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A B S T R A C T   

The Ría de Ferrol is a confined tide-dominated incised valley in the mesotidal passive Atlantic margin of NW 
Iberia. A new multidisciplinary approach enables a high-resolution reconstruction of the main environmental 
changes affecting this area during the Lateglacial and the Holocene. We defined the main seismic and sedi
mentary facies in the infill and selected different key points to be cored. A number of multiproxy analyses were 
performed on four sections of sediment (sedimentology, X-ray fluorescence, radiocarbon dating and palyno
logical analyses). Physiography exerted a strong control on the evolution of the basin, as a rock-bounded narrow 
channel in the middle of the basin influenced the flooding of the ria during the postglacial marine transgression. 
Depositional environments shifted towards the east as the sea level rose and fluvial facies at the base were 
covered by facies from a tide-dominated estuary, which were predominant during most of the Holocene. Several 
layers of sediments from stagnant freshwater areas dominated by Juncus sp. were recovered at ca. − 20.5 to − 21, 
ca. − 13.1 to − 13.5, − 12.5 to − 12.8 and − 12.1 to − 13.5 m NMMA along the central axis of the embayment, and 
dated to be older than 10190–10290; 10790–10970; 7510–8220 and 7130–7830 cal yr BP. They may respec
tively represent a local stage of lowering sea-level dated at the end of the Lateglacial (i.e. the Younger Dryas), and 
different episodes of deceleration/stabilization of sea-level rise occurred during the early Holocene (i.e. the 11.4, 
10.5, 9.3, 8.2 kyr Henrich events). Thus, for the first time in this region, we were able to generate a high- 
resolution spatial–temporal interpretation of environmental changes linked to the relative sea-level variations 
using subtidal sediments from the same sub-basin (and thus free of substantial/differential post-depositional 
deformations) that describes in detail the flooding of the ancient coastal plains of this region at the beginning 
of the Holocene.   

1. Introduction 

In the actual context of global change and accelerated sea-level rise, 
a good part of the current coastal salt marshes and other associated 
ecosystems are in danger of disappearing, threatened by anthropogenic 
and natural stressors. However, paleo-evidence achieved in estuarine 
systems worldwide suggests that part of these coastal ecosystems have 
already survived other accelerated sea level rises in the past (Crosby 
et al., 2020). Therefore, high-resolution spatial–temporal re
constructions of past changes in estuarine environments may be valu
able tools for modelling, predicting and managing the changes to come 
(Rodríguez et al., 2017; Fagherazzi et al., 2020). 

A first step to perform useful reconstructions is to try to unravel 
global, regional and local forcings and trends. Despite millennial-scale 
models of relative sea level (RSL) show good agreement in different 
locations around the world, some differences exist on centennial time 
scales in the behaviour of the regional sea level and any non-linear sea- 
level fluctuations (e.g. Peltier, 2001). This variability implies that sea- 
level oscillations (i.e. the level of the sea surface without reference to 
the land) are not always equivalent to the level of the sea as observed at 
the coastline, i.e. the RSL. Dissimilarities may be largely attributed to 
different local vertical tectonic movements, eustatic variations and the 
impact of climatic fluctuations on ocean temperature and salinity (e.g. 
Smith et al., 2011). Besides, the regional palaeogeography and 
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palaeobathymetry also may be influential by determining changes in the 
tidal range (Shennan and Horton, 2002; Vink et al., 2007). 

Estuarine wetlands are complex successions of natural habitats 
developed between the freshwater coastal ecosystems and the subtidal 
zone. Therefore, most modern reconstructions of changes in the RSL are 
based on the identification and description of valuable regional sea-level 
index points (SLIPs) in coastal areas. They are preferentially thin datable 
basal peats (frequently ancient estuarine wetlands), intercalated in the 
sedimentary sequences, but practically unaffected by compaction, and 
often interpreted as short-term phases of stillstands or slowdowns 
occurred during long-term phases of sea-level rise (Bungenstock and 
Schäfer, 2009). Besides, SLIPs enable comparisons with other nearby 
points susceptible to compaction (e.g. Gehrels, 1999). 

The estuarine freshwater peats form at approximately the level of 
mean high-water spring tides (MHWST) or above it (Shennan and 
Horton, 2002). Consequently, the age of a freshwater swamp peat is a 
limiting date in that regional RSL must have been at or below the height 
of that peat layer (e.g. Shennan and Horton, 2002). Nevertheless, the 
local occurrence of freshwater peats does not always imply relevant sea- 
level fluctuations, because other local factors related to each basin’s 
sedimentary dynamics (e.g. the total sediment input or some specific 
regional palaeogeographic conditions) can also be relevant. When 
sediment supply exceeds the creation of accommodation space by RSL 
rise, tidal basins will rapidly accrete sediment to high-water levels. As 

tidal inundation becomes less frequent, drainage channels tend to silt 
up, saltmarshes colonize mudflats and, eventually, peat accumulates 
(Baeteman et al., 2011). 

