a colluvium wedge with soil
development inter bedded with aeolianites. ¢) fluvial terrace at 8m;
d) Sedimentary sequence on top of the paleo platform: la-basal
coarser unit; 2- sandy beach unit; 1b- upper coarser unit; 3-aeolian-
ites.

for the last 4500-6000 years, when Holocene sea level sta-
bilized. This observation also corroborates that the mod-
ern wave-cut platform has retrimmed an older one and
has extended it inland.

Considering ages from other carbonate aeolianites
from Portuguese coastal areas [Moniz 1992, Pereira and
Angelucci 2004, Soares et al. 2006, Prudéncio et al. 2007],
we assume that the consolidated aeolianites are most
probably related with the last stages of the Wiirm glacia-
tion (~MIS 4-3), or with the Last Glacial Maximum
(~MIS 2) and consequently, the underlying beach sedi-
ments and platform should be older and possibly correl-
ative of the MIS 5, most likely the last sub-stage, MIS 5a.

Close to the beach, a small canyon cut into the schis-
tose bedrock is incised in a flat erosional surface at 7-8 m
elevation, which we assume to be a fluvial terrace that
should be located very close to the mouth of this
drainage. The base level correlated with this surface is
likely to correspond to the sea level position that has gen-
erated T1. We conclude that this fluvial terrace should
correspond to the final section of this canyon, located
near the shore, and most likely re-activated during the
Holocene transgression and cliff retreat, and re-incised
to its actual position (Figure 6c).

We consider that the recognized abrasion surface
may correspond to a lower (seaward) section of the ter-
race T1, and the fluvial terrace as secondary evidence for
a higher inner edge elevation, and so we tentatively cor-
relate it to the T'1 surface at the Furnas and Ingrina sites.

4.2.4 Carrapateira

Carrapateira is located 10 km north of Castelejo
beach, and is a promontory cut into Mesozoic (mainly
Jurassic) limestones along the west coast (Figure 2). Be-
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Figure 7. Panoramic view of Carrapateira, southern section Carra-
pateira site: a) T2 terrace perspective ; b) notch at 20/21 m elevation
¢) detail of beach sand with imbricate shells; d) basal section of the
sedimentary T2 sequence, laying on top of the wave-cut platform
with coarser sediments at 14 m elevation.

cause the cliff retreat rate in the western coast is slower
in this area [Marques, 1997] than in the rest of the west-
ern coast, it is expected to be a reasonably good site to
preserve T'1 and T2 terraces. Plus, it presents lithologi-
cal and morphological similarities with the southern
coast and is therefore the ideal site along the western
coastline to compare with the marine terraces identified
along the southern coastline. However, because the
west coast is more exposed to high energy waves than
the southern coast, resulting in a broader zone of wave
erosion, T1 along this section is poorly preserved and
generally difficult to survey. Paleo features, such as
raised notches, raised marine sediments, and inner
edges were recognized in a discontinuous pattern along
a 3 km long section of coast. Locally, at the cliff base,
remains of small spurs at about 12 m elevation are pres-
ent that provide additional evidence of a raised abrasion
platform.

Along the south section of Carrapateira, the outer-
edge of a poorly expressed, narrow wave-cut platform
with irregular morphology is exposed in a cliff face at
13-14 m elevation. This surface is covered by coarse,
round pebbles and sandy beach sediments, confirming
its marine origin (Figure 7). The irregularity of the wave
cut rock surface probably indicates that these are surge
channels, similar to those present at many sections of
the modern coast. In the same vicinity and at generally
similar elevations, paleo-sea caves were also identified.
The wave-cut platform ramps up to 17-19 m elevation
where a thin layer of beach sediments and cemented ae-
olianites are also present. Notches and sea caves were
also recognized at these higher elevations, which gen-
erally are larger than the ones at about 14 m elevation.

