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A geomorphological and sedimentological characterization of the River Mondego terraces in the Figueira da
Foz coastal area, Portugal, is presented. The relief is dominated by a Pliocene a marine sandy unit ~10–15 m
thick, reaching ~250 m a.s.l., that covers a shore platform surface. The River Mondego has incised into the Pli-
ocene relief and its long drainage evolution is recorded within a series of inset river terrace landforms. These
river terraces are better preserved on the right-hand (northern) bank, where they form a staircase developed
against the uplifted Serra da Boa Viagem structure. A set of five river terraces, represented by sedimentary
deposits or erosional straths, are identified, namely: T1 at 128–125 m; T2 at 101–90 m; T3 at 70–60 m; T4
at 29–24 m; T5 at 11–10 m a.s.l. Some luminescence dating ages were obtained from the river terrace de-
posits: >390 ka from the middle of T4; >170 ka from the top of T4; ~120 ka from the base of T5; ~109 ka
from T5 (average age for three samples); and 53±3 ka from a colluvium at 35 m a.s.l. Some differences in
altitude of the uppermost sedimentary unit and of the terraces are here interpreted as resulting from vertical
displacements of active faults during the Quaternary. The main tectonic structure is the WNW–ESE trending
Quiaios fault, responsible for the regional tilting towards SW. Other probably active faults and tectonic line-
aments trend NNW–SSE to N–S, NNE–SSW to NE–SW and WNW–ESE. This study reports a long-term uplift
rate of 0.004–0.055 m/ka for the last 3.6 Ma, but 0.017–0.118 m/ka for the last ~1.8 Ma (using as references,
respectively, the base and the surface of the uppermost sedimentary unit). The facies associations that char-
acterize the older terrace deposits (T1 and T2) consist of poorly sorted fluvial sandy-gravels and silts, but also
some colluvium at the top of each terrace. The younger terraces (T3, T4 and T5) show better developed
sedimentary structures and less sedimentary matrix; the sedimentary features are indicative of both fluvial
and coastal environments (estuary and beach, as nowadays). Under conditions of continuous uplift, the
episodes of river down-cutting, valley widening and aggradation in the studied area can be attributed to
the rise and fall of sea-level in response to the global Quaternary climatic fluctuations. Considering the number
of terraces and the dating obtained, it seems that the control of terrace genesis in this coastal area should be
dominated by glacio-eustasy whereby episodic valley incision would have been determined by periods of very
low sea-level, probably at ~460–410 ka (T3/T4; MIS12), ~200–125 ka (T4/T5; MIS6) and 100–14 ka (T5/Recent
alluvial infill; lateMIS5,MIS4,MIS3 andMIS2). Some sandy colluviumdeposits on the slopes are probably related
withmild-cold andwet climate conditions during the period 60 to 32 ka. The aeolian dunes are younger (cold to
temperate dry conditions; MIS2 and MIS1).

© 2012 Elsevier B.V. All rights reserved.
l rights reserved.
1. Introduction

The interpretation of river terrace staircases in relation to causal
mechanisms (tectonics, eustasy and climate) is still a subject of
discussion in the international literature (e.g. Blum and Törnqvist,
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2000; Bridgland et al., 2007; Bridgland and Westaway, 2008a, 2008b;
Cunha et al., 2008; Seyrek et al., 2008; Gibbard and Lewin, 2009;
Westaway et al., 2009; Lewin and Gibbard, 2010). The known evolu-
tion of European rivers during the Pleistocene varies individually but
is predominantly marked by several stages of episodic incision and
aggradation that broadly relate to climatic changes, whilst in other
settings these stages have also been related to sea-level and tectonic
responses.

Within Iberia, the terrace staircases located in the lower reaches of
rivers draining to the Atlantic Ocean could provide suitable archives
with which to interpret the roles played by these mechanisms, and
in particular glacio-eustasy. The largest and best understood river sys-
tem in Portugal is the Lower River Tejo. It comprises up to six terrace
Fig. 1. Location of study area expressed on a geological map of the region (adapted from the 1
which detailed geomorphological features are shown in Figs. 4 and 5. Legend: 1— fault, probab
and limestones; 4— Paleogene toNeogene sands; 5— Pliocene clays, gravels and sands; 6 — Pl
9 — beach. At northeast of the Serra da Boa Viagem structure, item 5 comprises undifferen
levels (T1 to T6), inset below a top basin fill surface and its uppermost
sedimentary unit. Absolute dating of the lower terrace levels spans
the Middle to Late Pleistocene: T4 — ~340 to ~150 ka; T5 — 136 to
75 ka; T6 — 62 to 32 ka (Cunha et al., 2008, 2012; Martins et al.,
2009, 2010a, 2010b). The formation of the four younger terraces
and the Holocene alluvial infill is interpreted to be related to cyclic
glacio-eustatic fluctuations superimposed onto a long-term regional
uplift trend.

The Mondego is the longest river located exclusively on Portuguese
territory. It has its source 1425 m above (mean) sea level (a.s.l.) on the
northern slopes of the Estrela Mountain Range, the highest mountain
range in mainland Portugal. The Mondego flows for 234 km in a south-
westward direction to its mouth into the Atlantic Ocean (Fig. 1), next
/50,000 geologic map; Rocha et al., 1981). The inner square identifies the study area for
le fault; 2— Jurassic marls, marly limestones and sandstones; 3— Cretaceous sandstones
eistocene (terraces); 7 — late Pleistocene to Holocene aeolian dunes; 8 — alluvial plain;
tiated Pliocene to Holocene sediments.
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to Figueira da Foz town (western central Portugal). It is a perennial fluvi-
al systemwith a present average flow of 33 m3/s (1984–1994; C.C.D.R.C.,
2000).

The first studies on the Quaternary sedimentary deposits of the
Lower River Mondego were made by Ribeiro and Patrício (1943),
Carvalho (1949, 1955) and Soares (1966). Based on the sedimentary
characteristics, three groups of Pleistocene deposits were distin-
guished (Soares et al., 1989, 1993, 1997, 1998; Soares, 1999; Cunha
and Almeida, 2008): an upper group of proximal fluvial deposits
(Carqueija and Salabardos deposits) and, below an altitude of 60 m,
two groups of fluvial terrace deposits (Ameal–Santo Varão deposits
and Tentúgal–Gabrielos deposits); however, this lithostratigraphy
was established upstream of the present study area. Geomorphological
research on the Lower RiverMondegowas undertaken by Almeida et al.
(1990), Almeida (1997), Cunha and Soares (1997), Cunha et al. (1999),
Ramos (2000, 2008), Cunha and Almeida (2008), Santos (2009) and
Soares et al. (2010). In this region, the main active faults during the
Quaternary were studied by Cabral and Ribeiro (1988), Cabral (1995)
and Ribeiro et al. (1996).