On the other hand, estuarine wetlands are very unstable, being 
permanently threatened by eventual sea-level rises and by changes in 
the input of freshwater and sediment transported from the inland 
catchments to the coast (e.g. Silva et al., 2007; Perillo et al., 2009; 
Paterson et al., 2011; Muñoz Sobrino et al., 2014). During periods of 
rapid subsidence, higher tidal flow velocities and wave energy may 
erode the outer edge of salt marshes and mudflats; and with rising tidal 
levels and enough space available, the temperate coastal wetland hab
itats tend to advance landwards (Pratolongo et al., 2009). Thus, the 
preservation of useful SLIPs on the emerged shorelines may be irregular, 
unpredictable and ephemeral (e.g. Gómez-Orellana et al., 2021); and, 
consequently, the reconstruction of rapid successional changes affecting 
local or regional coastal wetlands may be sometimes complicated. 
Identifying short (centennial, decadal) episodes of deceleration (or even 
minor declines) of RSL may be particularly obscured when occurred 
inside longer cycles of fast sea-level rise, e.g. the last deglaciation and 
the early Holocene. Finally, reconstructions performed using different 
regional SLIPs located on different limnetic contexts may be imprecise 
because of the difficulty to quantify/correlate other important inter
vening factors such as compaction, neotectonic and palaeotidal range (e. 
g. Alonso and Pagés, 2010). 

Fig. 1. (A) Location of the study area, showing seismic tracklines and vibro/gravity core positioning: VC7, CGPX, CGP2 and VC3. (B) Map with the emerged geology 
of the Ría de Ferrol, showing the selected seismic profiles to illustrate architectural elements. Situation of other regional sites discussed in the text: (1) Martínez- 
Carreño and García-Gil (2017), García-Moreiras et al. (2015, 2019a), Muñoz Sobrino et al. (2007, 2016, 2018); (2) Sáez et al. (2018); (3) García-Moreiras et al. 
(2019b); (4) Gómez-Orellana et al. (2021); (5) Iriarte-Chiapusso et al. (2016), Muñoz Sobrino et al. (2005, 2007, 2009); (6) Muñoz Sobrino et al., (2001, 2007); 
Iriarte-Chiapusso et al. (2016); (7) Muñoz Sobrino et al. (2013), Heiri et al. (2014). 
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Alternatively, some multi-decadal to centennial sea-level fluctua
tions on different time scales may also be preserved in the subtidal 
coastal palaeo-records of deltaic regions (e.g. Kearney, 2001; Behre, 
2007; García-Gil et al., 2011; Smith et al., 2011; Muñoz Sobrino et al., 
2018; García-Moreiras et al., 2019a, 2019b). Particularly, incised val
leys (e.g. Boyd et al., 2006) are stratigraphic entities that in the context 
of coastal systems form in response to a regional decrease in RSL, and 
develop under two fairly distinct phases: one dominated by fluvial 
processes during valley incision, and another influenced by fluvial, 
estuarine, and marine processes during subsequent infilling of the val
ley. Galician rias are submerged incised valleys located on the NW coast 
of the Iberian Peninsula (Fig. 1A). Their sedimentary infill has been 
recently demonstrated to be result of multiple cycles of incision and 
deposition (Martínez-Carreño and García-Gil, 2017; Muñoz Sobrino 
et al., 2018; García-Moreiras et al., 2019a; Cartelle et al., 2019). Besides, 
incised valleys may record high-frequency climatic fluctuations and 
extreme events (e.g. Troiani et al., 2011; Sorrel et al., 2012; Baltzer 
et al., 2014; Poirier et al., 2017) that became especially important when 
the rate of relative sea-level rise decreased after 6000–5000 yr BP as 
local factors played a more significant role in coastal evolution (e.g. Goy 
et al., 1996; Bao et al., 1999; Muñoz Sobrino et al., 2012, 2014, 2016; 
García-Moreiras et al., 2018). 

Sediment stacked during those cycles may include evidence of 
different ecosystems (subtidal, mudflats, low marsh, high marsh, 
freshwater peat, etc), but their spatial distributions and rapid temporal 
changes can hardly be reconstructed using geophysical evidence. Ana
lyses of the sediment content in pollen, dinoflagellate cysts and other 
non-pollen palynomorphs (NPP) assist in obtaining a better character
ization of sedimentary environments. Nevertheless, some types of 
coastal habitats (e.g. rush or sedge ecosystems) can be challenging to 
detect by microremain analyses because they usually lack a clear 
distinctive signal (e.g. Marsh and Cohen, 2008; García-Moreiras et al., 
2015). 

X-ray fluorescence (XRF) analysers provide the elemental composi
tion of a wide range of environmental materials (e.g. Boyle, 2000), and 
XRF data enable to address sedimentological facies and textural char
acteristics of sediments. In mixed sediments, these methods allows 
discriminating between autochthonous and allochthonous inputs. 
Therefore, XRF has been used with different goals, frequently combined 
with pollen data and other proxies, in both continental (e.g. Turner 
et al., 2015), fluvial (e.g. Dupont and Kuhlmann, 2017), marine (e.g. 
Zhao et al., 2019) and coastal (e.g. Emmanouilidis et al., 2020) sedi
mentary systems. But as far as we know, XRF-data and pollen evidence 
have never been combined before to detect the spatial–temporal 
changes of several salt marsh communities (rushes, sedges) that usually 
only leave feeble signals in the sedimentary record. 