At the northern section of the promontory (Fig-
ure 8), the 13-14 m surface is substantially eroded, but



SW PORTUGAL PLEISTOCENE MARINE TERRACES

Figure 8. Panoramic view of Carrapateira, northern section Carra-
pateira site, showing the northern section of the promontory. Ma-
rine terrace mapping: a) panoramic view and terrace perspective
(site where picture was taken marked by “star” at b); b) inner edge
and terrace map. For each terrace, the inner edge is mapped, solid
line when visible, dashed line when inferred; Yellow-1T2; Green-13;
Red-T4. Inner edge elevations are provided in meters. T3 and T4
are not discussed in detail in this work.

the 17-19 m surface is very well represented and may
reach a width of 20 m to 30 m, likely to correspond to
a marine terrace tread area, i.e., to a near-shore zone
of marine abrasion. It is locally covered by cemented,
gray to white aeolianites. This flat surface evolves into
a smooth ramp to a slightly higher section where the
inner-edge is well defined at 21 m elevation. We inter-
pret these elements as sections of a marine terrace, and
correlate this terrace with the T2 at the Ingrina site,
which has similar surfaces and an inner-edge at similar
elevations (Figure 9). Other higher surfaces with inner-
edges at about 26 m and 33 m were also recognized at
Carrapateira promontory, which culminates in a
higher, flat well-formed surface at about 40 m elevation
that is capped by paleo and modern aeolianites, similar
to what was identified at Ingrina site, but as mentioned
earlier, they will not be interpreted in this work.

As mentioned above, the T1 terrace along the
Carrapateira site is very difficult to recognize. Two
benches were identified at elevations of 4 m and 8 m,
but both are covered by large boulders that were likely
deposited by high energy events (storms and/or
tsunamis). However, at Bordeira beach, immediately
north of Carrapateira promontory, cemented beach
sediments composed of rounded schist pebbles cover
a wave-cut platform cut into the Paleozoic bedrock,
and are in turn overlain by cemented aeolianites, sim-
ilarly to what is observed at the Castelejo site (Figure
3d), so we considered this deposit as likely to be cor-
relative of Castelejo terrace and therefore representa-
tive of the T1 terrace. This outcrop is usually buried
by the modern beach sand and exposed only during
extreme storm events.
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Figure 9. Southwest Portugal marine terraces topographic sec-
tion profiles, surveyed with GPS- RTK: (a) North Carrapateira; (b)
South Carrapateira; (c) Eastern Ingrina; (d) Western Ingrina. T2
inner edges are visible in all profiles at equivalent elevations and
T1 inner edges are only visible at Ingrina profiles, due to erosion
at Carrapateira.

4.3 Historical seismicity and coastal deformation

Southwest Portugal has not experienced any sig-
nificant earthquakes generated by inland active struc-
tures for at least as long as there are historical records,
that is, in the past 2000 years. However, this region has
been affected by several large earthquakes generated
from off-shore sources, the most significant being the
1st November, 1755 event. Other relevant historical
earthquakes have also been reported for this region,
such as the 382 AD [Brito 1597] earthquake, referenced
to have caused the submersion of three islands off-
shore of Sagres, but descriptions also suggest a macro-
seismic area extending along all of the Mediterranean
coast, including Palestine, so the reliability of such re-
ports is dubious.

There is still no consensus about what structure
or structures were the sources for the 1755 earthquake,
which was a complex earthquake with three distinct
periods of shaking that are considered as sub-events
and that possibly reflect a complex rupture pattern
with rupture of multiple faults. Several structures are
considered as plausible major candidates to have rup-
tured, such as the Marqués de Pombal, Horseshoe or
Gorringe Bank faults. Considering their size, geome-
try, kinematic characteristics and distance to the shore,
it is expected that along the coastline the crust would
not suffer any significant vertical deformation. How-
ever, if some other fault located closer to the shoreline
ruptured in this complex earthquake, some vertical
movement may actually have occurred along the
coastal region.

