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ARTICLE INFO ABSTRACT

Keywords: This paper aims to contribute to the understanding of the Holocene evolution of the Cdvado estuarine coastal
H?locene system (Portugal) and the adjacent terrestrial areas, using a multidisciplinary approach, which includes geo-
Cévado morphology, sedimentology, palynology, radiocarbon and history. During the Early Holocene, the Cavado
lgz;;;f:::::ary environment was characterized by the dominance of coarse sediments especially in the most westward areas,
Palacobotany corresponding to fluvial energetic dynamics. During the Middle Holocene, the presence of wetlands dominated
Environments especially in the most sheltered areas. The pollen data reflect the predominance of forests during the initial

phases of the introduction of agriculture, with a significant presence of humid forests. Between 4240 and 3980
cal BP, a sudden marine flooding took place over the peat. During the Late Holocene, there was a succession of
low, high and again low energy fluvial environments in the eastward sheltered areas, while high energy
dominated in the Fao channel entrance, with marine influence on the uppermost units. The pollen content re-
flects a situation of high human influence, with a poor representation of natural forests and a predominance of
agrosystems, related to the rise of the Cavado estuary as a port during the heyday of the city of Braga during the
Roman and Suevian periods, as described in historical texts and archaeological research. In connection with this
growth, the pollen data show the existence of local Pinus plantations related to shipbuilding and repair in the
port. During these times, the estuary was larger and open to the sea at Fao. After the 15th century, with the
general silting of coastal areas, the inlet closed and the river mouth was displaced to the North.

1. Introduction

An estuary, being a semi-enclosed, coastal body of water, which has
free connection with the open sea and within which sea water is
measurably diluted with fresh water derived from land drainage
(Pritchard, 1952). It is a particular environment subject to rapid changes
in sedimentary budgets forced by different ocean and terrestrial control
factors. During the Holocene, the most important factors controlling the
infilling of river palaeovalleys in non-glaciated terrains included
eustatic sea level rise, continental erosion, availability of shelf sediment,
and local hydrodynamics (Boski et al., 2008) and neotectonics (Granja,
1999; Granja et al., 2010). Sedimentary budget is dependent on climate,
vegetation cover, land use changes and adjustments in the hydrographic
basin, being a natural archive of processes which occurred during the
Holocene, including indicators of quick events such as floods, storm
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surges and tsunamis (Ramos-Pereira et al., 2019). They also offer in-
dications of regional and/or local climatic changes, reflected in the land
cover, hydrography and availability of sediments.

During a rapid sea level rise, open marine embayments convert into
lagoons and estuaries protected by clastic barriers. Barrier onset and
initiation of deposition inside the lagoons took place between 8000 and
5300 cal BP in NW Iberia, according to Gonzdlez-Villanueva et al.
(2015).

The palaeoenvironmental reconstruction of the NW coastal zone of
Portugal during the Late Holocene pointed to a segmented barrier coast
with confined freshwater or slightly brackish lagoons between small
headlands, in depressed areas of the rocky shore platform, whose bar-
riers would be located westwards of the contemporary coastline (when
present beaches lose sand it is possible to observe Holocene silty-clayey
deposits extending below low tide). These aquatic environments were
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subject to progressive silting until their disappearance. Some of the
wetlands around the Cavado river were still active at the beginning of
the 20th century (Viana, 1928) and the Apiilia lagoon (Fig. 1) is still in a
peat building late phase (Granja et al., 2010).

The morphology and position of the lower reach of the Cavado river,
crossing the rocky shore platforms, has changed over time. One question
this paper is concerned with is the position of the former inlet and the
morpho-sedimentary conditions of the lower Cavado. Historical and
archaeological data indicate the presence of an inlet southward of the
present inlet, at Fam (present Fao) at least from the 12th to the 16th
century. Several royal and church sources refer to the importance of salt
exploitation at Fao, which means that interchanges with the ocean were
present at the time.

This paper is an attempt to clarify the historical and archaeological
data regarding the Cavado river mouth and the adjacent coastal areas as
well as to improve the output of the previous NAVANCOR (2013-2015)
project and other research on the Cavado (e.g. Granja, 1999; Granja
etal., 2010; Ribeiro and Granja, 2000). Three new percussion cores have
been taken in order to obtain more complete data to aid in under-
standing the Holocene palaeoenvironmental evolution of the zone
(Fig. 1). The cores were located at Barqueiros (core NAV1) and at
Bonanca (cores NAV4 and NAVS5). The location of NAV1 was chosen
based on important data concerning Cavado evolution obtained from a
previous core in the area (Granja, 1999); NAV4 and NAVS5 were selected
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according to the presumed historical location of the old Cévado inlet
(Fam inlet). The pollen data allow for the clarification of the influence of
historical events on the environment in a period of great importance,
which includes the foundation and rise of the city of Braga and its
relationship with the sea through the Cavado River. Along the Espo-
sende coast, the existence of a huge quantity of artefacts, especially
amphorae, point to natural anchorage conditions important for Atlantic
trade in the 1st BC and 1st AD millennia (Almeida, 2005; Granja and
Morais, 2012; Morais, 2013).

2. Geological and geomorphological background

The bedrock of the Cavado estuary and nearby coastal zone consists
of two Palaeozoic formations - Ordovician and Silurian - and granites,
crossed by quartz veins (Teixeira et al., 1969). Both formations consti-
tute a syncline with a NW-SE axis. The eastern flank is in contact with
the granites through NW-SE faults and shear zones. The western flank is
offshore and submerged for the main part, the Ordovician rocks
constituting the outcrops of present beaches. The Plio-Pleistocene sedi-
ments rest over the top of the rocks forming the syncline (Fig. 1).

The orientation of the shoreline is controlled by fault strikes (NW-SE,
NE-SW and E-W) crossing the syncline. Some of these faults were
reactivated during the Pleistocene-Holocene (Cabral, 1993) and neo-
tectonic indicators are present (Granja, 1999).
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The Cavado river is the boundary between two structural compart-
ments with different morphology and sedimentary distribution (Fig. 1).
The geomorphology is characterized by two main shore platforms
(narrowing from South to North), one at a mean height of 50-60 m MSL
and the other from 30 m MSL extending on a smooth slope below sea
level, separated by a small cliff. A dead cliff of uncertain age in granite,
about 200 m MSL, is the landward limit of this coastal zone. Due to a
slight dip to the N of the shore platforms and to neotectonics, Holocene
sediments and Little Ice Age (LIA) dunes are more abundant in the
northern compartment than in the southern compartment, where they
are residual and Pleistocene sediments extend inland at a higher position
in the absence of the dead cliff (Granja, 1999).

Table 1
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3. Methods
3.1. Cores

The sedimentary sequence above bedrock was obtained with a per-
cussion corer, in an agricultural field at point NAV1, located at Bar-
queiros, 41°29'19.5” N and 8°42/27.1°" W, 363 cm MSL (Fig. 1). NAV4,
41°30'18.50" N and 8°47'3.92" W, 213 cm MSL and NAV5, 41°30'19.12"
N and 8°47'7.52" W, 325 cm MSL, were drilled by way of the same
process as at Bonanca, in an area of LIA dunes, at the back of present
beaches (Fig. 1). Cores were split in two halves, one for macroscopic
facies description and sampling for further analyses (sedimentology,
palynology and dating), and the other for archive.

Radiocarbon datings,'®5, depth (cm), MSL elevations (cm), sedimentation rates (mm/yr), and type of sediment of dated samples. In bold, the range with the highest
probability is indicated and in parentheses the relative area under probability distribution.