Some difficulties arise in the correlation of terraces between adjacent
reaches, or even on different sides of the river within a single reach of
the same valley, because similar depositional facies can exist at different
terrace levels and vertical displacements of the same surface can be pro-
duced by active tectonics. In this study we intend to describe the spatial
and temporal distribution of the river terraces in the distal reach of the
Fig. 2. Geomorphological map of the region. Updated from previous geomorphological
Lower Mondego, despite some of the deposits being poorly developed
and exposed in limited outcrops.

This paper focuses on the geomorphological and sedimentological
characteristics of the Pleistocene river terrace staircase near themouth of
theMondego, betweenMaiorca and Figueira da Foz (Fig. 1). Collectively,
this work aims to contribute to an improved understanding of Pleisto-
cene river development and its associated sedimentary and geomorphic
controls. The three lower terraces comprisefluvial andmarine facies (the
latter in the SW, near the coastline), this co-existence being of critical im-
portance for the interpretation of the driving mechanism of the terrace
staircase, namely the role of sea-level in determining the sequence of ter-
races. The estimation of the uplift rates and the identification of probable
active faults during the Quaternary are also important objectives.
2. Geological setting

2.1. Regional lithologies

In the middle and distal estuary sectors (Fig. 1), the River Mondego
crosses: Lower to Upper Jurassic units, such as limestones, marly lime-
stones and sandstones; Cretaceous limestones, claystones and sand-
stones; and Neogene sands and clays. Pleistocene and Holocene
sedimentary units are represented by siliciclastic fluvial, colluvial, aeo-
lian, estuarine and beach deposits.
maps (Almeida, 1997; Cunha and Soares, 1997; Soares et al., 1997; Ramos, 2000).

image of Fig.�2
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2.2. Tectonic structures

The main tectonic structure of the region is a W–E to WNW–ESE
trending arcuate thrust fault, verging to the north and northwest,
named the Quiaios fault (Figs. 1–3; Cabral and Ribeiro, 1988; Cabral,
1995) whose trace in the field is not accurately known. It extends,
probably from Ereira (eastern edge) to Murtinheira (western edge),
next to Cape Mondego, extending offshore. This fault, which seems
to control the northern flank of the Serra da Boa Viagem structure,
is responsible for the overall uplift of this relief and its configuration
into a monocline geometry, with slope angles decreasing progressively
towards the southwest (Rocha et al., 1981). The Serra da Boa Viagem
structure continues southeastward to the Verride anticline, forming a
large sigmoidal geometry in plan view. Three NNW–SSE to N–S trend-
ing faults (named as Monte Real–Figueira da Foz, Carnide–Pranto and
Arunca–Montemor-o-Velho) were identified in the Neotectonic Map
of Portugal (Cabral and Ribeiro, 1988) as right-lateral strike–slip faults
that were active during the Quaternary. There is also evidence of salt
diapirism at Ereira (Ribeiro et al., 1979).

3. Geomorphological setting

The region shows a diversity of landforms that resulted from the
action of marine, fluvial and aeolian processes, but also of lithologic
and tectonic controls (Almeida, 1997; Ramos, 2000, 2008) (Fig. 2).
The main landforms are described below.

3.1. Structural forms

The Serra da Boa Viagem is an E–W to WNW–ESE elongated and
curved ridge (Fig. 2), consisting mainly of Jurassic limestones, with as-
sociated marls and sandstones, dipping towards SW to S. Its northern
Fig. 3. Identified tectonic lineaments plotted on a DEM. The inner square identifies the study
movement.
scarp face is the most impressive feature in the landscape (Almeida,
1997).

The higher part of the Serra da Boa Viagem structure (reaching
257 m a.s.l.) exposes a shore platform surface developed onto resistant
Middle Jurassic limestones. In some places the platform surface pos-
sesses a cover unit of marine sands, whose base was dated biostratigra-
phically to ~3.6 Ma (Zanclean–Piacenzian transition; Cachão, 1989;
Cunha et al., 1993; Silva, 2001; Silva et al., 2010). The sands were strati-
graphically defined as part of the Carnide Formation. This Formation
forms part of the regional allostratigraphic unit SLD13 (sequence limit-
ed by regional sedimentary discontinuity; Cunha et al., 1993; Pais et al.,
2012), of probable uppermost Zanclean to Gelasian age (Late Pliocene
to Lower Pleistocene).

In the regional landscape there are other structural landforms, such
as limestone ridges and cuestas on the southern flank of the Serra da Boa
Viagem–Verride structure. These are particularly prominent between
Lares and Salmanha (Figs. 2 and 4). Cuestas and limestone cliffs are
cut by narrow streams forming watergaps with very steep slopes at
right angles to the direction of the beds.

According to Almeida (1997), in the Serra da Boa Viagem structure
the stream valleys are mainly controlled by bedrock lithology. On lime-
stones andmarls, broad open-shaped valleys dominate. On a sandy sub-
stratum, the valleys usually show transverse profiles characterized by a
large upper reach, a convex and V-shaped intermediate reach, and a flat
and wide lower reach.

In the Lares gorge the River Mondego crosses the Serra da Boa
Viagem–Verride structure (Figs. 1–3). It comprises two valley narrow-
ings: one where the valley crosses Jurassic limestones and the other,
owards the west, where the valley crosses Cretaceous limestones. The
gorge is considered to be the combined result of superimposition
(onto resistant limestone bedrock) and adaptation to a probable fault
(Soares et al., 1989; Almeida et al., 1990; Ramos, 2000).
area. 1— probable fault; 2— less probable fault; 3— thrust fault; 4 — fault with vertical

image of Fig.�3


Fig. 4. Geomorphological map of the Ereira–Salmanha sector (right-hand bank). 1 — topographic point; 2 — contour line (equid. 50 m); 3 — Cretaceous, Paleogene and Neogene sandstones; 4 — Cretaceous limestones; 5 — Jurassic sand-
stones; 6 — Jurassic limestones; 7 — Jurassic marls and marly limestones; 8 — dip; 9 — fault and tectonic lineaments; 10 — planation surface above 150 m; 11 — planation surface at 110–120 m; 12 — planation surface at 90–70 m; 13 —

planation surface 50–30 m; 14 — planation surface under 30 m; 15 — monoclinal relief cornice (b100 m); 16 — monoclinal relief cornice (>100 m); 17 — slope top; 18 — slope base; 19 — steep slope; 20 — T1 terrace; 21 — T2 terrace;
22 — T3 terrace; 23 — T4 terrace; 24 — T5 terrace; 25 — alluvial plain. Studied sites: ERV — Ervidinho; QQ — Quinta da Quada; SB — Serra de São Bento; SM — Serra de Moinhos.
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Fig. 5. Geomorphological map of the Abrunheira–Lavos sector (left-hand bank). The legend is the same of Fig. 4. Studied sites: ARM — Armazéns; MA — Moinho do Almoxarife.
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In the limestone areas, two episodes of karstification were recog-
nized (Almeida, 2001): one is younger (Quaternary) and less evident,
the other is older (probably of Cretaceous age) comprising well devel-
oped funnel-shaped dolines that reach 15 m in depth, although some-
times there are dish-shapeddolines, aswell as swallow-holes and caves.