Here we present and discuss the results of a multiproxy approach that 
combines seismic profiles and sedimentary sequences obtained from a 
subtidal area of an inner embayment in the Ria de Ferrol, NW Iberia 
(Fig. 1). The new methodology proposed (analyses of microremains 
combined with XRF data) allows better differentiation between subtidal 
environments, mudflats, salt marshes and estuarine freshwater swamps. 
Thus, the new data obtained serve to advance in the development of the 
seismic interpretation of sedimentary fills (previously performed by 
Cartelle et al., 2019) by increasing the spatial–temporal resolution and 
other environmental details relative to the uppermost seismic facies in 
the basin. Four organic-rich sections (VC7, GC2X, GC2P, VC3; Fig. 1) 
from the subtidal zone are studied, revealing several rapid regional os
cillations in the RSL during the Lateglacial-Holocene transition. This 
evidence is compared with other multiproxy studies in NW Iberia (e.g. 
Muñoz obrino et al., 2013, 2018; Sáez et al., 2018; García-Moreiras 
et al., 2019a, 2019b; Gómez-Orellana et al., 2021) that can support a 
more comprehensive interpretation of the main changes affecting the 
regional climate, hydrology and vegetation, especially from the end of 
the Last Glacial Maximum (LGM) to the Holocene Climatic Optimum. 
Besides, environmental changes reconstructed at the seashore may also 

contribute to explain the dynamics observed in the nearby coastal 
mountains (e.g. Muñoz Sobrino et al., 2005, 2009; Iriarte-Chiapusso 
et al., 2016). 

2. Study area 

2.1. Ría de Ferrol: Geography and geological context 

Galician rias are located on the eastern passive Atlantic margin of 
Galicia (NW Iberia) and comprise both the Rías Altas to the north of Cape 
Finisterre and the Rías Baixas to the south (Fig. 1). The Ría de Ferrol 
(RdF, total area of 21 km2) forms part of the Ártabro Gulf together with 
the rias of A Coruña and Ares-Betanzos (Fig. 1). Currently, the RdF is 
protected from swell and storm events by its morphology and ENE–WSW 
orientation, although three main physiographic areas can be distin
guished inside it (Fig. 1): a) a NE-SW-oriented outer sector that connects 
the ria to the mouth of the Ártabro Gulf; b) a 2.7 km long, 0.5 km wide 
channel (Ferrol Strait) connecting the outer and inner sectors; and c) an 
inner sector that begins with an E-W orientation but changes to NE-SW 
in several small bays appearing in its innermost part. 

Water depths in RdF vary from <5 m in its innermost area to 35 m 
near its mouth, with an average depth of 20 m in the strait (Fig. 1). The 
main freshwater inputs to RdF are the Xubia and Belelle rivers, both 
discharging a total mean of 6 m3s− 1 (deCastro et al., 2004) in the 
innermost sector. Besides, other minor freshwater streams also flow into 
the middle parts. Biogenic sands and gravels mainly dominate the 
seabed sediments of the outer and strait sectors, while the highly organic 
mud fraction reaches 20% in the inner sector (Cobelo-Garcıá and Prego, 
2004). 

The geology of the Galician coast is characterized by granites and 
Palaeozoic sedimentary rocks metamorphosed during the Variscan 
orogeny. These rocks form alternating bands cut by NE-SW, N-S and NW- 
SE faults (IGME, 1981). The outer sector and the strait of the RdF 
(Fig. 1B) are placed within an NNE–SSW band of granitic rocks (mainly 
granodiorites and orthogneisses), and the inner sector is located within 
the uppermost units of the Ordenes Complex (gneisses, amphibolites and 
gabbros). Sandy and silty sediments from rivers, beaches and coastal 
dunes are the main Quaternary deposits (IGME, 1981). 

2.2. Climate, oceanography and tides 

The main synoptic weather types in NW Iberia results from a com
bination of the North Hemisphere Annular Mode (NAM) and different 
large-scale atmospheric modes, namely the North Atlantic Oscillation 
(NAO), the Eastern Atlantic (EA), the Eastern Atlantic/Western Russia 
(EA/WR), and the Scandinavian Pattern (SCA). Most rainfall throughout 
the year can be explained by cyclonic, western and south-western 
weather types. A positive NAO index greatly reduces the occurrence of 
cyclonic weather in winter, but the EA mode has a positive annual 
correlation with W and SW weather types that produce increasing 
rainfall in spring, summer and autumn (e.g. Lorenzo et al., 2008). 

All the Iberian Atlantic shore (Fig. 1A) is situated at the northern 
margin of the NW African coastal upwelling system and is under the 
influence of the Eastern North Atlantic Central Water (ENACW). 
Therefore, the influence of upwelling is intense on most of the western 
Iberian coast, where observed sea-surface temperatures (SST) trends are 
related to changes in upwelling dynamics or in radiative or atmospheric 
heat fluxes (Alvarez et al., 2011; Alves and Miranda 2013). The Portugal 
Current System (PCS) flowing towards the Equator in summer and to
wards the Arctic in winter dominates the surface offshore western Ibe
rian waters (Sprangers et al., 2004; Otero et al., 2008). Two ENACW 
branches flow under the PCS, namely the subtropical (ENACWst) and 
subpolar (ENACWsp) waters. The Mediterranean Water (MW), highly 
saline and relatively warm, flows northwards between ca. 550–1600 m 
depth and along the Iberian coast. The deepest waters offshore are 
nutrient-rich and oxygen-poor bottom masses, like the North Atlantic 
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Deep Water (NADW) and the lower-saline Labrador Sea Water (LSW) (e. 
g. Muñoz Sobrino et al., 2014; García-Moreiras et al., 2018). 