Core Sample Lab. Ref.  Material Depth Height 14¢c BP 53¢ Cal BP (2 o) Cal BC/AD (2 o) Sedimentation
(cm) MSL conventional rates (mm/yr)
(cm)
NAV1 NAV1.93 Beta- organic 72 +291 1010 + 30 -26.0 798-813, 816-869, Cal AD 992-1049 2.34
400091 sediment 901-958(0.735) (0.735),1081-1134, 1137- 1.00
1152 0.71
NAV1 NAV1.79 ICA- organic 168 +195 1450 + 30 - 1299-1379(1) Cal AD 571-651(1) 0.44
180s/ sediment 0.35
0842
NAV1 NAV1.58 Beta- organic 356 +7 3030 + 30 -24.6 3083-3089, Cal BC 1399-1331,
400089 sediment 3115-3118, 1328-1199(0.686),
3148-3277(0.686), 1169-1166, 1140-1134
3280-3348
NAV1 NAV1.46 ICA- peat 420 -57 3750 + 30 - 3986-4049, Cal BC 2283-2250,
20P/ 27.62 4064-4159(0.630), 2233-2219, 2210-2115
0614 4168-4182, 4199- (0.630), 2100-2037
4232
NAV1 NAV1.23 ICA- peat 540 -177 5990 + 40 - 6733-6945(1) Cal BC 4996-4784(1)
20P/ 26.14
0613
NAV1 NAV1.8 Beta- organic 645 - 282 8810 + 40 -26.1 9680-9963(0.815), Cal BC8197-8111,
400090 sediment 9986-10015, 8094-8071, 8066-8037,
10020-10043, 10060- 8014-7731(0.815)
10146
NAV4 NAV4.27 Beta- organic 316 -103 6720 + 40 -27.0 7509-7543, Cal BC 5719-5610(0.799), 0.36
430522 sediment 7559-7668(0.799) 5594-5560
NAV4 NAV4.19 Beta- organic 355 - 142 7880 + 30 -27.5 8590-8778(0.943), Cal BC 7023-7011,
421844 sediment 883-8860, 6988-6970, 6941-6940,
8889-8890, 6911-6884, 6829-6641
8919-8937, 8960- (0.943)
8972
S 62 S ICEN- peat 444 +56 1780 + 50 - 1544-1750(0.951), Cal AD 131-140, 158-191,
62.5.1.1 770 27.93 1759-1792, 200-406(0.951)
1810-1819
ST1 ST1.EII Beta- organic 1-2 —-1/-2 3550 + 30 -27.1 3721-3798, Cal BC 2013-2000, 0.26
373413 sediment 3818-3924(0.658), 1975-1869(0.658), 1849- 0.12
3949-3962 1772
ST1 ST1.EXI Beta- organic 17-20 —-17/-20 4060 + 30 -27.8 4422-4621(0.928), Cal BC 2843-2813,
373414 sediment 4683-689, 2740-2734, 2672-2473
4762-4792 (0.928)
ST1 ST1. Beta- organic 31-32 —31/-32 4860 + 30 -28.2 5482-5514, Cal BC 3707-3672,
EXVII 373415 sediment 5517-5526, 3659-3626(0.635),
5575-5608(0.635), 3577-3568, 3565-3533
5621-5656
ST2 ST2 Beta- organic 30 -30 4750 + 30 -27.1 5330-5378, Cal BC 3634-3507(0.855),
343355 sediment 5456-5583(0.855) 3429-3381
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3.2. Sedimentary analysis

The sedimentary characterization was carried out in the three cores.
Sedimentological analyses comprised the textural groups - relative fre-
quency of gravel, sand, silt/clay (mud) - and the grain size. Samples
were dried at 40 °C and weighed. Grain size analysis was performed with
a combination of dry sieving (>63 pm) and Sedigraph (<63 pm). Sam-
ples <63 um were pre-treated with (NaPO3)e at 10% for deflocculating.
After washing and drying, a solution was prepared for the analysis in the
Sedigraph. The laboratory routines were done according to Tucker
(1988). Statistical parameters were determined using Sedmac software
(Henriques, 2004). The Folk and Ward (1957) method was used for
grain size analysis and the textural analysis of sediments was done ac-
cording to Folk (1954). The sediment genesis was based on Friedman
(1967, 1979).

3.3. Radiocarbon dating

A total of thirteen samples were dated. Organic sediments were
radiocarbon dated by Beta Analytic and ICA (Table 1). The dating of
sediments was done by AMS on organic matter. The calibration of the
dates was performed with the program CALIB Rev 8.2 program and
IntCal20 data set (Stuiver et al., 2021).

3.4. Palynology

The palynological analysis was performed on the more organic upper
part, from the 72 ¢cm-356 cm depth of the NAV-1 core and on two iso-
lated samples (Fig. 2) correspondent to the base and top of a peat that
were dated (samples NAV1.23 and NAV1.46, Table 1). Samples were
prepared for pollen analysis using standard palynological methods

Quaternary International xxx (xxxx) Xxx

(Moore et al., 1991). TILIA 1.7.14 software (Grimm, 1990-2015) was
used for calculation and graphical display of the results. The first column
of the diagram shows the sample position and its maximal depth. Per-
centages of non-aquatic taxa were calculated relative to the terrestrial
pollen sum including trees, shrubs, upland herbs and terrestrial vascular
cryptogams. Pollen percentages of all aquatic plants (aquatic vascular
cryptogams included) were calculated using a total pollen sum. The
result of both sums is represented in the final part of the diagram.
Pollen diagrams were zoned using constrained incremental sum of
squares (CONISS) cluster analysis. In addition, the results obtained in
the two isolated samples are presented in Table 2. It shows the per-
centages of each identified pollen type and the partial and total sums.

3.5. Ground penetrating radar (GPR)

Several GPR profiles were done, but only S-N profiles 4 and 5 were
considered (Fig. 1).

GPR data were collected in common-offset mode every 4 cm using a
GSSY SIR3000 GPR system, equipped with a 200 MHz antenna. The
system data acquisition was triggered by an odometer wheel, with a time
window of 200 ns.

The center frequency of 200 MHz was selected to provide the depth
range of the entire sedimentary sequence (up to 10 m) and optimize the
vertical resolution to distinguish stratigraphic boundaries and internal
reflection patterns. All GPR data were processed with ReflexW software,
using standard techniques including dewowing, frequency filtering,
manual gain control and topographic correction when needed.

3.6. Historical and archaeological sources

Several historical and archaeological documents were analysed. In
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Table 2
Results of the pollen analysis of the samples NAV1.23 and NAV1.46, the per-
centage of each of the identified pollen types and of the partial sums are shown.
(AP/NAP - represents the relationship between arboreal and non-arboreal
pollen).

Taxa NAV1.23 NAV1.46
Pinus (undiff.) 0 1
Quercus robur-type 193 150
Quercus ilex-type 7 12
Corylus 6 4
Betula 2 1
Ulmus 3 0
Castanea 3 2
Alnus 116 181
Fraxinus 3 7
Ilex 3 2
TOTAL arboreal pollen 336 360
AP/NAP (%) 87% 76%
Ulex-type 0 1
Erica (undiff.) 4 6
Myrica 0 3
Poaceae 33 10
Compositae liguliflorae 4 0
Compositae tubuliflorae 1 0
Plantago 2 8
Leguminosae 4 2
Caryophyllaceae 0 1
Cruciferae 2 9
Campanula 0 1
Rosaceae 0 1
TOTAL non-arboreal pollen 50 111
Cyperaceae 18 20
Sanguisorba 0 3
Umbelliferae 14 31
Isoetes 1 3
Ranunculus 2 9
Potamogeton 1 2
Nymphaea 1 2
Total aquatic pollen 37 70
Spores trilete-type 4 3
Total spores 4 3
Total terrestrial pollen Sum 386 471
Total pollen & spores Sum 427 544

the Northwest peninsular context, the sources are scarce. Some infor-
mation about geographical descriptions, ethnography or economic
development were taken from the texts of Roman or local authors, such
as Pomponius Mela, Claudius Ptolemaeus, Gaius Plinius Secundus (Pliny
the Elder), Silius Italicus, Pompeius Trogus, Marcial, Orosius, Ausonius,
Hidacius, Martin of Dume or monk Egeria (Naveiro Lopez, 1991; Morais,
2005).