3.2. Sedimentary landforms

In the River Mondego Valley, the reach between Maiorca and
Figueira da Foz (Figs. 1 and 2) has several terraces (T) that pass laterally
into coeval planation surfaces (N).

An alluvial plain is well developed along the Lower Mondego
(Almeida et al., 1990; Cunha et al., 1997), becoming very narrow
through the Lares gorge, as well as along tributaries. Holocene alluvi-
um comprises fluvial gravelly sands that grade upward into estuarine
sands and muds. Thicknesses vary from 32 m at Lares to 42 m at Mor-
raceira Island (Rocha et al., 1981).

Significant colluvium, locally forming small alluvial fans with 2–4°
slopes, occurs mainly at the NW edge of the Serra de Boa Viagem
(Almeida, 1997). The colluvium comprises angular limestone clasts in
a clast-supported texture, probably related to the cold conditions of
the Last Glacial Maximum.

The drainage network has developed at right angles to the direc-
tion of themonoclinal structure of the Serra da Boa Viagem, particular-
ly on the southern slope. The Verride anticline is an intensely fractured
fold structure (Figs. 2 and 3). Its hydrological network appears quite
inappropriate with regard to the structure of the anticline, suggesting
superimposition (Almeida, 1997). On limestone units, the streams
tend to be fewer in number and show an orthogonal or rectangular
drainage pattern, reflecting the typical regular fracture pattern found in
limestone rocks. The drainage network developed in clays and sands
(of Upper Jurassic, Cretaceous and Paleogene–Miocene age) shows a
dense dendritic pattern (Almeida, 1997).

In the study area, the uppermost unit of the Mondego Cenozoic
basin sedimentary infill (SLD13 in Fig. 2) comprises marine, yellowish,
well sorted, micaceous sands, up to ~15 to 10 m thick (Carnide Forma-
tion). Due to erosion, the basal surface is only locally exhumed; it is also
displaced by tectonics (Cabral, 1995). In the study area, this Pliocene
shore platform surface ranges from 220 to 257 m a.s.l. (near Bandeira,
at the western sector of the Serra da Boa Viagem) to 140–150 m (west
of Serra de S. Bento, at the eastern sector of the Serra da Boa Viagem) on
the right-hand (northern) bank of the Mondego valley, but occurs at
Fig. 6. Location of the transverse profiles in the River Mondego distal section. 1— Track
of a topographic profile; 2 — remains of a terrace; 3 — remains of the uppermost sed-
imentary unit (SLD13).
lower altitudes on the left-hand bank (Abrunheira–Samuel, 100–125 m;
Paião–Marinha das Ondas, 75–80 m a.s.l.) (Figs. 1 and 2).

At the Cape Mondego, a shore platform is preserved at ~100 m a.s.l.
near the lighthouse. The associated paleocliff is developed into limestone
bedrock. Coarse marine beach sands and an overlying colluvium are de-
veloped onto the platform. The beach deposits include bioclasts of mol-
luscs and crustaceans that indicate colder seawater conditions than
those of today (Soares et al., 2007). At 2–8 m a.s.l. another shore platform
is exposed at Murtinheira (Fig. 2). This platform is covered by a beach
pebbly gravel and upper sand, ~1 m-thick and stratigraphically can be
assigned to the last interglacial period (MIS5) due to its altitude
(Soares et al., 1989, 1993; Cunha et al., 2005).

The coast at Cape Mondego consists entirely of cliffs. On its western
side the cliffs have a convex profile, interrupted by the shore platform at
100 m a.s.l. The modern shore platform is associated with a coarse
sandy beach.

Two aeolian dune fields, located north of the Serra da Boa Viagem
(Carvalho, 1964; Noivo, 1996; Almeida, 1997; Danielsen, 2008) and
south of the River Mondego (André, 1996; André et al., 2009) flank
the study area.

4. Methods

Mapping of geomorphological features was undertaken in three
stages: (1) field mapping onto topographical (1/25,000) and geological
(1/50,000) base maps; (2) analysis of 1/26,000 black/white aerial pho-
tographs and of a digital elevationmodel (DEM) based upon a 1/25,000
topographic database, in order to improve the resolution of the field
mapping and to produce valley longitudinal and transverse profiles;
and (3) ground-truthing in the field to refine the geomorphological
map produced from remote sensing. Terraces were correlated on the
basis of their height above the modern channel (in the study area the
river bed is at sea-level), with additional attention given to terrace sur-
face gradients and continuity of their surfaces.

The tectonic features in the area were evaluated through the use
of aerial photographs, DEM models and related hillshade models,
constrained by field work. The identification of the main structural
lineaments was done by visual interpretation.

Stratigraphic and sedimentological information was used to char-
acterize the terrace deposits, namely the grain size, clast composition
and lithofacies characterization using the Miall (1996) coding system.

Each sediment sample for Optically Stimulated Luminescence (OSL)
datingwas collected in a light-tight tube, togetherwith some additional
material in awaterproof plastic bag for later laboratory analysis ofwater
content, grain size and mineralogical composition. OSL dating is a tech-
nique for measuring the time elapsed since sedimentary grains of
quartz or feldspars were last exposed to daylight (Duller, 2004). The lu-
minescence signal starts to accumulate in themineral grains after burial
due to ionizing radiation arising from the decay of 238U, 232Th and 40K
present in the sediment. In the laboratory, the burial dose (expressed
in Gy) is determined by comparing the natural luminescence signal
resulting from charge trapped during burial with that trapped during
a laboratory irradiation with a known dose. Dividing the burial dose
by the environmental dose rate (expressed in Gy/ka) gives the lumines-
cence age of the sediment. Environmental dose rates are calculated
from the radionuclide concentrations of the sediment. In this study, the
radionuclide concentrations were measured by high-resolution gamma
spectrometry (Murray et al., 1987). These concentrations were then con-
verted to environmental dose rates using the conversion factors given in
Olley et al. (1996). For the calculation of the dose rate to sand-sized
K-feldspar grains an internal K content of 12.5±0.5% was assumed
(Huntley and Baril, 1997).