Tides in the RdF is mesotidal and semidiurnal, with amplitudes 
ranging from 1.5 m (neap tides) to 4.0 m (spring tides). Hydrodynamics 
are strongly influenced by the particular physiography of the ria, making 
it different to the rest of the Galician rias. While the Rías Baixas (Fig. 1A) 
are generally stratified with a circulation pattern in two layers (Barton 
et al., 2015), only the inner sector in the RdF is partially stratified. In the 
RdF, water circulation is mainly controlled by tides, as the tidal prism 
represents up to 30% of the ria volume (deCastro et al., 2003), and the 
strait and outer sectors are well mixed due to high tidal velocities 
(deCastro et al., 2004). Another critical difference is that most of the 
other Galician rias are frequently affected by upwelling events (Fraga, 
1981; Gómez-Gesteira et al., 2001; Prego et al., 2001; Barton et al., 
2015), but those in the Ártabro Gulf remain isolated from upwelled 
waters (Prego and Varela, 1998). 

2.3. Climate and RSL between the LGM and the Early-Holocene 

The climatic pattern over the North Atlantic described above become 
probably disrupted during the LGM (e.g. Justino and Peltier, 2005) and 
substantially modified during the Lateglacial and the Early Holocene (e. 
g. Muñoz Sobrino et al., 2013; Matero et al., 2017; Rea et al., 2020). 
These changes also affected the coastal upwelling systems (e.g. 
Abrantes, 1991; García-Moreiras et al., 2019a, 2019b), and evidence 
(van der Knaap and van Leeuwen, 1997; Roucoux et al., 2001; Muñoz 
Sobrino et al., 2005, 2009, 2013; Iriarte-Chiapusso et al., 2016) suggests 
that marine changing conditions also contribute to govern the post
glacial vegetation dynamics inland. 

Evidence of rapid climate variability between ca. 14.7–8.0 kyr BP 
over the North Atlantic (e.g. Moreno et al., 2014; Heiri et al., 2014; 
Wanner et al., 2015) and NW Iberia (e.g. Muñoz Sobrino et al., 2013; 
Iriarte-Chiapusso et al., 2016; García-Moreiras et al., 2019b), includes 
two notable periods of cool temperatures before (Oldest Dryas, GS2a: 
>14640 cal yr BP) and after (Younger Dryas, GS-1: 12730–11650 cal yr 
BP) the Lateglacial Interstadial (GI1: 14640–12730 cal yr BP); and also 
several short regional colder events during the GI1 and the Early- 
Holocene: Older Dryas (GI-1d: 14250–14050 cal yr BP), La Roya-I (GI- 
1c2: 13600–13400 cal yr BP), La Roya-II (GI-1b: 13300–12900 cal yr 
BP), 11.4 event (11400–11100 cal yr BP), 10.5 event (10290–10240 cal 
yr BP), 9.3 event (9260–9230 cal yr BP) and 8.2 event (8360–8050 cal yr 
BP). Most of them were probably connected to the advection of south
ward and eastward drifting surface water from the Nordic and Labrador 
Seas, which gave rise to century-scale cold relapses (Bond events) in the 
North Atlantic and European regions (Bond et al., 1997). 

These postglacial climate oscillations modified the volume of conti
nental ice and changed the sea level. The data available in NW Iberia (e. 
g. Dias et al., 2000; Leorri et al., 2013; Martínez-Carreño and García-Gil, 
2017) point to a phase of rapid increase of the sea level, from 130 m bmsl 
(below modern sea-level) at the LGM to about 26 m bmsl at the begin
ning of the Holocene (11.2–9.4 cal kyr BP). Between 9.4 and 6.8 cal kyr 
BP the sea level rose up to 5 m bmsl, and then (6.8–4.2 cal. ka BP) 
stabilized. The last stage of relative sea-level rise occurred between 4.2 
and 0 cal ka BP. 

3. Methodology 

3.1. Seismic surveys and coring 

Seismic data and cores presented were obtained during two surveys 
(ECOMER14 and ECOMER15) developed from 2014 to 2015 on-board 
the R/V Mytilus (Consejo Superior de Investigación Científica) and the 
Amarradores Mil (Amarradores del Puerto y Ría de Ferrol, S.L.), 
respectively. Up to 105.8 km of high-resolution seismic records were 
acquired covering the outer and inner sectors (Fig. 1A). Besides, several 
gravity cores and vibro-cores were recovered from selected sites 

(Fig. 1A; see details in Cartelle et al., 2019). Sedimentary and other 
multiproxy data discussed here only corresponds to four selected sec
tions of sediment located in the innermost part of the RdF (Fig. 1A; 
Table 1). Both the gravity and vibro-corer used consisted of a 4-m long, 
9-cm diameter steel core barrel. The depth of the cores and samples is 
referred to the NMMA (the mean sea level in Alicante), which is the 
Spanish orthometric datum defined on the Mediterranean coast. The 
reference level of NMMA is 0.29 m below local modern mean sea level in 
the RdF. 