The main local historical sources available were produced by mon-
archs and the Church, including royal charters, archives, inventories
(tombos) and chancellery records, monastery documents and inquiries.
These historical documents have been used by other authors cited in this
text. Other archaeological sources used are from co-investigators Morais
(2013, 2020) and Oliveira et al. (2013, 2015).

4. Results
4.1. Sedimentary facies characterization
4.1.1. The sedimentological units
Sedimentological units (U) were defined according to the major
textural groups.
4.1.1.1. NAV1 (363 cm MSL). Core NAV1, 720 cm long up to the

bedrock, presents 5 main units (U1-U5) (Fig. 2) comprising all of the
Holocene. In U1, over the weathered schist, there is a hard ferruginous
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layer at 660 cm depth.

U1, as a whole, has >50% of gravel and sand and extends from 720
cm to 545 cm depth. It is a gravelly muddy sand and a gravelly mud. This
unit includes two sub-units of different composition where mud is
>50%: Ula from 671 to 645 cm depth and Ulb from 622 to 607 cm
depth. Unit Ul, as a whole, presents one fining (pre-Holocene) and one
coarsening up set. U2 is a peat and extends from 545 cm to 405 cm
depth. It presents some thin layers of mud and muddy gravel at the top.
U3, as a whole, has >50% of mud and extends from 405 cm to 240 cm
depth. It is a mud and a sandy mud. It presents three layers with >50% of
gravel and sand: U3a at 345 cm, U3b from 312 cm to 275 cm (with an
intercalated peaty layer) and U3c at 250 cm depth. U3 corresponds to a
sheltered environment where three pulses of higher energy took place
(U3a, U3b and U3c). U4 has >50% of gravel and sand and extends from
240 to 160 cm depth. It is a gravelly muddy sand. U4 corresponds to a
high energy environment. The 234 cm depth presents a layer with a
higher mud content. U5, as a whole, has >50% of mud, extending from
160 cm to the top. It is a sandy mud and a gravelly mud. It presents some
thin layers >50% of gravel and sand: U5a at 135 cm, U5b at 120 cm, USc
from 102 cm to 96 cm, U5d at 58 cm and USe at 16 cm depth.

The thin layers inside main units U, enriched with gravel and sand or
silt and clay, respectively correspond to shorter events of more or less
energetic dynamics, affecting the dominant hydro-sedimentary condi-
tions of each environment.

4.1.1.2. NAV4 (213 cm MSL). Core NAV4, 480 cm long up to the
bedrock, presents four main units: U1, U2, U3 and U4 (Fig. 2). The base
of Ul presented quartzite pebbles over the schist.

U1 has >75% sand and gravel and extends from the base to 375 cm
depth; it is a gravelly muddy sand and a slightly gravelly muddy sand.
U2 has circa 50% of sand and gravel but >25% of mud, and extends from
375 to 305 cm depth; it is a muddy sand. U3 has 100% of sand and
gravel, was partially lost during coring, and extends from 300 cm to 180
cm depth; it is a sandy gravel. U4 has 100% sand and extends from 180
cm depth to the surface; it is a sand.

4.1.1.3. NAV5 (325 cm MSL). Core NAV5, 550 cm long up to the
bedrock, presents two main units: Ul and U2 (Fig. 2).

U1 is mostly 100% sand and gravel with some thin layers with <5%
of mud and extends from the base to 214 cm depth; it is a gravelly sand.
U2 is mostly 100% sand with some thin layers with <5% of mud; it is a
sand.

4.1.2. Sediment characterization by statistical methods

Sediments were characterized by the mean, sorting, skewness and
kurtosis (Fig. 3). With those parameters the dynamics of the environ-
ment and the sediment genesis were inferred.

4.1.2.1. NAVI. Sediments are intercalated with mainly fine to very fine
sands and silts. All sediments present high values of standard deviation,
meaning extremely (some layers of unit U1) to very poorly and poorly
sorted sediments.

The mean along the core is very irregular varying between 8.16 and
0.83 (the coarsest thin layer); standard deviation presents values be-
tween 4.53 and 1.64; asymmetry is very irregular, with positive and
negative alternation, meaning a curve tail on fine and coarse sediments
respectively. According to Friedman (1967, 1979), sediments of NAV1
have a fluvial origin (Fig. 4).

4.1.2.2. NAV4. InUl, the standard deviation from 375 cm depth to the
base is higher than 1.0, the sediments being poorly to very poorly sorted,
with positive asymmetry. There is fine to median and coarse sand
alternation (Fig. 3). In U2, the standard deviation from 375 cm to 305
cm is moderately to moderately well sorted. Sediments are mainly very
fine to fine sands poorly sorted, with positive asymmetry. The contact
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between U1 and U2 is a very coarse sand, very poorly sorted. According
to Friedman (1967, 1979), Ul and U2 are interpreted as fluvial (Fig. 4).
U3 (most sediments were lost during coring) is a very coarse sand, very
poorly sorted, in sharp contact with U2. U4 is an alternation of median
and coarse sand, moderately to well moderately sorted.

4.1.2.3. NAV5. Ul is very coarse sand passing to coarse sand poorly
and moderately sorted. U2 has an alternation of median and fine sand
moderately or moderately well sorted.

4.1.3. Environmental evolution from sedimentological data

4.1.3.1. NAVI. Considering the units identified through the main
composition of their sediments, four clusters can be recognized (Fig. 5
A), pointing to a succession of different sedimentary and energetic
environments:

(i) a gravelly muddy sand and gravelly mud cluster represented by
Ul, concerning a high energy environment, with two main levels (Ula
and Ulb) of finer sediments concerning temporary accentuated dy-
namics decrease; (ii) a mud and sandy mud cluster represented by U3,
with a decrease in energy relative to U1, concerning a quiet environment
with three higher energy pulses represented by coarser sediments (U3a,
U3b and U3c, Fig. 2); (iii) a gravelly muddy sand cluster represented by
U4, concerning a gravel input and higher dynamics; (iv) and a sandy/
gravelly mud represented by U5, concerning a decrease in dynamics
relative to U4.

The clusters represent four main environments corresponding to a
decrease in energy from U1 to U3 passing to higher energy in U4, which
decreases again in U5, partially overlapping Ul conditions (Fig. 5 A).
U2, an organic peat, corresponding to a quiet phase between U1 and U3,
was not considered in this analysis. The sedimentation rates (mm/yr)
increase over time, being 0.35 (U1), 0.44 (U2), 0.71 (U3 lower), 1.00
(U3 upper and U4) and 2.34 (U4 upper and U5) (Table 1).

4.1.3.2. NAV4. Four clusters can be identified — a gravelly and a
slightly gravelly muddy sand (U1), a muddy sand (U2), a sandy gravel
(U3) and a sand (U4), meaning a decrease in energy from Ul to U2,
followed by an increase from U2 to U3 and another decrease to U4. U3
and U4 represent higher energy than Ul and U2 (Fig. 5 B). The sedi-
mentation rate is 0.36 mm/yr between 8778-8590 cal BP and 7668-
7559 cal BP (U1 and U2), the same rate as Ul of NAV1 (Table 1).