Because of the light sensitivity, the processing of sediment samples
took place under subdued red light. Wet sieving was used to separate
the 180–250 μm grain size fraction, which was then treated using HCl
(10%) and H2O2 (10%) to remove carbonates and organic matter,

image of Fig.�6


Fig. 7. NW–SE transverse profiles in the River Mondego distal section. A–B is a profile along the Serra da Boa Viagem structure and C–D is along the T4 terrace on the right-hand bank. Holocene alluvium is represented in gray color. The A–B
profile shows a probable vertical movement on the NNW–SSE trending Tavarede fault, displacing by 80 m the Pliocene shore platform surface (base of the SLD13 unit) that is at ~220 m a.s.l. in the west and ~140 m a.s.l. in the east.
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Table 1
Altitudes of the culminant unit of the sedimentary infill (SLD13) and other surfaces, at
the River Mondego estuary.

Geomorphic reference Left river bank
(Lavos–Alqueidão sector)

Right river bank
(Maiorca–Vila Verde sector)

SLD13 surface 110 m ? ~160 m (eroded)
T1 (Serra de São Bento) Almost not represented 125–128 m

(aggradation surface)
T2 (Serra de Moinhos) Not represented 90–101 m

(aggradation surface)
T3 (Quinta da Quada) 35–42 m

(aggradation surface)
60–64 m
(aggradation surface)

T4 (Ervidinho) 25 m
(aggradation surface)

24–29 m
(aggradation surface)

T5 (Armazéns) 8–10 m
(aggradation surface)

10–11 m
(poorly represented)

Alluvial plain 2 m 2 m
Modern river bed 0 m 0 m
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respectively. Using a heavy liquid solution of sodium polytungstate
(ρ=2.58 g/cm3) the K-feldspar fractionwas floated off from a portion
of the isolated 180–250 μm fraction. The quartz fraction was obtained by
etching another portionwith concentratedHF (40%). The K-feldspar frac-
tion was treated with 10% HF for 40 min to remove the outer alpha-
irradiated layer and to clean the grains. After etching, both the quartz
and K-feldspar fractions were treated with HCl (10%) to dissolve any
remaining fluorides.

Measurements of the equivalent doses (De) were performed on
automated Risø TL/OSL DA-15 readers calibrated for stainless steel
disks and cups (Bøtter-Jensen et al., 2003). Quartz measurements
were made on large (8 mm) aliquots containing several thousands
of grains mounted on stainless steel disks. Small (2 mm) aliquots of
K-feldspar were mounted on stainless steel cups.

Generally, the major drawback of the most light-sensitive part of
the quartz OSL signal is that it saturates at b200 Gy, limiting the age
range to b150 ka (Thomsen et al., 2011). In the study area, because
of the relatively high dose rates (1.3–5.2 Gy/ka), quartz luminescence
was only suitable to date one sample. As a result, we decided to work
also with density-separated K-rich feldspar grains (180–250 μm).

Quartz dose estimates used a standard UV SAR protocol with a
240 °C preheat for 10 s, a 200 °C cut heat, and blue stimulation at
125 °C (Murray and Wintle, 2003). The extracted quartz was pure,
as indicated by the absence of infrared stimulated luminescence;
the OSL signal is dominated by a fast component.

The K-feldspar De values were measured using a post-IR IRSL SAR
protocol (Buylaert et al., 2012). After a preheat of 320 °C for 60 s the
aliquots are first IR bleached at 50 °C for 200 s and subsequently stim-
ulated again with IR-light at 290 °C for 200 s. It has been shown by
Buylaert et al. (2012) that the post-IR IRSL signal measured at 290 °C
gives accurate results without the need to correct for signal instability.
For all calculations the initial 2 s of the luminescence decay curve
minus a background derived from the last 50 s was used.
5. Geomorphological and sedimentary characteristics of the terrace
staircases

Above the modern floodplain (2 m a.s.l.), five terraces (numbered
T1 [highest] to T5 [lowest]) were identified (Figs. 4–8; Table 1). In
some places it was difficult to distinguish the terrace deposits from
the underlying Mesozoic substratum due to similarities in lithologies.
This is especially the case for the higher and older terraces, which are
generally less well exposed.
Fig. 8. Summary staircase diagram in the form of a transverse section (NNE–SSW) through
permost Zanclean to Lower Pleistocene); T1 to T5 — terraces (Pleistocene); H — alluvial infi
On the left-hand bank of the River Mondego, the T1 terrace, named
Serra de São Bento Terrace, is only represented locally as an erosion
surface. On the right-hand bank, the T1 terrace comprises 2 m-thick
deposits with a terrace surface between 125 and 128 m a.s.l. (Table 1).
At the Serra de São Bento outcrop (Fig. 9), the T1 sediments consists
of a matrix-supported to clast-supported, poorly to moderately sorted
gravel that infills channel forms (a local channel axis has a N240° direc-
tion) with planar cross-stratification and clast imbrication. The clasts
reach 14 cm (Mean Particle Size [MPS]=12 cm, average of the largest
10 clasts) and are characterized by quartzite (50%), quartz (45%), and
several other subordinate lithologies of sandstone and highly weathered
phyllites. Clasts are rounded to angular and show a yellow iron-stained
patina. At the base of the terrace deposits it is possible to identify clasts
reworked directly from the underlying strata (e.g. Jurassic).

The T2 terrace, named the Serra de Moinhos Terrace, occurs at
90–101 m a.s.l. on the right-hand bank (e.g. Salmanha and Serra de
Castros sites). It consists of 2 to 6 m thick matrix-supported gravels,
showing horizontal stratification, planar cross-stratification and clast
imbrication (Figs. 10 and 11). The clasts are characterized by quartzite
and quartz, have a MPS=8 cm, are poorly sorted, angular to sub-
rounded and have a red-stained patina. The sandy–silty matrix is dom-
inated by medium sand (modal grain size ~1.5∅) and consists mainly
of quartz, K-feldspar, Na-rich plagioclases and clay minerals (kaolinite
— 70% and illite — 30%). At Serra de Moinhos, the terrace deposits and
the underlying Cretaceous beds are affected by faults with a N70°W,
60°SW attitude (Fig. 10). The T2 deposits can also be found at the
the terraces of River Mondego, in the study area. P — uppermost sedimentary unit (up-
ll (uppermost Pleistocene and Holocene).
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Fig. 9. Outcrop exposing the fluvial gravels of the S. Bento terrace (T1). The rule is 1 m long.
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same altitude in the Salmanha cuesta, infilling karst forms. On the left-
hand bank, the preserved maximum thickness is less than 1 m.