Despite all of the detailed descriptions about the
1755 earthquake and resulting effects at many places in
southern Portugal, there is no specific mention or
known description of relative sea level changes along
this southwestern shoreline. This may be partially due
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to the fact that within 15 to 20 minutes after the earth-
quake, the coastal area was hit by a large tsunami,
which destroyed all of the anthropogenic structures
such as harbors, wharfs and other structures, so that
people lost all sea level reference frames. Further, the
tsunami was so powerful that it generated a large flood
and debris field that may have masked any subtle
changes. The only relevant report concerns the men-
tion to a harbor at Aljezur, located about 5 km inland
from the coast, which connected with the ocean
through a deep river channel. Descriptions from a few
years after the earthquake reported a decrease of the
navigable depth of the channel [Lopes 1842]. However,
at the mouth of this river, at Amoreira beach, no verti-
cal change was identified in the Holocene sea level ref-
erences (TO in this work), so that a plausible
explanation is that the river may have silted up due to
the numerous landslides reported in the region as a re-
sult of the earthquake.

Hindson et al. [1999], based on foraminifera and os-
tracod assemblages from the sedimentary fill sequence
of a fluvial valley at Boca do Rio, located near the south-
ern coastline (Figure 2), inferred an abrupt change from
a marine to a brackish environment in this valley at
about 1800 to 1300 years ago. They interpreted this
change as a consequence of the development of a sand
dune barrier, which may have isolated the fluvial valley.
However this environmental change may also be the
consequence of a minor uplift event, preventing the
ocean water from penetrating inland. Kortekaas and
Dawson [2007] in their study of the 1755 tsunami, also
studied a sedimentary fill near the coast at Sagres, 12 km
to the west of Boca do Rio, and corroborate a change
from a marine to a brackish environment, about 1700
years ago. In fact, a large earthquake is inferred for the
area in 382 AD, as mentioned above, so an associated ver-
tical deformation is an open hypothesis. Kortekaas and
Dawson [2007] also inferred that after the 1755 earth-
quake and tsunami, this area was subjected to dryer and
higher elevation depositional conditions, suggesting that
minor uplift might have occurred.

5. Discussion

5.1 Marine Terraces Correlation

T1 is the lowest terrace recognized in the region
(Figure 9). We identified distinct sections or segments
for this single terrace at elevations starting from 1.5-2 m
for the outer flat section, up to an inner edge at about
8 m elevation, with a similar morphology to the mod-
ern marine terrace. We recognized T'1 in the west coast
at Amoreira, Bordeira, Castelejo and in the south coast
at Ingrina and Furnas, at consistent elevations.
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T2 is the second terrace present in this region (Fig-
ure 9), and correlative sections of this terrace were
identified along the west coast at Carrapateira, and
along the south coast at Ingrina, exclusively in areas
with limestone bedrock. These are areas which are
more resistant to erosion and preserved from modern
cliff retreat. We have identified the inner edge of this
terrace at a consistent elevation of about 21 m.

The best-preserved terrace sequence is at the Ing-
rina site (Figure 4), where several surfaces with multiple
marine features are interpreted as a complete sequence
of two marine terraces with shore-line angles at eleva-
tions of 8 m and 21-22 m, respectively. At this site, paleo
sea cliffs and remains of surfaces with inner edges at
about 26 m, 33 m, 37 m and 45 m were also recognized,
but details of these surfaces will not be described in this
work. Ingrina is the key site for the interpretation of
the regional marine terraces sequence for this region, as
the terraces are well-preserved and morphologically ex-
posed. We interpret their ages to range from late to
middle Pleistocene, and this interpretation is corrobo-
rated by the presence of similar surfaces with the same
elevations at other locations along the Southwest Por-
tuguese coast, such as at the Furnas, Castelejo and Car-
rapateira sites (Figures 5, 6, 7 and 8).