4.1.3.3. NAV5. Two clusters can be identified, a gravelly sand (U1) and
a sand (U2), both representing high energy events, though with
decreasing intensity from U1 to U2 (Fig. 5 B).

4.2. Geochronology

Four sediment samples from NAV1 and two from NAV4 were
radiocarbon dated in order to establish a chronological framework for
the palaeoestuary (Table 1).

In NAV1, the most basal dating at —282cm MSL is 9963-9680 cal BP.
At —177cm MSL is 6945-6733 cal BP, at —57cm MSL is 4159-4064 cal
BP cal BP, at +7 cm MSL is 3277-3148 cal BP, at +195 cm MSL is
1379-1299 cal BP and at +291 cm MSL is 958-901 cal BP.

In NAV4, two dates were obtained, one at —142cm MSL of
8778-8590 cal BP and another at —103cm MSL of 7668-7559 cal BP.

With data (Table 1) from this work and from Rio de Moinhos (Granja
et al., 2016) and S 62 (Granja, 1999), an elevation (MSL) versus age
graph of the dated organic sediments was constructed for this
geographical zone. Two curves, one (A, on the east side) from cores
NAV1 and S62 and the other (B, on the west side) from cores NAV4 and
ST were considered. Linear regression equations and the respective plots
were calculated independently for both curves. Curve A has r*> = 0.9956
on the lower and r?2 = 0.9732 on the upper segments of the profile. Curve
B has r? = 0.9814 (Fig. 8).
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4.3. Palynology (core NAV1)

The two single samples analysed were dated respectively to 6945-
6733 cal BP (NAV1.23) and 4159-4064 cal BP (NAV1.46) (Table 2).
These dates place the samples around the moment of the appearance of
agriculture in the territory (Ramil-Rego, 1992; Ramil-Rego et al., 2015).
In both samples, a moment of arboreal dominance is reflected (Table 2),
with an important representation of the humid forests associated with
the environment of the wetland (Alnus). Pinus is only present in the most
modern sample, represented by a single pollen grain (Table 2).

The pollen diagram (Figs. 6 and 7) represents the substitution of
Quercus robur type by Pinus pinaster type. Concerning the local vegeta-
tion, from the wetland, there are different phases of development of a
net continental wetland dominated by freshwater. The dates indicate
this process occurred between the Bronze Age (circa 4000-2300 cal BP)
and the end of the High Middle Age (11th century). The sequence
comprises 5 pollen zones (Figs. 2, 6 and 7).

4.3.1. LPZ-1 (356 cm-275 cm)

The base of the zone was dated in 3277-3148 cal BP (1328-1199 cal
BC). This zone represents a landscape in a deforestation phase (Fig. 8),
reflecting the successive intensification of anthropization, that has
characterized the last third of the Holocene in NW Iberia (Mateus, 1992;
Munoz Sobrino et al., 2005; Ramil-Rego et al., 2009; etc.). Cerealia is
present from the base of the sequence as numerous taxa associated with
agricultural activity (Asphodelus, Plantago, Cruciferae or Leguminosae).
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Fig. 5. Spatial and temporal distribution of sedimentary unit clusters of core
NAV1 (5 A) and of cores NAV4 and NAV5 (5 B). Classification of major textural
groups according to Folk (1954).

The regional vegetation would have been represented by open
landscapes of heathlands and small zones of oak forest (Fig. 6). The sub-
zones LPZ-la and LPZ-1c represent forest development and LPZ-1b
represents forest detriment. The parallel dynamics of Alnus in this
zone indicate that the oak groves were related to the wetland sur-
roundings, as in Rio de Moinhos (Granja et al., 2016).

The local vegetation implies the existence of a freshwater wetland,
with high species diversity (Isoetes, Sphagnum, Ranunculus, Cyperaceae,
Alisma, Nymphaea, Myriophyllum or Potamogetom). The LPZ-1b zone
shows a small reduction in these elements and an expansion of Myrica,
and the LPZ 1c shows a small increase of Nymphaea and Myriophyllum
(Fig. 9).

4.3.2. LPZ-2 (275 cm-240 cm)

Zone 2 corresponds to a strong detriment of oak (Fig. 8). Other
arboreal taxa such as Betula and Alnus, related to wetland environments,
were also reduced. The zone corresponds to the beginning of the
continued curve of Cerealia. The vegetation of the wetland is practically
the same as that of the end of LPZ-1, except for a small increase in
Cyperaceae (Fig. 9).

4.3.3. LPZ-3 (240 cm-168 cm)

Zone 3 represents a new detriment of Quercus robur-type, a succes-
sion of two increases in Pinus pinaster-type and finally a strong reduction
in this taxon. Sub-zones 3a and 3 b show sudden increases in Pinus.
Subzone 3c is marked by a sharp fall in Pinus. Zone 3 (1379-1299 cal BP;
571-651 cal AD) in turn represents an increase in Cerealia and some
taxa linked to synanthropic environments such as Asphodelus, Plantago
or Tubuliflorae. The vegetation of the wetland shows an initial rebound
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Fig. 7. Chronology, zones and pollen percentages diagram of the NAV1 section analysed. Aquatic pollen types.

of Myrica, followed by a strong detriment of this taxa, while the rest of
the aquatic taxa maintain their dynamics (Fig. 9).

4.3.4. LPZ-4 (168 cm-106 cm)

This zone reflects the maximum expansion of Pinus (Fig, 8), with two
maximums (LPZ-4a, 4c) separated by a short backward phase (LPZ-4b).
The dynamics of the aquatic taxa do not reflect notable changes with
respect to the previous zone (Fig. 9).

4.3.5. LPZ-5 (106 cm-72 cm)
This zone (958-901 cal BP; 992-1049 cal AD) shows a sharp decline

in the Pinus curve. The vegetation of the wetland reflects a decrease in
the diversity of aquatic taxa and the disappearance of Nymphaea, Myr-
iophyllum or Alisma.

4.4. Georadar (GPR)

A strong reflector can be observed circa 200 cm depth, probably
corresponding to the water table (Fig. 9). Below the surface, reflection
standards of sandy formations are observable. On profile 4 (Fig. 9 A),
this structure is near 200 cm depth gradually increasing to 600-700 cm
northwards in front of the Bonanca chapel. On profile 5 (Fig. 9 B), inside
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The linear regression equations and the respective plots were computed independently, for the lower and upper segments of the profiles.
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this structure, reflection geometry compatible with cross stratification is
observable.

Under this unit, several reflections of variable width were detected.
Profile 4 presents reflections between 400 and 800 m that may be due to
coarse sandy units or sands with gravels, which seem to continue along
profile 5.

The bedrock was identified by the presence of a strong reflector of
irregular geometry, at different depths. On profile 4 (Fig. 9 A), at
Pedrinhas, the bedrock is at 800 cm depth, and gradually rises north-
wards to 300 cm depth. At 550 m, the bedrock plunges again. At the

Fig. 9. South-North ground penetrating radar (GPR)
profiles at Bonanca (Esposende). A: GPR profile 4
and location of cores NAV4 and NAV5; B: GPR
profile 5; C: location sketch.
The green line indicates the bedrock limit; the red
line indicates the lower limit of probable marine
sands; and the blue line indicates the groundwater
i table. Coordinates: Datum ETRS89 Portugal TMO6. .
AMPLITUDE (For interpretation of the references to colour in this
L] © N figure legend, the reader is referred to the Web
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North boundary of profile 4, the bedrock is at 700 cm depth and plunges
North through profile 5 until its reflection is no longer perceptible (it is
likely deeper than 1000 cm in depth).