The T3 terrace, called the Quinta da Quada Terrace, has its surface at
75–60 m a.s.l. on the right-hand bank (Quinta da Quada). The terrace is
b6 m thick and consists of gravels composed of well-rounded to angular
clasts of quartzite and quartz, with a MPS=35 cm (Fig. 12). On the left-
hand bank, the T3 is represented at Alqueidão (surface at 36 m a.s.l.,
comprisingfluvial sands) and Lavos (at 38–35 m a.s.l., comprising pebbly
beach sands, interpreted on the basis of well-rounded quartzite and
quartz clasts with a good sorting) (Fig. 5).

Terrace T4, named the Ervidinho Terrace, is represented on the
right-hand bank between Lares and Vila Verde by fluvial facies, at
29–24 m a.s.l. The Ervidinho outcrop shows that the T4 terrace overlies
Cretaceous bedrock, is 11 m thick and comprises following sequence
(from base to top; Figs. 13 and 14):

3 m— brown to yellow clast-supported fluvial gravels, with planar
and trough cross-stratification and clast imbrication, composed of
moderately sorted well-rounded to angular clasts of quartzite
(60%), quartz (30%) and phylites (10%), MPS=30 cm. In this and
the T3 terrace, some well-sorted and very well-rounded white
quartz elements also occur (MPS=3 cm).
6.2 m — yellow to white, well to moderately-sorted, fine sands
(modal grain size ~1.35 ∅), with horizontal lamination, followed
by moderately to poorly-sorted medium to coarse yellow sands
(modal grain size ~0.14 ∅) with thin intercalations of gravels
(moderately-rounded to angular clasts); the surface characteristic
of the quartz sand grains indicate a probable mixture of fluvial and
aeolian processes. The sediments show ripple marks, planar cross-
stratification and bimodal paleocurrents interpreted as an inter-
tidal environment.
2 m — Gray silty-sands (modal grain size ~1.8 ∅), moderately
sorted, with horizontal lamination interpreted as fluvial overbank
fines.

These sands and silts are mineralogically composed of quartz, K-
feldspar, Na-rich plagioclases and clay minerals (kaolinite— 70%, illite
— 30%, and rare mixed-layer minerals 10–14 M). On the left-hand
bank, T4 is represented at 25 m a.s.l. at a site located between Lavos
Fig. 10. Outcrop showing the Serra de Moinhos terrace (T2), with faults trending N70°W
3 — matrix-supported gravels.
and Armazéns. Here, despite poor exposure, the facies are interpreted
as sandy beach gravels on the basis of well-rounded quartzite and
quartz clasts with a good sorting.

Terrace T5, named theArmazéns Terrace, has a surface at 10–8 m a.s.l.,
is 3 m thick and ismainly preserved on the left-handbank. The best out-
crop is located at Armazéns, where it comprises: a 0.4 m-thick basal
layer of well-rounded beach gravels overlain by a ~2.8 m thick layer
of white medium to fine sands interpreted as an intertidal bar sub-
environment within an estuarine setting (Fig. 15). On the right-hand
bank, this terrace is mainly represented by a strath at 10–11 m a.s.l.
Locally, T5 outcrops reveal a gravelly base, followed by sands and a
coal-rich clay at the top. Further upstream, this terrace is probably
represented at Ereira where it consists of sandy gravels and is tilted to
the south (surface altitude changing from19 to 5 m), probably resulting
from local diapirism promoted by Lower Jurassic evaporites and marls.

In the study area, as above described, the upper terraces (T1 and T2)
only display coarse-grained fluvial facies. These comprise clast and
matrix-supported reddish gravels; angular to rounded clasts; poorly to
moderately sorting; showing some channel geometries, planar and
trough cross-stratification, and clast imbrication. Usually, each terrace
comprises fluvial facies that are overlain by colluvium. However, the
younger terraces (T3, T4 and T5) document spatial changes between
distal fluvial deposits (well organized and moderately sorted gravels,
sands and clays; locatedmore upstream) and coastal deposits (intertidal
and beach facies; located near the present coastline), in a very similar
disposition to that of the modern sedimentation of this coastal area.
The identification of intertidal and shallow marine facies on the three
lower terraces, located at 2 km inland of the present coastline, indicates
that during their periods of valley aggradation by coastal sediments, the
coeval sea level was above the present level. The proximity to the paleo-
coastline suggests that an important control on terrace genesis was
probably that of glacio-eustacy.

6. Tectonic analysis of the relief

As previously noted, themain tectonic feature of the study area is the
W–E to WNW–ESE trending Serra da Boa Viagem–Verride complex
structure bounded to the north by the Quiaios fault (Fig. 1). The fault
trace represented on the 1/50,000 geological map and drawn between
Montemor-o-Velho and NW of Alhadas has no associated scarp (Figs. 2
; 60°SW. 1 — Cretaceous sandstones; 2 — gray clays overlaying the Cretaceous unit;
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Fig. 11. Stratigraphic column made on a deposit of the Serra de Moinhos terrace (T2).
Gp — gravel, stratified with planar cross-beds; Gcm — clast-supported massive gravel;
Fm — massive silt.
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and 3). However, the evident tectonic scarp passes through Maiorca,
Alhadas and south of Quiaios roughly parallel to the main fault trace. In
our opinion this is the fault that has been active during the Quaternary.
The Quiaios fault seems to comprise an imbricate thrust complex,
expressed at the surface as a succession of fault bounded thrust slices,
Fig. 12. Fluvial boulder and cobble gravels of the Quinta da Quada terrace (T3).
as suggested by the geometries of the associated fault and their position
related to the main thrust plane.

At an abandoned sand pit located at 122 m a.s.l., south of Quiaios,
Lower Jurassic limestones have been thrust above a marine sandy
unit ascribed as “Quaternary” by Carvalho (1952) and Barbosa et al.
(1988). The sandy unit disconformably overlies Cretaceous sand-
stones. However, based on the similarity of facies, we consider this
yellowish marine sandy unit as equivalent to that capping the Serra
da Boa Viagem structure (1 km south of Bandeira, top at 235 m and
base at 220 m a.s.l.), representing marine sands of the SLD13 unit,
on the uplifted block of the Quiaios fault (a vertical displacement of
118 m, but reaching 135 m at Bandeira). Also, taking into account
the position of the Pliocene shore platform surface at ~20 m a.s.l.
just north of Maiorca and at ~150 m of altitude to the west of S. Bento,
it seems that a WNW–ESE trending fault along Quiaios–Alhadas–
Maiorca could also explain this vertical displacement (130 m) (Figs. 2
and 3).

The analysis of aerial photography, DEM and related hillshade
models, complemented with field data also suggests several probable
tectonic lineaments, representing two main systems:

– a NNW–SSE trending system defining a tectonic corridor ~30 km
wide, with inflected segments and vertically displaced compart-
ments that seem to be more uplifted towards the WNW leading
to the elevation of Cape Mondego (~120 m, due to the different al-
titudes of the Pliocene shore platform surface reaching 257 m at
Bandeira and 140 m west of S. Bento). Some probable left-lateral
strike–slip movement could also be present, taking into account
the assumed WNW–ESE maximum horizontal compressive stress
(Ribeiro et al., 1996; Bezzeghoud et al., 2000; De Vicente et al.,
2011). An example of these alignments is the Tavarede fault, locat-
ed in the westernmost sector of the Serra da Boa Viagem structure
(Fig. 3).