The seismic data were acquired using a ‘modified Boomer’, with a 
single Boomer source (AAE CSP 300 and AA200) and two receivers (the 
ceramics of a sub-bottom profiler and a single channel streamer). A 
differential global positioning system (dGPS) using an AgGPS 132 
receiver were used for positioning (error < 1 m). Seismic profiles were 
integrated into IHS Kingdom Suite software for interpretation. 

3.2. Grain size and geochemical analyses 

Sediment cores were split lengthwise in the laboratory, described 
and sampled for analysis. Detailed information about these analyses is 
available in Cartelle et al. (2019). All of the analyses were performed in 
the CACTI laboratory (Universidade de Vigo). One half was subjected to 
non-destructive analysis using an ITRAX core scanner providing X-ray 
fluorescence (XRF) elemental data. Particle size distribution was char
acterized by laser diffraction and the results were classified following 
the nomenclature of Wentworth (1922). 

3.3. Chronologies 

When possible, well-preserved articulated valves without signatures 
of reworking were selected for radiocarbon dating, but on occasion, 
small remains of wood and very organic bulk sediment from some 
location free of biogas (see Muñoz Sobrino et al., 2014) were also used 
(Table 2). The analyses were performed at Beta Analytic Laboratory in 
Miami, USA. All radiocarbon dates are given in calibrated years before 
present (cal yr BP) after calibration using CALIB 8.2 (Stuiver et al., 
2020). For bivalve and gastropod shells, the Marine20 radiocarbon 
calibration curve was used (Heaton et al., 2020), with a minor local 
reservoir correction (Soares and Dias, 2007; see Table 2) because the 
area is not affected by older upwelled waters or 14C depleted surface 
runoff, as the drainage basin lacks carbonate rocks. For wood material, 
the IntCal20 database was used (Reimer et al., 2020). Finally, the mixed 
Marine & NH Atmosphere (50:50) of calibration of Stuiver et al. (2020) 
was used to date on bulk sediment (see Muñoz Sobrino et al., 2014). 
Pollen-inferred ages for the onset of the Lateglacial Interstadial, the 
onset and end of the Younger Dryas (YD), and the onset of other well- 
recognised regionally dated cold-events (namely 11.4 ka, 9.3 ka, and 
8.2 ka) were also used when possible (Table 3 Rasmussen et al., 2014), 
to develop comparable spline. Finally, for the most recent periods, other 
chronological inferences could be made from the results of the XRF 
analyses and the interpretation of selected pollen curves (Fig. 4 and 
Table 3; see discussion). 

3.4. Integration of seismic and sedimentary facies 

Seismic data follows Cartelle et al. (2019) and were interpreted ac
cording to the basic principles of seismic stratigraphy (e.g. Mitchum 
et al., 1977). The sediment cores were tied to seismic records, allowing 
facies and radiocarbon dates to be correlated with seismic units (Figs. 2 
and 3). Core compaction was corrected by calculating the ratio between 
total corer penetration and core recovery (Table 1). A sound velocity of 
1500 ms− 1 for saltwater and 1600 ms− 1 for unconsolidated sediments 
was assumed for time to depth conversion (Hamilton, 1980; Hamilton 
and Bachman, 1982). 

C. Muñoz Sobrino et al.                                                                                                                                                                                                                       



Catena 209 (2022) 105847

5

3.5. Pollen, dinoflagellate cysts and NPP 

Palynological analyses were performed on selected sections of sedi
ment (Table 1) obtained from two gravity cores (GC2P: 0–240 cm; 
GC2X: 200–285 cm) and two vibro-cores (VC3: 160–325 cm; VC7: 
60–220 cm). Pollen samples of 1 or 3 cm3 of fresh sediment were pre
pared using HCl + HF treatment (Moore et al., 1991). Coarse (>250 
mm) and fine (<10 mm) fraction sediments were eliminated by sieving. 
Most of the core sections were subsampled at regular 10-cm intervals, 
but higher resolution was obtained in key parts of the sequences 
(sampled at 2-, 3-, 4-, 5- or 6-cm intervals). All samples were spiked with 
Lycopodium spores for absolute palynomorph estimation. The slides 
were mounted in glycerol and analysed using a Nikon B50 microscope at 
400 and 600x magnifications. 

A total of 87 samples were analysed, 42 corresponding to the entire 
GC2P core, with other 21, 14 and 9, respectively, from the different 
complementary sections studied in cores VC7, GC2X and VC3. A mean of 
256 grains of pollen was counted per each GC2P sample (minimum 19, 
maximum 366), but four of them show low pollen concentrations and 
therefore result in poor (<90 grain) or very poor (<20 grains) pollen 
counts. The total pollen sum for the VC7 samples studied ranges between 
53 and 401 (204 on average) and between 108 and 567 (308 on average) 
for GC2X samples. Finally, most of VC3 samples had low pollen con
centration and pollen diversity. Dinoflagellate cysts content was low in 
most samples but notably increases in the uppermost 130 cm of the core 
GC2P. The percentages of the different types of dinoflagellate cysts 
(identified groups follow Zonneveld et al., 2013) were calculated in 
relation to the total dinoflagellate cysts count. Total pollen and dino
flagellate cysts sums are shown (Figs. 5, 6, 7 and 8) to assess percentage 