On both GPR profiles (Fig. 9 A and B), the bedrock surface is irreg-
ular, presenting two main E-W broadly oriented incisions between
Pedrinhas and Bonanga (Fig. 9 C), that suggest former river channels, as
indicated in historical documents. Cores NAV4 and NAV5 were done on
the border of one of these channels (Fig. 9 A).
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4.5. Historical and archaeological background

The position of the former inlet of the Cavado river, somewhere
southwards of the present one, is still an on-going study. Several his-
torical texts point to the inlet at Fam (Fao, Fig. 1 A and C), an important
trade site dedicated to salt exploitation and fishery.

Around 3000 cal BP, the Castro culture arose with communities
choosing high points to settle. The most significant examples of the
commercial routes in the pre-Roman period are represented by the
coastal fortified settlements, situated in important places and in the
estuaries of important rivers, such as the settlements of Coana, Sta.
Trega, Sta. Luzia, Terroso, Bagunte and Vila Nova de Gaia (Naveiro
Lopez, 1991). The importance of another smaller settlement situated in a
perched position by the mouth of the Cavado River should also be
emphasized - the settlement of S. Lourenco. It is situated at Esposende, a
position relatively close to Bracara Augusta (present Braga, Fig. 1),
which can be inserted in the context of the maritime-river trade of the
Atlantic as a result of the archaeological remains thus far found — among
which there is an attic red-figure ceramic fragment from the 4th century
BC (Almeida and Cunha, 1997). The S. Lourenco castro, on the top of the
dead cliff at Esposende (Fig. 1 A), had its apogee between the 1st century
BC and the 1st century AD. During the 5th century AD, it was aban-
doned. Salt was an important economic commodity for Castro pop-
ulations. It was exploited in the Cdvado estuary, especially in Fam, but
also in Gandra and North of Esposende (Almeida, 2005).

This strong connection to the sea is not only cited by the historical
sources focusing on salt exploitation and trade. Several Roman ship-
wreck remains have been documented over the last decades, like
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numerous amphorae from Baetica dated from the Augustan period
(Morais, 2013). The chromatographic analysis performed on fragments
of some amphorae revealed extensive pine resin remains together with
traces of wine and olive oil, suggesting the waterproofing of these
ceramic containers and their use in the transport of defructum (Morais,
2013; Oliveira et al., 2015). Very probably, this cargo was destined for
the S. Lourenco castro, where many amphorae fragments were found
(Almeida, 2006), demonstrating the role of this settlement in the
Atlantic marine-fluvial trade (Morais, 2005).

Several researchers have dedicated themselves to the compilation
and interpretation of the historical manuscripts. In the discussion of this
work, data from these authors has been used in an attempt to frame the
palaeoestuary evolution during the Late Holocene within the history of
Esposende.

5. Discussion

The sedimentary facies, the palynological sequence, the historical
and archaeological information, the geophysical data and some radio-
carbon dates have been used to build the palaeoenvironmental evolution
of the Cavado estuary from the Early Holocene up to historical times
(Fig. 10). Interpolation with previous data and comparison with data
from other Iberian estuaries has been done to improve the local evolu-
tion model (in the absence of other ecological and chemical data).

5.1. Early Holocene

The base of NAV1 has very poorly sorted fine sediments - sandy mud -
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in a fining upward set, representing a decrease in fluid velocity within a
fluvial channel. The ferruginous hard level at —297 cm MSL, older than
9963 cal BP, is interpreted as an indicator of sub-aerial exposure of
former sediments under a subsequent cold and probably dry phase
(Younger Dryas; see Rodrigues et al., 1991).

The Early Holocene sediments aged 9963-9680 cal BP are located at
—282 cm MSL (Fig. 2). They constitute a succession of gravelly mud and
gravelly muddy sand corresponding to a general increase in energy
(Fig. 5). This is probably related to river infill with reworked former
fluvial/marine sediments and mud coming from soil erosion, under
warm and wet conditions (insolation maxima and precession minimum,
Gomes et al., 2020) and sea level rise. This succession presents two levels
of finer sediments concerning events of quitter dynamics, one before
9963 cal BP and the other after 9680 cal BP (Fig. 2).

The sediments of NAV4 and NAV5 are much coarser than those of
NAV1 meaning that the dynamics were much more energetic at
Bonanga, closer to the sea and exposed on the border of a river channel
(Fig. 9 A). At the base of NAV4, pebbles are present (pebbles are frequent
over the shore platform; Granja et al., 2016).

NAV4 (Fig. 2) presents pebbles and a gravelly muddy sand (U1) over
the bedrock, overlapped through sharp contact by a muddy sand (U2)
aged from more than 8778-8590 up to 7668-7559 cal BP. It could be
interpreted as a succession of different hydrodynamic flow conditions or
a lateral migration of the channel with subsequent sedimentary facies
change. The transition from Early to Middle Holocene occurs within U2
of NAV4,

The basal sediments of NAV5 (Fig. 5) are a gravelly sand, corre-
sponding to a still more energetic and exposed environment than that of
NAV4. U1, with poorly calibrated coarse sands, fining up, is interpreted
as an energetic fluvial environment (Figs. 3 and 4).

The period 9800-7400 cal BP is characterized by optimum temper-
ature and precipitation conditions in NW Iberia (Gomes et al., 2020),
which would have favoured the increase of fluvial flow. During this
period, the climatic sequences register two abrupt cooling phases, dated
around 9300 cal BP and 8200 cal BP (Rasmussen et al., 2014). The data
available for the early Holocene in NW Portugal show that these abrupt
events would have affected both the interior mountains (Lagoa de
Marinho, Ramil-Rego et al., 1998) as well as those closest to the coast
(Serra da Arga, Gomez-Orellana et al., 2010). In all three cores, the
gravel content increases (Fig. 2).

The sedimentation rate in this period was 0.35 mm/yr (Table 1,
Fig. 8). This is much lower than that of other Portuguese, albeit deeper,
estuaries (e.g. Guadiana with 7.6 mm/yr, Boski et al., 2008).

5.2. Middle Holocene

During the Middle Holocene, between 8000 and 5300 cal BP, the
Holocene Climatic Optimum occurred, a phase during summer generally
warmer than today in the Northern Hemisphere. Between 6945 and
4064 cal BP, a peat (U2 of NAV1) more than 150 cm thick accumulated
in NAV1. On the top of the peat, some thin layers of poorly sorted sands
are present (Fig. 2). This period favoured by the deceleration of sea level
rise) is characterized by peat deposition at mid latitudes (Munoz Sobrino
et al., 2005) and the filling of plains (Baeteman, 1999).

The pollen data obtained from the base and top of this peaty layer
(Fig. 2, Table 2) show the dominance of the arboreal formations, rep-
resented by oak groves and forests dominated by Alnus, the latter related
to the surrounding forests of the wetland. This period is related to the
end of the Holocene Climatic Optimum. The oldest pollen sample has a
slightly higher percentage of trees and a greater representation of oak
groves, which represent regional forests. This difference represents a
greater anthropization of the territory, which does not affect the forests
related to the wetland. The remaining values determine that, despite the
increase in the anthropization of the territory, both local and regional
forests would maintain an important representation in the landscape.

During the Middle Holocene, the sedimentation rate was 0.44 mm/yr
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eastwards (similar to that of e. g. Estremadura, 0.3-0.4 mm/yr, Ramo-
s-Pereira et al., 2019) and circa 0.36 mm/yr and 0.12 mm/yr westwards
(Fig. 8).