– a NE–SW trending system, with more elevated sections towards to
the Sicó Massif and Estremenho Massif (in the southeast). A
thrusting component is expected. However, some probable right-
lateral strike–slip movement could also be represented, taking
into account the assumed WNW–ESE maximum horizontal com-
pressive stress.

In the Vila Verde–Maiorca sector and in the Lavos–Abrunheira sec-
tor, the terrace remains (deposits or erosion surfaces) do not show
clear topographic evidence of vertical tectonic displacements. The
same applies to the Lares gorge, where no vertical movement can
be deduced when comparing similar geomorphic markers on both
sides of the gorge (Fig. 7; only a regional southwards tilting). However,
at some sites the terraces are affected by tectonics. For example, at Serra
de Moinhos, the T2 terrace is displaced by N70°W, 60°SW oriented
faults (Fig. 4 and 10).

7. Luminescence dating

For luminescence dating, several sediment samples were collected:
(i) three samples, respectively, from the base (code 052245), middle
(code 062227) and top (code 052234) of the T4 terrace deposits (at
the Ervidinho site; Figs. 4, 13, and 14); (ii) one colluvium sample
(code 052256) from a local deposit tentatively related to T4 at Moinho
do Almoxarife (Fig. 5); (iii) three samples, respectively, from the base
(code PC5224), middle (052259) and top (code PC5218) of the T5 ter-
race deposits (at the Armazéns site; Figs. 5 and 15).

The results of the luminescence dating are presented in Tables 2, 3
and 4. We first discuss the results of the oldest deposits (T4). For the
T4 samples (062227, 052245 and 052234) optically stimulated lumi-
nescence dating using quartz was not attempted because we were
confident that they would be beyond the applicable age range. Post-
IR IRSL dating of K-rich feldspar extracts gave natural luminescence
signals well beyond the level usually accepted as indicating saturation
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Fig. 13. Outcrop exposing the Ervidinho terrace (photo and draw), comprising fluvial gravels at the base overlain by fluvial and intertidal sands and clays.
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(~86% of the saturated pIRIR290 signal). From the shape of the dose re-
sponse curves this corresponds to a dose of ~1000 Gy. So, the resulting
ages need to be considered as minimum estimates, respectively, of
>340 ka (base, 052245), >390 ka (middle, 062227) and >170 ka
(top, 052234) (Table 4).

Sample 052256, collected from colluvium at 35 m a.s.l. and located
near Moinho do Almoxarife, has a pIRIR290 age of only 53±3 ka
(Table 4) and is clearly not chronologically associated with the T4
genesis. The OSL quartz signal for this sample (052256) is considered
to be in saturation (>60 ka).

Samples from the base (code PC5224), middle (052259) and top
(code PC5218) of the T5 terrace deposits (at the Armazéns site;
Figs. 5 and 15) have been dated using both quartz and feldspar. The
natural quartz OSL signal of all samples (Table 3) lies close to the
upper 2D0 limit suggested by Wintle and Murray (2006) as consid-
ered practical for dating the upper age limit of quartz OSL (e.g. the
ratio of natural to saturation level for sample 052259 is 0.85±0.02,
n=12). As a result, the quartz De for these samples should be treated
with caution. The dose recovery test (Murray, 1996) was satisfactory
(Table 3). The natural doses for these samples are similar to the doses
measured in the studies of Murray and Funder (2003) and Murray et
al. (2007); they found possible underestimation at 130 ka of about
10–15%. The resulting average quartz OSL age for the three samples is
111±8 ka. This quartz OSL date can be tested against the correspond-
ing pIRIR290 feldspar result. In this case the feldspar natural signal is
only ~40% of saturation and so the above reservations do not apply to
the average feldspar age of 108±5 ka (Table 4). We conclude that the
medium to fine sands of proposed intertidal origin collected in T5 at
Armazéns (Mondego left-hand bank) were deposited at 109±4 ka.

8. Discussion

Five Pleistocene terraces were identified in the area of theMondego
lower estuary (T1 to T5), all located below the uppermost sedimentary
unit in the basin fill (SLD13; Upper Pliocene to Lowermost Pleistocene)
and above the modern alluvial plain.

Paleogeographic reconstruction of each geomorphic level identi-
fied in the study area is presented in Fig. 16, documenting the trans-
verse drainage of the River Mondego on the Lares gorge and the
different phases of terrace formation. For the younger terraces (T5,
T4 and T3), the paleogeographic reconstructions show a very similar
disposition to that of the modern sedimentation of this coastal area,
documenting the transition from fluvial to beach environments and
leading to the interpretation of a coeval sea-level more elevated
than the modern one.

Terraces T1 and T2 can be distinguished from the T3, T4 and T5 by
their higher topographic position and their sedimentary facies (less
organized, higher matrix content, but also clasts with lower maximum
size and less rounding). So, the periods of aggradation represented by
the T1 and T2 deposits document a less developed drainage system, of
flash flood type but with less discharge than in the later episodes repre-
sented by the younger terraces. These upper depositsmay be equivalent
of the “Torrential deposits of Carqueija and Salabardos” areas, described
upstream in the Lower Mondego (Soares et al., 1993).

The sea-level highstands during the Quaternary, that never reached
the Pliocene eustatic maximum, together with regional crustal uplift
and localized uplift of the Serra da Boa Viagem–Verride structure (as
also suggested by Cabral, 1995) explain the transverse nature of the
drainage.

Because of the important Pliocenemarine transgression (assuming
the eustatic maximum at ~60 m a.s.l., according to Dowsett et al.,
1996), a shore platform surface was developed in all sectors of the
study area and this can be used as a geomorphic reference level to
infer Quaternary active tectonics and long-term uplift. At Marinha
das Ondas–Paião area (left-hand bank; Figs. 1 and 8), the base of the
SLD13 is subhorizontal, at 75 to 80 m a.s.l. This provides a long-term
crustal uplift rate (c.u.r.) of 0.004 m/ka (75–60 m/3600 ka). However,
on the SW flank of the Serra da Boa Viagem–Verride structure this sur-
face (and coeval marine sediments that overlie it; Cunha et al., 1993;
Ramos, 2008) is located at higher altitudes towards the top of this arcu-
ate relief. So, at the Abrunheira–Samuel area (left-hand bank) the surface
is at 100 to 125 m a.s.l. and has a c.u.r. of 0.014 m/ka. To thewest of Serra
São Bento (right-hand bank) the surface is at 140–150 m and has a c.u.r.
of 0.024 m/ka. At Bandeira (the more uplifted sector of the Serra da Boa
Viagem relief) the surface is at 257 m a.s.l. and has a c.u.r. of 0.055 m/ka.
Significant differential uplift is responsible for the variation between
these areas and the evidence observed at Maiorca (the tectonically de-
pressed area north of the Serra da Boa Viagem, corresponding to the
Quiaios–Alhadas–Maiorca thrust footwall bloc), where this surface is at
20 m a.s.l. and the resulting c.u.r. is −0.01 m/ka (local subsidence near
the fault). Themore significant uplift of the Serra da Boa Viagem–Verride
structure explains the fact that on the right-hand bank the T3 terrace has
the surface at 64–61 m a.s.l., but on the left-hand bank is at 42–35 m a.s.l.
(Fig. 8).