reliability. 
Non-pollen palynomorph (NPP) percentages, including mainly 

microforaminiferal linings (Stancliffe, 2002) and fungal and fresh/ 
brackish-water algae remains (van Geel et al., 1989; van Geel, 2003), 
were based on total pollen plus NPP. Finally, the ratio of dinoflagellate 
cyst concentrations to pollen, fern spore and dinoflagellate cyst con
centrations (D/P ratio, ranging between 0 and 1; modified as the 
inversed ratio used by McCarthy and Mudie, 1998) was calculated for 
each sample to show the temporal variation. TILIA 2.6.1 software 
(Grimm 1990–2019) was used to process the data and prepare the dia
grams. All the pollen records were independently zoned using a con
strained incremental sum of squares (CONISS) cluster analysis with 
Euclidian distance (Figs. 5 to 8). Due to the scarce cyst content of most of 
the sediment sections studied, their dinoflagellate records were not 
independently zoned, but their main changes are discussed following 
their local pollen assemblage zonation (LPAZ). 

4. Results 

4.1. High-resolution seismic reconstruction of the RdF inner sub-basin 

The complete seismic architecture and the facies of the seismic units 
identified in the RdF have been previously described in detail by Cartelle 
et al. (2019). The three uppermost seismic units (U5, U6, U7) encompass 
the most recent sedimentary package in the inner RdF sub-basin, which 
are studied in more detail here (Fig. 2AB). Unit U5 is very thin (usually 
< 3 ms two-way travel-time [TWT]) and rests directly above the rocky 
basement, usually deposited in basement lows, and increases in thick
ness landward (Cartelle et al., 2019). U5 mainly corresponds to large- to 

Table 1 
Cores studied in the Ría de Ferrol, indicating position, length, water depth, the seismic units recovered and the sections in which multiproxy analyses have been made. 
Water depth is expressed as m NMMA corresponds to the differences respect to the mean sea level in Alicante, i.e., the Spanish orthometric datum.  

Core Survey Position (UTM) Laboratory 
length (m) 

Water depth (m 
NMMA) 

Seismic units 
recovered 

Grain size and 
geochemical analysis 

ITRAX Pollen analyses 
sections (cm)   

X Y       

GC2X ECOMER- 
2014 

563962,5 4813236,3  2.87 − 10.7 U7/U6 YES YES 200–285 

GC2P ECOMER- 
2014 

563929,017 4813222,13  2.44 − 10.5 U7/U6 YES YES 0–236 

VC3 ECOMER- 
2015 

564861,1 4813525,3  3.35 − 10.3 U7/U6 YES YES 160–325 

VC7 ECOMER- 
2015 

560721,4 4812982,5  2.26 − 18.8 U7/U6 YES YES 60–220  

Table 2 
Details of all the radiocarbon dates obtained for the cored studied. All radiocarbon dates are given in calibrated years before present (cal yr BP) after calibration using 
CALIB 8.2 (Stuiver et al., 2020). For bivalve and gastropod shells, the Marine20 radiocarbon calibration curve was used (Heaton et al., 2020), with a minor a local 
reservoir correction (Weighted Mean ΔR = 12; Uncertainity = 163) calculated from the 10 closest data available in Stuiver et al. (2020). For wood material, the 
IntCal20 database was used (Reimer et al., 2020), and the mixed Marine & NH Atmosphere (50:50) of calibration of Stuiver et al. (2020) was used to date on bulk 
sediment (see Muñoz Sobrino et al., 2014).  

Core Depth in core 
(cm) 

Lab 
reference 

Material dated Conventional Radiocarbon 
Age 

d13C d18O Median 
proability 

2 sigma calibration (Calib) 

VC7 41–42 Beta-438689 Bivalve 1140 ± 30 BP 1,7 1,2 552 239–901 MARINE20 
VC7 90–92 Beta-438691 Bivalve 8230 ± 30 BP − 0,5 0,3 8560 8161–9001 MARINE20 
VC7 165–166 Beta-505682 Marine Organic 

Sediment 
9090 +/- 30 BP − 26.8  10,237 10193–10290 INTCAL20 

GC2X 119–121 Beta-408228 Bivalve 1580 ± 30 BP 1,4 – 961 629–1300 MARINE20 
GC2X 184 Beta-421899 Gastropod 6510 ± 30 BP 0,5 – 6771 6377–7165 MARINE20 
GC2X 218–220 Beta-408233 Bivalve 7630 ± 30 BP 0,2 – 7899 7562–8274 MARINE20 
GC2X 238 Beta-408234 Charred wood 9630 ± 30 BP − 25,2  10,950 10790–10966 INTCAL20 
GC2P 129–130 Beta-438692 Bivalve 6360 ± 30 BP − 0,5 0,3 6603 6220–7002 MARINE20 
GC2P 136–138 Beta-438690 Bivalve 1480 ± 30 BP 0,6 0,2 864 544–1214 MARINE20 
GC2P 167–168 Beta-438694 Bivalve 7320 ± 30 BP 1 0,9 7600 7265–7937 MARINE20 
GC2P 185–186 Beta-438695 Bivalve 7590 ± 30 BP 1,4 1,1 7858 7507–8217 MARINE20 
VC3 54 Beta-421912 Bivalve 6640 ± 30 BP 1,4 1,6 6916 6516–7293 MARINE20 
VC3 105 Beta-421904 Bivalve 6900 ± 30 BP 1,3 1 7189 6808–7539 MARINE20 
VC3 135 Beta-421901 Bivalve 7180 ± 30 BP 1 0,9 7466 7130–7826 MARINE20  
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medium-scale low-sinuosity fluvial channels generally characterized by 
chaotic seismic facies but sometimes displaying a complex internal 
structure representing different types of bars (transverse, medial and 
longitudinal bars) within the channels (Fig. 2). 