5.2 Terrace ages and interglacial interpretation

During the Pleistocene climatic oscillations, sea
level fluctuated between low stands (glacial times) and
high stands (interglacial times). Only one of the sea level
high stands during the past 130 ka is interpreted to have
been higher than current mean sea level, which was dur-
ing the beginning of the last interglacial period, i.e. the
MIS 5e (or MIS 5.5), the oldest of the 3 peaks (5a, 5c,
and 5e) of interglacial MIS 5 [Shackleton and Opdyke
1973, Bloom et al. 1974, Siddall et al. 2006] (Figure 10).
This higher peak was also a long lasting one, starting
from about 128 ka to 116 ka [Muhs et al. 1994, Mubhs et
al. 2002a], so it should have generated a broad wave-cut
platform and marine terrace.

Several studies have been concerned with the ele-
vations of MIS 5e marine terrace features, and their cor-
responding age, at different locations around the world.
The eustatic sea level at the time of MIS 5e has been es-
timated to be in the range of +2 to +9 m [Hearty et al.
2007, Sidall et al. 2006, Pedoja et al. 2011] with a high
probability to have reach +6.6 m [Kopp et al. 2009].
These compilations have been derived from many
sources and regions, implying the application of various
geochronological methods to distinct paleo-sea features
at different latitudes and in distinct coastal environ-
ments. This is discussed by Dutton et al. [2012], who
also discuss the impact of glacial-hydro-isostatic
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processes induced by the weight of large ice sheets and
water volume changes in the ocean basin promoting de-
formations in the earth surface, and consequently in-
fluencing the positions of the paleo-shorelines. These
deformations occur with different intensity and rate ac-
cording to their geographical proximity to the ice sheets
and also with different timing accordingly with the ice
sheet melting time and hydro-isostatic processes. Dut-
ton et al. [2012] state that for MIS 5e, the relative sea
level was not the same for everywhere on Earth, as the
sea level response would not be synchronous, and con-
sequently MIS 5e could have distinct time frames and
different elevations for areas according to different gla-
cial-isostatic responses to the ice sheets weight. Rock-
well et al. [1989] commented about the correlation
between paleo sea level references at near equatorial lo-
cations such as Barbados and New Guinea and their
own observations for the southwest Californian and
northwest Mexican coastline at middle latitudes, sug-
gesting a worldwide variation in the relative sea-level of
some meters, which if not taken into account then
would have an implication on the estimating of vertical
motions on a slowly rising coastline, such as Portugal.

In this work, we will primarily consider the MIS 5
sea level references for regions with oceanic rocky
coasts at equivalent latitudes that are expected to be
similar to the southwest Portuguese coast [Rockwell et
al. 1994, Muhs et al. 1994, 2002b]. Thus, we will con-
sider a eustatic sea level reference of +4 to +6 m for the
MIS 5e [Rockwell et al. 1989, 1994, Mubhs et al. 2002b],
of -2 to -4 m for MIS 5a (80 ka) and of zero to -2 m for
MIS 5¢ (105 ka).

Due to global observations that indicate sea level
was 4-10 m above the present mean sea level during the
MIS 5e, we expect not only a broad wave-cut platform
to have been generated, but also that the correspon-
ding paleo morphology would be emergent, unless the
coastal region of Portugal is significantly subsiding.
Previous vertical motions studies conducted in Portu-
gal have suggested that this area has been subjected to
uplift since the Pliocene, although with a low rate of
less than 0.2 mm/ a [Cabral 1995]. It is therefore ex-
pected that the more recent interglacial marine ter-
races should be at least locally preserved, and at
elevations that are now higher than elevations at which
they were originally formed. It is also expected that
they should be well represented and preserved, unless
the Holocene erosion rates are sufficiently high so as to
have removed all lower terraces. Although the latter is
clearly the case in some areas, the presence of signifi-
cantly elevated marine terraces to 360 m (Fonte Santa),
along with the deeply incised canyons and valleys in
the Algarve region all support coastal emergence.
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Thus, the presence of the MIS 5e terrace is expected
to be preserved in SW Portugal, albeit only locally.