5.3. Late Holocene

5.3.1. Pre-Roman (Castro culture)

NAV1 was taken very close to another core (Granja, 1999) that will
be used for complementary interpretation (referred to here as S62,
Fig. 1, Table 1). If the two cores correspond, the disturbed top of U2,
with poorly sorted sands evidencing high energetic events, probably
concerns the sudden flooding of the upper saltmarsh referred to in
Granja (1999). This would mean that, after a progressive freshwater
influence in the environment, a sudden increase of marine influence
(-24.6 613C, NAV1.58, Table 1) took place somewhere between
4159-4064 cal BP and 3277-3148 cal BP (there is a sharp contact be-
tween U2 and U3, Figs. 2 and 3). After this episode, the freshwater
conditions would have prevailed again until a terrestrial environment.
Very probably U3, U4 and U5 correspond to the two upper sections of
S62 (transition from a brackish stagnant lagoon to an upper marsh,
Granja, 1999), which is in accordance with the pollinic data of the
present work.

What could have motivated the inversion of the general trend of
freshwater conditions somewhere before 3277-3148 cal BP? A high-
energy event such as a big storm? It doesn’t seem probable that the
event occurred during the period 5000-4000 cal BP (Middle Holocene),
when rates of sea level rise were strongly attenuated (different ages have
been proposed; see e. g. Boski et al., 2008; Leorri et al., 2012; Sousa
et al., 2018). However, if the event happened during the period of polar
cooling of 4200-3000 cal BP (Mayevsky et al., 2004) favouring storm-
iness, it would be acceptable. Furthermore, according to
Gonzalez-Villanueva et al. (2015) storm events along NW Europe seem
to be in phase with the Holocene cooling events documented by Bond
et al. (1997).

Around 3000 cal BP, Neoglacial conditions would prevail (Wang
et al.,, 2012), with 3300 and 2800 cal BP corresponding to general
cooling periods in the North Atlantic (Solomina et al., 2015),
3500-2500 cal BP to “cool poles, dry tropics’ pattern postulating that
solar variability could be a plausible forcing (Mayewski et al., 2004).

However, at Rio de Moinhos, a lagoon sediment dated 3924-3818 cal
BP is clearly truncated at the top (Granja et al., 2016). This truncation
could be related to marine flooding and overwashing as described by
Gonzalez-Villanueva et al. (2015) for other coastal wetlands of NW
Iberia.

The marine flooding, associated with the prevalence of storminess,
that may have occurred at the top of U2 of NAV1 could easily fit in this
period of time. Ramos-Pereira et al., (2019) refer to a “wet episode” at
4900-3900 cal BP (in Estremadura) after the sea had reached its present
position, but do not point to any marine influence. However, Costa et al.
(2019) refer to an increase of marine influence at around 3500 cal BP on
the SW Portuguese coast at the Albufeira, Melides and Santo André la-
goons. Furthermore, Lario et al. (Costa et al., 2019) refer to a
tsunami-related event at that time in the Gulf of Cadiz. With the avail-
able data, it is impossible to say what kind of event took place in the
Cavado palaeoestuary and its surrounds. At the Minho and Douro es-
tuaries (Fig. 1) such an event has not been described until now.

From 3000 cal BP until the 5th century AD, the Cavado river had a
strong connection to the sea. Archaeological sources point to the apogee
of Castro St. Lourenco due to salt exploitation in the Cavado estuary
(Almeida, 2005). This fact is in accordance with the emergence and
development of the Castro culture (Naveiro Lopez, 1991) during the
Bronze and Iron Ages.

From 3277-3148 cal BP (1328-1199 cal BC) to 1379-1299 cal BP
(571-651 cal AD), the sedimentation rate was 0.31 mm/yr (Fig. 8), very
similar to that of other small Portuguese estuaries (e. g. Ramos-Pereira
et al., 2019).
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In relation to vegetation and landscape, the base of the pollen dia-
gram (LPZ-1, inside U3, mud and sandy mud sediments with a coarse
layer corresponding to a higher energy event, Figs. 2 and 6) corresponds
to a period of climatic improvement (Roman Warm Period: 2900-1900
cal BP). In NW Iberia, it corresponds to the Bronze Age (circa 4000-2300
cal BP) and Iron Age (2300 cal BP to the 1st century BC). It is a moment
of important cultural change with the building of a new model of soci-
ety, based on sedentary settlement, and organized around productive
settlement (Ramil-Rego et al., 2009, 2015).

Favoured by this climatic improvement, there is a progressive in-
crease in the number of settlements related to the expansion of agri-
cultural and cattle practices. This rise implies an increase of human
intervention over the landscape, especially on littoral and inner low
areas (Ramil-Rego et al., 2009). The footprint of the land use intensifi-
cation of the territory results in a great deforestation of the surround-
ings, which produces a landscape where woodland occupies only areas
with bad conditions for agricultural practice.

At that time, the local vegetation represented in the pollen diagram
(Fig. 9) implies the existence of a freshwater wetland, with high species
diversity, representing several ecological environments. Some taxa
(Isoetes, Sphagnum, Ranunculus, Cyperaceae, Alisma) show the existence
of supra-littoral environments with hydrophilic or peaty conditions
while others (Nymphaea, Myriophyllum or Potamogeton) are character-
istic of freshwater lagoon environments. The maximum representation
of these taxa concerns the pollen zone LPZ-1a (Fig. 9). The zone LPZ-1b
shows a small reduction of these elements and an expansion of Myrica, a
typical element of peaty environments. This dynamic reflects the
expansion of arboreal and big shrub formations in the wetland, at the
same time that the surface of free water reduces. In the LPZ-1c zone the
stabilization of this situation occurs, with a small increase in Nymphaea
and Myriophyllum, indicators of pool permanence (Fig. 7).

5.3.2. Roman times

The Roman invasion of the NW Iberia takes place in 2087 cal BP
(137-25 BQC), during the cooling event that ends the so-called Roman
Warm Period (Ramil-Rego et al, 2009; Ramil-Rego and
Gomez-Orellana, 2016). In NW Iberia, Romanization is related to a
highly anthropized landscape with very few areas of woodland and
other pristine territorial environments (Ramil-Rego et al., 2009, 2015;
Ramil Rego and Gomez-Orellana, 2016). In other sequences of this
period in central and northern Portugal, there is a similar situation
(Mateus, 1992; Ramil-Rego et al., 1996, 2016; Gomez-Orellana et al.,
2001; 2010; Granja et al., 2016).

NAV4 and NAV5, mainly coarser than NAV1, are located (Figs. 1 and
9) at the border of a channel. The base of U3 of NAV4 and the top of Ul
of NAV5, very coarse sands moderately sorted (Fig. 3), may point to
marine influence (Fig. 4) in the channel during Roman times.

It is probable that some kind of clastic barrier already existed west-
wards. The age of the onset of barriers is different according to authors
and regions (e.g. 8000-5300 BP at barrier-lagoon systems of NW Iberia,
8500 BP at Formosa lagoon). At the Douro river, between 6530 and
1500 cal BP, a gravel barrier was set in and the main fluvial channel
migrated northwards enlarging the estuarine zone (Naughton et al.,
2007). At the Minho river, the sand bar that evolved into a dune was set
in 3000 cal BP (Leorri et al., 2012).

Regarding the dynamics of the vegetation, the pollen zone LPZ-2
(topmost of U3 from NAV1 with a high energetic event, Fig. 2) could
be related to the Roman invasion of NW Iberia. The pollen diagram
shows a great decrease of forests, both regional forests and those linked
to wetlands, and an increase of Cerealia and some taxa that would be
linked to a synanthropic environment (Asphodelus, Plantago or Tubuli-
florae). Both of these represent an increase in deforestation and agri-
cultural practices. This anthropic deforestation favours the development
of heathlands, likely including wet heathlands around the wetland.