Unit U6 rests above unconformity D5 (Fig. 2), being generally thicker 
than U5 but disappearing in the axis of the east-inner sector, where it is 
deeply eroded by disconformity D6. Deposits of this unit mainly corre
spond to large-scale estuarine channel fills to the west and tidal mudflats 
in the margins dissected by small-scale tidal channels. Some thin sheet- 
like floodplain deposits are also preserved at the base of the unit, mainly 
to the southeast margin of the inner sector (Fig. 2). The lowermost part 
of seismic unit U6 was dated to be ca. 10790–11170 cal yr BP, and its top 
at ca. 5755–5940 cal yr BP (Cartelle et al., 2019). 

Unit U7 is the youngest and most extensive, distinguished in the 
entire sector and affected by acoustic blanking areas (Cartelle et al., 
2019). As part of this unit, tidal bars are dominant to the west and close 
to the strait (Fig. 1), while medium-scale estuarine channel fills appear 
in the axis covered by a sheet of muddy marine sediments (Fig. 2). 

Towards the innermost part, in the east, a small subaqueous fan deposit 
(bayhead delta) is also preserved. All dates available for U7 are younger 
than 3670–3860 cal yr BP, but most of the contacts (disconformity D6) 
between U6 and U7 are abrupt, including discontinuities that extent 
since before 6000 cal yr BP until the historical period (Cartelle et al., 
2019). 

4.2. Sedimentology of the core sections selected 

Sediment core (Table 1) retrieval was successful in the inner sector at 
selected sites (Fig. 1A) along the seismic profiles, providing insight into 
the sedimentary facies of the seismic units and allowing establishing the 
chronostratigraphic framework. Cores recovered the two youngest 
seismic units, U6 and U7. Core logs are presented in Fig. 3. 

Core VC7 (Fig. 3) is 2.26 m in length and was recovered at a water 
depth of − 18.8 m NMMA in the west of the inner sector (Table 1, 
Fig. 1A). The basal facies correspond to seismic unit U6 and are 
composed of two fining-upwards facies successions. The lower package 

Table 3 
Chronological benchmarks used to build the age-depth models showed in Fig. 4, including radiocarbon dates (see details in Table 2), pollen inferences (Muñoz Sobrino 
et al., 2007, 2012, 2014, 2016; Iriarte-Chiapusso et al., 2016; García-Moreiras et al., 2019b) and X-ray fluorescence evidence (Moreno et al., 2015). All dates are given 
in calibrated years before present (cal yr BP). Error range assumed for radiocarbon dates corresponds to two the sigma calibration (Calib). See discussion for details. (*) 
Rio das Furnas 2 (RF2) corresponds to site 5 in Fig. 1. (**) Both depths have been exchanged (see Table 2) to avoid inversions in the age-depth curves and to estimate 
the time interval to which the hiatus could correspond. This type of inversions may be expected in the levels of erosion related to the seismic disconformities (see the 
text).  

Core Ner ( 
Fig. 4) 

Depth 
(cm) 

Type Age Error range Calibration 
curve 

Events References 

VC7 1 0.5 Surface − 60 − 56/− 64    
VC7 2 25 Br 270 235/305  Mounder Minimum Moreno et al., 2015 
VC7 3 41.5 14C 552 239/901 MARINE20   
VC/ 4 61 14C/Pollen 

stratigraphy 
8257 8072/8356 INTCAL20 8.2 event dated in RF2 

(*) 
Iriarte-Chiapusso et al., 2016. 

VC7 5 90.5 14C 8560 8161/9001 MARINE20   
VC7 6 165.5 14C 10,237 10,193/ 

10,290 
INTCAL20   

VC7 7 172 Pollen stratigraphy 10,500 10,237/ 
10,290 

INTCAL20 10.5 event García-Moreiras et al., 2019b 

VC7 8 192 Pollen stratigraphy 11,400 10,483/ 
10,735 

INTCAL20 11.4 event Iriarte-Chiapusso et al., 2016. 

VC7 9 215 Pollen stratigraphy 11,650 11,487/ 
11,733 

INTCAL20 Holocene onset Iriarte-Chiapusso et al., 2016. 

GC2X 10 0.5 Surface − 60 − 56/− 64    
GC2X 11 120 14C 961 629/1300 MARINE20   
GC2X 12 184 14C 6771 6377/7165 MARINE20   
GC2X 13 219 14C 7899 7562/8274 MARINE20   
GC2X 14 235 14C/Pollen 

stratigraphy 
8257 8072/8356 INTCAL20 8.2 event dated in RF2 

(*) 
Iriarte-Chiapusso et al., 2016. 