We have recognized two low terraces that are rea-
sonably well preserved at four locations along the
southwestern coast of Portugal, the T1 and T2 ter-
races with inner edge elevations at 8 m and 21 m, re-
spectively. Comparing these two terraces, the one
which has a broader expression is the T2 terrace,
where it was possible to us to identified 3 distinct sub-
sections, interpreted as morphological segments of a
single wave-cut platform. Also, T1 seems to have been
cut into the T2 terrace. With this reasoning, we infer
that T2 likely corresponds to MIS 5e and that T'1 would
then correspond to MIS 5c¢ or MIS 5a.

MIS 5c¢ corresponds to a very short peak at 103-
105 ka, which may have later been reoccupied by the
longer MIS 5a highstand at 80 ka. Thus, the 5c terrace
level is commonly not distinguishable from the 5a ter-
race for regions of low uplift rate, as it has most com-
monly been cut out [Hanson et al. 1994, Muhs et al.
1994, 2002b, Kern and Rockwell 1992, Rockwell et al.
1994]. We therefore infer that T'1 should correspond to
the MIS 5a highstand, and that T'1 terrace likely reoc-
cupied or cut out the slightly older MIS 5c terrace sec-
tion, which is not preserved.

Another factor that tentatively supports the cor-
relation of the T1 and T2 levels to the MIS 5a and 5e
global highstands is that their elevations and spacing
are nearly identical to the well-dated MIS 5a and 5e ter-
races at localities in central and southern California
[Hanson et al. 1994, Mubhs et al. 2002, Kern and Rock-
well 1992] northern Baja California, Mexico [Rockwell
etal. 1989], and Tangier peninsula, Morocco along the
Strait of Gibraltar [Abad et al. 2013]. Areas undergo-
ing slightly high rates of uplift show that the elevation
difference between these two terraces increases as their
respective terrace elevations increase, as would be ex-
pected if paleo-sea level were similar [Hanson et al.
1994, Mubhs et al., 2002b].

If our correlation is correct, then T2 has been up-
lifted approximately 13 m since the last interglacial (21
m minus the modern inner edge elevation (+2m) and
minus the assumed +6 m at the time of formation).
There are no references for the precise time and dura-
tion of the MIS 5e along the Portuguese coast. Data
compilation analysis suggest that the last interglacial
had an average duration from 130 +2 ka to 119+2ka
[Hearty et al. 2007 and references within]. However, as
abrasion terraces are cut during the entire length of
the highstand, terraces ages should correspond to the
end of the interglacial period. Speed and Chang [2004]
recognized at Barbados abrasion terraces the latest MIS
5e peak, that lasted from 127 ka to 120 or to 115 ka;
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Dabrio et al. [2010] through a prograding barrier
claims a 10+ 2 ka duration for a highstand during MIS
5e for the southeast Spain, but without presenting ac-
curate ages for the interval; Muhs et al. [2011] through
a fossil reef complex at Florida, identifies a peak that
has likely started at 127 ka and lasted until 114 ka, but
with some uncertainties due to the reef characteristics.
However, Muhs et al. [2002b], based upon high preci-
sion dating of solitary corals from the MIS 5e terrace
along the west coast of North America, suggest that
the last interglacial peak lasted from ~128 ka to 116 ka
(and may have been double peaked). Thus, we consid-
ered that is very likely that the last MIS 5e peak lasted
until 116ka and we infer the 13 m of uplift occurred
after about 116 ka, yielding a long term uplift rate of
0.11 £ 0.01 mm/ a. If sea level had already begun to
drop towards the end of MIS 5e time, then this rate
will increase accordingly.

The sea level reference for the MIS 5a, relative to
the MIS 5e shoreline elevation, was 2 m to 4 m lower
than the modern sea level, as determined for abrasion
terraces along the west coast of North America [Muhs
et al. 2002b, 2004].