During Roman times, ca 2000 BP, there is reference to increasing
continental erosion (Hoffman, 1989), responsible for the progradation
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of the coastline in the South of the country (Dias et al., 2000). However,
between the 1st century BC and 1st century AD, salt exploitation was at
its apogee and the majority of larger gauge Roman vessels cast anchor
and watered safe from any hazards in the Cavado estuary, especially in
Fam (Morais, 2005). Therefore, it is improbable that continental erosion
was very significant in this zone at that time, or if it was, its conse-
quences did not reach the river mouth.

The presence and increase of Pinus in the pollen zone LPZ-3 (inside
U4, gravelly muddy sand Fig. 2) is probably related to anthropic action.
The sudden appearance and rapid increase of this element occurred
without other regional changes in taxa. This has led to the inference that
the presence and increase of Pinus in LPZ-3 (Fig. 6) is associated with
human action and the active development of forest plantations for wood
or resin purposes.

In the pollen sequences available in NW Iberia for the period be-
tween 5200 cal BP and the end of the Middle Ages (1440 AD), the
presence of Pinus pollen is in most cases testimonial, with the exception
of the mountain areas, where it still has a significant presence, although
very limited when compared to the territories of the Iberian Plateau or
the coastal and sub-coastal territories of the Mediterranean, where pine
forests maintained an important representation in the landscape at
different stages of the Holocene (Mateus, 1992; Ramil-Rego et al., 1996,
2015; Gémez-Orellana et al., 2001; 2010; Munoz Sobrino et al., 2005;
Granja et al., 2016). If we focus on the coastal and sub-coastal areas of
Northern Portugal and Galicia, Pinus is a minor element in the vegeta-
tion throughout the entire Holocene (Ramil-Rego et al., 1996;
Gomez-Orellana et al., 2001; 2010, 2021; Granja et al., 2016). Only in
some sequences recovered on the seabed is a greater representation of
Pinus observed, which responds to an over-representation, linked to the
greater rate of transportation that Pinus pollen presents in the medium or
long distance, compared to that of deciduous species. In the immediate
surroundings of the new sequence, the scarce presence of Pinus pollen is
evidenced in the Holocene sequence of Rio de Moinhos (Granja et al.,
2016), or in the diagram itself obtained in NAV-1, which at the base of
LPZ-3 (mud and sandy mud sediments) represents the Holocene phase of
anthropogenic deforestation with the presence of deciduous stands and
near absence of Pinus (Fig. 8). The scarcity of Pinus is also observed in the
two single samples analysed in NAV-1 and dated to the middle Holocene
(Table 2).

Therefore, the expansion of Pinus recorded in the pollen diagram
(Fig. 6) does not correspond with the regional dynamics of the territory.
It would therefore be a local episode not linked to climatic dynamics that
could only be connected with human activity through Pinus plantations
around the mouth of the Cavado river.

Morais (2013) highlights the important marine-fluvial trade between
Baetica and the region of Esposende, during Augustus’ time, when the
Cavado river was an important Roman anchor point. The coeval
morphology points to the existence of a kind of gulf enclosed by Cavalos
de Fao, the so-called Cala (Morais, 2005), and bordered by the prom-
ontories of Cepaes to the North and Pena-Pedrinhas to the South
(Ordovician quartzitic outcrops, Fig. 1). These facts corroborate the
importance of the Céavado estuary and coastal surroundings as an
anchoring site in Roman times, benefiting from a morphological context
with sheltered areas (as happened at Rio de Moinhos and Aptlia (Granja
et al., 2010, 2013, 2016). The Fao inlet would be a boat entrance,
perhaps not excluding others such as at Rio de Moinhos, where the re-
mains of a probable Roman quay were found (Morais, 2020).

In this sense, the expansion of Pinus (LPZ 3a and 3 b) corresponds to
plantations of this species that would begin in the final period of the
Roman occupation and during the Suevian Kingdom of Gallaecia. These
forest plantations would be related to the supply of wood and resin to the
shipyards in charge of repairing or building ships for marine or river
traffic to the city of Bracara. The hypothesis of the presence of tree
plantations to supply shipyards in Roman times was also raised in some
areas of the Italian peninsula (Allevato et al., 2009).

With the decline of the Roman empire, Bracara Augusta became the
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capital of the new Suevian kingdom of Gallaecia and economic interests
moved. However, even after the abandonment of the castro, during the
High Middle Age, salt exploitation continued in the Cavado, henceforth
controlled by the monasteries (Almeida, 2005).

The pollen diagram (Fig. 6) also shows a marked increase of Cerealia
and of some synanthropic taxa at the beginning of the LPZ 3, which
corresponds to a strong increase in agricultural activity in the sur-
roundings of the city of Bracara Augusta, in relation to its rise as the
capital of the Roman Conventus Bracarensis and of the Suevian kingdom
of Gallaecia.

During the Roman and Suevian times, the wetland would present a
lower level of flooding and an increase in the vegetal formations of the
shoreline of the lagoon.

5.3.3. Medieval (up to the 14th century)

The pollen diagram shows (Subzone 3c) a sharp fall in Pinus (Fig. 8),
which from the date obtained at that point (571-651 cal AD) could be
related to the capture of the city of Braga by Theodoric II in 585 AD and
the end of the Suevian Kingdom of Gallaecia and, therefore, of the late
medieval splendour of the city of Braga.

From 158 to 972 AD (concerns part of U4 and U5 of NAV1; LPZ-3 and
LPZ-4) there was a warm period with an increasing trend in temperature
and free ice cover, though some authors point to a short episode ca.
550-600 AD of a windier and dry cooling climate in central Europe
(Zalat et al., 2018). Perhaps the abandonment of Castro S. Lourenco
during the 5th century AD was a consequence of a similar but earlier
episode.

The vegetation dynamics in the pollen diagram (zone LPZ-4: transi-
tion U4-U5, from a coarser to finer accentuated increase, though with
five pulses of higher energy, Figs. 2 and 6) would correspond to an in-
crease in agricultural activity, also linked to the development of the city
of Braga and its surroundings.

Subzone 4 b (includes a coarser sediment layer, Fig. 2) shows a
decrease of the Pinus plantations (Fig. 6), which may reflect a moment of
socio-political instability that could be linked to the time of the arrival of
the Arabs in the surroundings of Braga.

The period from 900 to 1240 AD had a warm climate and reduced
glacier activity (Wanner et al., 2008). At that time, which corresponds
with the top of the pollen sequence (LPZ-5 pollen zone, inside U5, finer
sediment increase Figs. 2 and 6), the diagram shows a sharp decline in
the Pinus curve, a decrease in the diversity of aquatic species and the
disappearance of several taxa linked to the presence of a freshwater
lagoon (Fig. 7).

This Pinus detriment (Fig. 6) 958-901 cal BP) is contemporary with
the expansion towards the south of the Christian Kingdoms, between the
captures of Braga by King Afonso II (867 AD) and Coimbra by King
Fernando I (1064 AD), which would generate strong instability and the
need for large quantities of wood for the war industry. Therefore, there
would be an intense use of the previously existing Pinus plantations. The
changes relating to the wetland vegetation (Fig. 9) represent a decrease
in the diversity of aquatic species and the disappearance of species
linked to freshwater lagoon environments (Nymphaea, Myriophyllum or
Alisma). This reveals a process of loss of free water sheet and the wetland
conditions. The disappearance is likely related to anthropogenic action.