The differential uplift accounts not only for the vertical displace-
ment along the Quiaios–Alhadas–Maiorca thrust fault (WNW–ESE)
but also highlights the role played by the NNW–SSE faults (e.g. the
Tavarede fault: Figs. 2, 3, and 7), which acted as tear faults.

In other regions of the Portuguese coast, Cabral (1995) used the
altitude of this uppermost unit and associated Pliocenemarine planation
surface, at up to 250–300 m a.s.l., to estimate a c.u.r. of 0.05–0.07 m/ka
for the last 3.6 Ma.

For a specific sector, crustal uplift rates can be estimated using dif-
ferent geomorphic references. As an example of a less uplifted sector,
for the Armazéns–Paião area (left-hand bank; Figs. 1 and 8), a c.u.r. of
0.006 m/ka is obtained for the last 3.6 Ma (80–60 m/3600 ka; using as
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Fig. 14. Stratigraphic column at Ervidinho, representing the T4 terrace overlying Creta-
ceous bedrock (Cret.). OFe — iron oxides; Gp — gravel, stratified with planar cross-
beds; Gt — gravel stratified with trough cross-beds; Sp — sand, fine to very coarse,
may be pebbly, with planar cross-beds; St — sand, fine to very coarse, may be pebbly,
with trough cross beds; Sr — Sand, very fine to coarse, with ripple cross lamination;
Fm — massive silt; Fl — silt, with fine lamination; CH — channel; SB — sandy bedforms;
OF — overbank fines. Sediment color: b — brown; g — gray; y — yellow; The strati-
graphic location of the samples collected for luminescence dating (codes 052234,
052245 and 062227), are represented (black asterisks).

Fig. 15. Outcrop exposing the T5 terrace deposits at Armazéns site, consisting of inter-
tidal medium to fine sands. The codes of the samples selected for luminescence dating
can be seen (codes: PC5224 (base of terrace); 052259 (middle of terrace); PC5218 (top
of terrace)). The rulers are 2 m long.

Table 2
Burial depth, radionuclide concentrations and water content used for dose rate calcu-
lation of the luminescence samples.

Sample
code

Depth 238U 226Ra 232Th 40K Water content
(cm) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (%)

052234 150 70±8 88.2±1.1 87.7±1.0 818±11 10
052245 800 20±6 19.0±0.5 12.7±0.5 520±12 10
052256 100 46±4 40.4±0.5 44.1±0.6 609±9 10
052259 160 10±4 9.0±0.4 7.2±0.3 316±9 20
PC5218 40 4±4 10.2±0.3 8.7±0.3 332±8 10
PC5224 260 1±5 8.9±0.4 7.1±0.4 327±8 20
062227 500 24±4 20.0±0.4 11.4±0.4 381±8 8
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reference the dated marine base of the uppermost sedimentary unit),
but ~0.017 m/ka for the last ~1.8 Ma (using as reference the surface of
the uppermost sedimentary unit).

The luminescence age obtained for the basal deposits of the T5 terrace
(at 6 m a.s.l.), considering the sea level at +4 m at 120 ka, allows us to
estimate a c.u.r. of 0.017 m/ka for the last ~120 ka (6–4 m/120 ka)
(Fig. 17). This value is similar to the ones obtained in other regions of Por-
tugal (Cabral, 1995), except in the Extremadura coast (southern central
Portugal) for which Benedetti et al. (2009) estimated that two probable
raised beach deposits, dated to about 35 ka and 42 ka, have been
uplifted at rates of 0.4 to 4.3 m/ka, a surprisingly very high value for a
passive continental margin. However, some very high rates of uplift
have been inferred for other localized regions around theMediterranean
(see, for example, Seyrek et al., 2008, indicating rates of fluvial incision
of between 0.25 and 0.40 m/ka).

Although the terraces in the middle and upper reaches of exorheic
rivers can be relatedmainly to aggradation phases that occurred during
the Quaternary cold stages (Trevisan, 1949; Bridgland and Westaway,
2008a, b), the terraces at river mouths, because of its position near the
ocean and having intertidal and marine facies, seem clearly to be
formed mainly in response to sea-level changes.

If continuous uplift is assumed, episodes of river down-cutting
and aggradation in the study area can be attributed to the rise and
fall of sea-level in response to global Quaternary climatic fluctuations
(Shackleton and Opdyke, 1973; Shackleton et al., 1990; Bassinot et al.,
1994; Cutler et al., 2003; Bridgland and Westaway, 2008a). This
assumes that episodes of river aggradation and valley enlargement
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Table 3
Summary of quartz optically stimulated luminescence. *Natural signals were in saturation (i.e. >86% of the saturation level of the dose response curve).

Code Geomorphic level Lithology Altitude
(m)

Burial depth
(cm)

De

(Gy)
n Dose rate

(Gy/ka)
Qz age
(ka)

Dose recovery

052256
MOINHO-1

Old colluvium Clayish very fine red sand 35 100 >200* 6 3.32±0.09 >60 –

PC5218
ARMAZ-0

T5 (top) Medium to fine white sand 7.6 40 161±10 20 1.47±0.06 110±9 0.98±0.02
(n=6)

052259
ARMAZ-1

T5 (middle) Medium white sand 6 160 156±8 22 1.24±0.05 126±9 0.93±0.04
(n=6)

PC5224
ARMAZ-6

T5 (base) Medium to fine white sand 5.4 260 119±8 15 1.23±0.05 97±8 1.02±0.03
(n=6)

Table 4
Summary of K-feldspar post-IR IRSL dating (pIRIR290). *Natural signals were in saturation on the dose response curve (i.e. >86% of the saturation level of the dose response curve).
Those samples have similar dose response curves and the quoted dose corresponds to a signal at 86% of saturation and is considered a minimum value.