Taking into consideration this 0.11 £ 0.01 mm/ a
for the last 80 ka, we should expect 8 to 10 m of uplift,
meaning that the 80 ka zero sea level reference should
now stand at an elevation of 6 m to 8 m. Thus, we con-
sider that the T'1 inner edge that is present at approxi-
mately 8 m elevation correlates to the MIS 5a marine
terrace. The lower surface section of T1, recognized
mainly at Castelejo and Furnas, with some remains pre-
served and reoccupied by the modern wave-cut plat-
form and beach, corresponds to the subtidal section of
the marine terrace, exposed during MIS 4 and MIS 3,

when it was probably covered by aeolianites.

If the southwest of Portugal is rising at this slow
rate (Figure 10), we expect that other marine terraces,
such as those that correspond to the MIS 7 and MIS 9
highstands, have been uplifted as well. In fact, we have al-
ready identified features that might correspond to their
inner edges at elevations consistent with this rate, but
further work is needed to characterize this sequence.

Additional marine terraces at higher elevations
have been also recognized, although they are typically
poorly preserved, towards the regional abrasion sur-
face identified at 120-130 m elevation, which should be
middle Pleistocene in age. Further work is needed, es-
pecially to constrain the age of the sediments and the
age of the erosional surfaces when sediments are not
present, to properly assess the long-term rates of ver-
tical motion.

5.3 Historical seismicity and marine terrace vertical de-
formation

Efforts were made to identify co-seismic evidence
of large earthquakes that have affected this area, but
no irrefutable evidence was found. Assuming the up-
lift rate for this area is 0.11 = 0.01 mm/ a as inferred,
we would only expect a little more than 1 m of uplift
for the entire Holocene, meaning that either the
source (or sources) that are responsible for this verti-
cal motion have long quiescence periods and have not
ruptured since the modern sea level stabilized or that
the resulting effects were so small, centimetric to deci-
metric scale, that they would not be differentiable in a
high energy mesotidal environment coast such as SW
Portugal.

It is possible that a small vertical motion has been
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Figure 10. Schematic southwest Portugal marine terraces correlation with paleo-sea level estimates compiled from different studies: MIS 5a,

MIS 5e, MIS 7, MIS 9 interglacials are identified (adapted from Siddall et al. [2006]).
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identified through interpretation of abrupt changes in
the sedimentary fills of two fluvial valleys near the
coastline (Boca do Rio and Martinhal, at Sagres), and
that this may have happened twice, once following the
382 AD earthquake and again following the 1755
earthquake. However, it is also possible that these en-
vironmental changes were partially due to the local
perturbations caused by the tsunami flooding, local
landsliding, or for other reasons.

The closest large active structure known in this
region is the Marqués de Pombal thrust, a 70 km long
structure located circa 100 km west-southwest from
Sagres, and motion on this fault is not likely to have
produced vertical motions at the coastline. Thus, if
there was any vertical motion associated with these
two historical earthquakes, it is likely to have been
generated by a more local, currently unknown source.

6. Conclusions

We recognize several marine terraces along the
southwest Portuguese coastline, with the lower two
(T1 and T2) probably correlating to abrasion terraces
cut during the last interglacial period of relative sea
level highs (MIS 5). These two terraces were surveyed,
and corresponding paleo sea level features were identi-
fied. Considering that the MIS 5e marine terrace should
be the higher and better preserved of the two, we as-
sumed that it corresponds to T2. If correct, this implies
an uplift rate of 0.11 & 0.01 mm/ a, which also corrob-
orates the T'1 marine terrace as the result of the MIS 5a
marine high stand. A sequence of higher marine ter-
races is present, although they are poorly preserved, to-
wards the higher regional abrasion surface, which
according with to this rate, should be Middle Pleis-
tocene in age (1 to 1,2 Ma).

This section of the Portuguese coastline is rising
at rates not recognized for other regions in south Por-
tugal, suggesting that an unknown local tectonic source
be responsible for the long-term uplift of this region.
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