During the Late Holocene, sedimentation rates were 0.71, 0.31, 4.51
and 2.34 mm/yr (Fig. 8) the highest value obtained in this study,
probably related to increased human action over the landscape. Sedi-
mentation rates in other estuaries are higher (e.g. 22 mm/yr on 3600-
3200 cal BP and 6.0 mm/yr from 3200 cal BP onwards for the Sado and
1.9 mm/yr for the Tagus in the last 3500 cal BP; in Costa et al., 2019).

NAV4 and NAV5 (Figs. 1 and 9) are located in the border of an
incised depression that may correspond to the medieval Fam inlet cited
by Felgueiras (2010). Fam, at least until the 14th century, was an
important site related to salt exploitation (Abreu, 1988), which is
compatible with the Medieval Climatic Optimum.

At least until the 14th century, the importance of Fao was connected
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to salt exploitation. This is cited in documents from the years AD 959 (in
salinense salinas in villa Fano), 1059 (villa cum Salinas), 1111 (Sé de
Braga and the monasteries of Guimaraes and Bouro with interests in the
salinas), and 1153 (salt tax paid to the king). Fisheries (ocean and
fluvial) were also considered in the Inquiricoes of 1258 (Abreu, 1988).

In the 14th century, the toll council (foral da portagem) of Lisbon
referred to Fao as one of the five harbours north of the Douro river,
which means that it still had a connection to the sea. According to a toll
document of D. Fernando (14th cent), Fao (an urban settlement at the
time) had a harbour, probably for fishing boats. Fao was an important
fishery harbour from the 12th century (pescaria de Fao, Felgueiras,
2010).

5.3.4. Medieval (post-14th century)

During the mid 16th century, its decline had begun due largely to
river silting and inlet closing (Felgueiras, 2010), a consequence of LIA in
this area (Granja, 1999).

Esposende (still a lugar at the time) gained importance from the 14th
century and Fao declined. In 1412, king D. Joao I gave privileges to
whomever wanted to live in Fao, which reflects site abandonment. In
1552, Fao would only have two boats while Fam was still represented as
a port on Diogo Homem’s (1558) map (however, this map may not have
depicted up-to-date information). In fact, on Ferndo Alvares Secco’s map
(1580-85) the Cavado mouth had already been mentioned without
navigational interest. The same happens with the maps of Waghenaer
(1580) and Joao Teixeira (1648) (Abreu, 1988). Fao’s decline would be
connected to the beginning of river silting and inlet closing.

Topmost U2 of NAV5 comprises an alternation of median and fine
sands moderately well sorted. NAV4 in its U4 presents an alternation of
median and coarse sands moderately sorted. These units present a
decrease of energy relative to the previous ones (Fig. 10). These sands
probably come from the sea (Figs. 3 and 4). The top could correspond to
the sands covering lands and houses and the silting of the river and the
Fam inlet as referred to in historical texts (e.g. Abreu, 1988; Neiva,
1991; Felgueiras, 2010).

In the second half of the 16th century, with the Cavado silting
worsening, a quay was built to block the river drifting to the North. It
was later destroyed by the sea as described in the report of Priest Manuel
Velho da Costa of 1758 (Losa, 1983). Similarly, all lands on Aptilia were
covered by sands in 1586 (Neiva, 1991).

In 1579, the people of Esposende requested of the king (chancellery
of D. Sebastiao, 1554-1578) the closure of the channels that existed in
the river south of the inlet and its repair to prevent the numerous
shipwrecks (Felgueiras, 2010, 2018). The charter for intervention works
on the quay and the artificial inlet was ordered by the Cardinal-King D.
Henrique in 1579.

In 1634, during the chancellery of Filipe III, the people of Fao fought
against the “silting with sands coming from the beach”. The Fao inlet
would already have been closed due to sands. The mother church, near
the inlet, pounded by the sea, was under serious threat. The place-name
“cangosta dos godos” (meaning narrow and long patch paved with
gravel), located near that church (Fig. 1 C), may indicate that this area
was once part of a gravel bank of the Fao inlet (or the remains of saltpan
floors). This would reinforce the existence of an inlet in this area, a thesis
defended by Felgueiras (2010).

This situation would have remained during the 18th century, as
merchants wrote to Marqués de Pombal about the deterioration of trade
due to inlet obstruction provoked by sands. Another letter from the
Arquivo Histdrico Ultramarino of 1784 (Felgueiras, 2020) pointed to the
decay of Fao due to the great width of the river and sand invasion that
almost buried the roof of the church. They request works in order to
improve the inlet. In 1774, José Champalimaud de Nussane presented a
project for the improvement of the harbour, but it was never realised
(Felgueiras, 2020).

From this time onwards, the Cavado lower reach and inlet positions
would have moved northwards (probably as happened with the Douro
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estuary), where it is presently located. At the beginning of the 20th
century, Esposende, on the right river bank, was a set of mires and swamps
devastated by cattle (Viana, 1928), which means that a wetland (Soares
de Carvalho and Granja, 2003) was still present at the time.

The silting of the Cavado estuary and the new inlet continues to date,
in the absence of improvement works such as those proposed in the
projects of Champalimaud de Nussane and Vilas Boas (Felgueiras,
2020), while the sand spit thins and migrates inland.

6. Conclusions

Multiproxy analyses obtained from three boreholes combined with
historical/archaeological and geomorphological data and previous in-
formation were the basis for the assessment of sedimentation processes
and the environmental evolution of the Cavado palaeoestuary during the
Holocene.

The Early Holocene corresponds to a general increase of energy
related to river infill with reworked former fluvial/marine sediments
and mud coming from soil erosion, under warm and wet conditions and
sea level rise. Two levels of finer sediments, one before 9963 cal BP and
the other after 9680 cal BP may correspond to drier periods. Fluvial
dynamics was much more energetic westwards at Bonanca, exposed at
the border of a channel, than eastwards in a more sheltered area. The
sedimentation rate in this period was 0.36 mm/yr, considerably lower
than in other Portuguese estuaries.

Between 6945 and 4064 cal BP, the existence of a peat characterizes
very quiet conditions on plains. On the top of the peat (NAV1) some thin
layers of poorly sorted sands correspond to events of increased fluvial
dynamics, perhaps related to floods. The pollen data reflect the pre-
dominance of deciduous forests in the landscape and a very scarce
presence of Pinus.

During the Late Holocene, a high energetic event, a sudden marine
flooding, took place over the upper marsh (peat) somewhere between
4159-4064 cal BP and 3277-3148 cal BP. At the same period, pollen data
reveal an intensification in land use and the expansion of agriculture and
settlement. The data also shows the loss of water supply or the desic-
cation of the wetland due to anthropic action. From 3000 cal BP up to
the 5th century AD, the Cavado river had a stable connection to the sea.
During Augustus’ time, the Cavado river was an important Roman an-
chor point, and salt exploitation in the estuary (especially in Fam) was at
its apogee. Regarding these, the expansion of Pinus corresponds to forest
plantations of local Pinus plantations linked to shipbuilding and repair in
a port. These plantations, that begin in the final phase of the Roman
conquest or during the Suevian Kingdom of Gallaecia, correspond to the
oldest pollinic evidence of forest crops in the Iberian Peninsula. The
former active channel (Fam inlet, NAV4 and NAV5) was active at least
until the 14th century. But during the mid 16th century, its decline had
begun due to river silting and inlet closing with sands coming from the
sea, as a consequence of LIA. From this time onwards, the Cavado lower
reach and inlet position would have moved northwards, where it is
presently located. During the Late Holocene, sedimentation rates were
0.71, 0.31, 4.51 and 2.34 mm/yr, the highest value obtained in this
study, probably related to increased human action over the landscape
during Roman occupation.
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