Code Geomorphic level Lithology Altitude
(m)

Burial
depth (cm)

De

(Gy)
n Dose rate

(Gy/ka)
K-feldspar age
(ka)

052256
MOINHO-1

Old colluvium Clayish very fine red sand 35 100 217±7 3 4.12±0.15 53±3

PC5218
ARMAZ-0

T5 (top) Medium to fine white sand 9.6 40 237±7 11 2.32±0.09 102±5

052259
ARMAZ-1

T5 (middle) Medium to fine white sand 8.4 160 246±10 8 2.10±0.08 117±7

PC5224
ARMAZ-6

T5 (base) Medium to fine white sand 7.4 260 219±8 12 2.08±0.08 106±6

052234
ERVI-2

T4 (top) Clayish silt 20.5 150 >1000* 3 6.01±0.23 >170

062227
ERVI-3

T4 (middle) Medium yellowish sand 17 500 >1000* 6 2.58±0.09 >390

052245
ERVI-1

T4 (base) Medium yellowish sand 14.5 800 >1000* 3 2.93±0.11 >340
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occur when the valley is flooded by rising sea-level (transgressive
stage) or during highstands, whilst episodes of fluvial incision are as-
sociated with low sea level (e.g. Vandenberghe, 2002; Bridgland and
Westaway, 2008a). The presence of beach deposits in the distal sectors
of the T5, T4 and T3 terraces (Lavos–Armazéns sector), and taking into
account the available luminescence dating results, led us to assume
Fig. 16. Paleogeographic reconstruction for each geomorphic level of the Mondego River at t
the uppermost marine sandy unit; symbols 3 to 7 — remains of the T1, T2, T3, T4 and T5 te
tation areas; 13 — alluvial plain; 14 — coast-line.
that the T5 is relatedwith theMIS5 (~100 to 125 ka), T4 probably com-
prises the MIS7 to MIS11 (~200 to 410 ka) and the T3 probably is older
than 460 ka. The consolidated sandy colluvium located nearMoinho do
Almoxarife, dated to 53±3 ka, is a slope deposit probably related with
themild-cold and wet climate conditions that affected thewestern Ibe-
ria offshore region during the period 57 to 31 ka, when climate was
he study area (distal reach). Legend: 1— Pliocene shore platform surface; 2— Surface of
rraces; symbols 8 to 12 — probable external limit of the T1, T2, T3, T4 and T5 sedimen-
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characterized by a succession ofmild andwet periods (interstadials) al-
ternating with cold and dry periods (stadials), related to the Dans-
gaard–Oescheger (D–O) cycles (Lebreiro et al., 1996; De Abreu et al.,
2003; Roucoux et al., 2005) and the coeval sea-level was significantly
below the present one (at about −60 m; Rabineau et al., 2006).

In the future, for the older terraces, it will be necessary to use other
dating to test and improve the age relationships.

The ages of the River Mondego T5 and T4 terraces seem to be sim-
ilar to the ages of the Lower River Tejo (Tagus) T5 and T4 terraces
(Martins et al., 2010a,b). Assuming that the age of the SLD13 surface
(beginning of the incision stage) is not younger than ~1.8 Ma, an age
obtained by cosmogenic dating of a similar uppermost sedimentary
unit at the Sierra Morena in Spain (Escudero and Olmo, 1997), the
plotting of the older terraces elevations in the study area allows us
to obtain by extrapolation an estimation of the ages of their surfaces:
T3 as ~460 ka, T2 as ~700 ka and T1 as ~1100 ka (Fig. 17).

The proposed model for the formation of the River Mondego terraces
in the coastal study area seems similar to the one proposed for the Lower
Tejo terraces, interpreted as being related to cyclic glacio-eustatic fluctu-
ations superimposed onto a long-term regional uplift trend (Martins et
al., 2010a,b). For the modern alluvial infill (uppermost Pleistocene and
Holocene) and at least the three lowest terraces (T6, T5 and T4), the pe-
riods of river aggradation seem tobe coincidentwith sea-level highstands
and milder climatic conditions, whilst the periods of fluvial incision co-
incide with important sea-level lowstands and cold climate conditions.
This pattern of climate-eustatic related forcing of fluvial aggradation
and incision is observed for many fluvial systems in NWEurope and in-
deed worldwide (Bridgland et al., 2007 and references therein).

9. Conclusions

The study area exhibits diverse landforms with structural tectonic
characteristics and sedimentary evidence of fluvial to shallow marine
environments, whose analysis supports the interpretation of geologi-
cal processes and coeval evolution of the landscape of this coastal re-
gion during the Pleistocene. Below the uppermost lithological unit of
the sedimentary infill of the basin (considered of be latest Zanclean to
Gelasian in age), and above the modern floodplain (2 m a.s.l.), five
terraces, represented by sedimentary deposits or straths, can be dis-
tinguished. On the right-hand bank, the respective altitudes of these
terrace surfaces are: T1 at 128–125 m; T2 at 101–90 m; T3 at
70–60 m; T4 at 29–24 m; T5 at 11–10 m a.s.l. The staircase records
successive episodes of river incision (downcutting) and then stability,
followed by aggradation. Taking in account the long duration of these
Fig. 17. For the Vila Verde–Maiorca terrace staircase (right bank), the age of the T5
terrace is plotted against height above the Mondego River bed. Assuming for the
SLD13 surface an age of ~1.8 Ma, the plot allows estimation of the probable ages of
the older terrace surfaces: T4 at ~220 ka, T3 at ~460 ka, T2 at ~700 ka and T1 at
~1100 ka. The rectangles represent the probable aggradation duration of each geomorphic
reference level.
cycles, based on the available luminescence dating, it is hypothesized
that the main control of the younger terraces genesis on this coastal
area should be glacio-eustasy. Episodic deep valley incision would
have been determined by periods of very low sea level, namely at
~200–125 ka (T4/T5; MIS6) and 100–14 ka (T5/Recent alluvial infill;
MIS3 and MIS2).

This study indicates significant post-Pliocene tectonic activity,
expressed by a crustal uplift rate of 0.004–0.055 m/ka for the last
3.6 Ma. However, if we use the surface of the uppermost sedimentary
unit as a geomorphic reference, the uplift rate will be of 0.017–
0.118 m/ka for the last ~1.8 Ma. The highest uplift is at the western sec-
tor of the Serra da Boa Viagem–Verride structure (Quiaios fault upthrust
block). The activity the Quiaios–Alhadas–Maiorca thrust fault (during
the Quaternary) and its consequences on the drainage directions on
the Serra da Boa Viagem are evident; the tilting of the relief towards
the south and the development of transverse drainage across bedrock
structures, forming cuestas, are related. The probably active faults and
lineaments have the following main directions: WNW–ESE, N–S, NE–
SW and NNW–SSE; they are involved in the differential uplift of the
region.
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