GC2X 15 236 Pollen stratigraphy 10,500 10,237/ 
10,290 

INTCAL20 10.5 event García-Moreiras et al., 2019b 

GC2X 16 238 14C 10,950 10,790/ 
10,966 

INTCAL20   

GC2X 17 276 Pollen stratigraphy 11,400 10,483/ 
10,735 

INTCAL20 11.4 event Iriarte-Chiapusso et al., 2016 

GC2P 18 0.5 Surface − 60 − 56/− 64    
GC2P 19 31 Pollen stratigraphy − 10 − 20/10  Repulations with 

Eucalyptus 
Muñoz Sobrino et al., 2007, 2012, 
2014, 2016 

GC2P 20 71 Pollen stratigraphy 230 220/240  Repulations with Pinus Muñoz Sobrino et al., 2007, 2012, 
2014, 2016 

GC2P 21 73 Br 270 235/305  Mounder Minimum Moreno et al., 2015 
GC2P 22 137(**) 14C 864 544/1214 MARINE20   
GC2P 23 129.5 (**) 14C 6603 6220/7002 MARINE20   
GC2P 24 167.5 14C 7600 7265/7937 MARINE20   
GC2P 25 185.5 14C 7858 7507/8217 MARINE20   
GC2P 26 221 14C/Pollen 

stratigraphy 
8257 8072/8356 INTCAL20 8.2 event dated in RF2 

(*) 
Iriarte-Chiapusso et al., 2016. 

VC3 27 54 14C 6916 6516/7293 MARINE20   
VC3 28 105 14C 7189 6808/7539 MARINE20   
VC3 29 135 14C 7466 7130/7826 MARINE20   
VC3 30 202 14C/Pollen 

stratigraphy 
8257 8072/8356 INTCAL20 8.2 event dated in RF2 

(*) 
Iriarte-Chiapusso et al., 2016. 

VC3 31 321 Pollen stratigraphy 10,500 10,237/ 
10,290 

INTCAL20 10.5 event García-Moreiras et al., 2019b  
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(226–92 cm) corresponds to siliciclastic sediment, grading from rounded 
gravels (centile 5 cm) at the base (up to 85% gravel) to laminated sandy 
silt at the top (>50% silt and <30% sand), rich in organic matter with 
abundant vegetal remains and small bioclastic fragments in the upper 
23 cm. The upper package (92–65 cm) begins with a basal lag of bio
clastic gravels (3 cm thick) transitioning to laminated silty sand (>75% 
of sand) with abundant shell fragments. The upper section of the core 
corresponds to seismic unit U7. The lower package consists of bioclastic 
gravels (65–43 cm, with abundant oyster shells) with a muddy sand 
matrix, showing low-angle lamination and a sharp basal erosive contact 
that coincides with disconformity D6. The upper package (43–0 cm) is 
bioturbated sandy sediment with increasing silt and clay percentages 
towards its top. 

Core GC2X (Fig. 3) is 2.87 m long and was recovered at a water 
depth of − 10.7 m NMMA in the southern margin of the east of the inner 
sector (Table 1, Fig. 1A). It reaches the lowermost part of U6, which 
consists of laminated muddy facies (287–237 cm), mainly composed of 
clay and silt (>75% mud), rich in vegetal remains and with no car
bonate. This facies is light grey to slightly green and became quickly 
oxidized, turning to ochre once exposed to air. The above package 
(237–155 cm) is characterized by interbedded deposits of laminated 
sandy silt (≈70% silt, ≈10-30% sand) and bioclastic gravels (shell 
fragments). The upper section of the core recovers seismic unit U7, with 
a sharp and erosive basal contact that coincides with surface D6 from 
seismic data. The facies succession shows a fining-upwards trend with a 
package (155–129 cm) of bioclastic gravels (up to 3 cm and high 

abundance of oysters) matrix-supported by sand and silt, overlain by 
highly bioturbated silty sediment (65–75% silt) with increasing per
centages of clay towards the top. 

Core GC2P (Fig. 3) is 2.41 m long and was recovered at a depth of 
− 10.5 m NMMA at the southern margin of the east inner sector (Table 1; 
Fig. 1A). Cores GC2P and GC2X are recovered at less than 36 m from 
each other, and the facies sucession is similar but involving slightly 
different depth ranges. The lower section of the core recovered seismic 
unit U6 where two facies associations are distinguished, a lower package 
(241–200 cm) of laminated grey mud rich in vegetal remains and lacking 
carbonate, passing upwards (200–146 cm) to interbedded deposits of 
laminated sandy silt and bioclastic gravels (shell fragments). The upper 
section of the core recovered seismic unit U7 with a basal erosive contact 
corresponding to surface D6 from seismic records. The facies succession 
shows a fining-upwards trend with a package (146–132 cm) of bioclastic 
gravels matrix supported by sand and silt, overlain (132–0 cm) by 
slightly bioturbated silty sediment with increasing percentages of clay 
towards the top. 

Core VC3 (Fig. 3) was retrieved at a water depth of − 10.3 m NMMA 
from the eastern part of the inner sector and had a length of 3.35 m 
(Table 1, Fig. 1C). The lower section of the core recovers seismic unit U6, 
where three facies associations are distinguished. The lower package 
(335–145 cm) corresponds to laminated grey to greenish mud lacking 
carbonate that quickly oxidizes once exposed to the air. This package 
displays embedded black-coloured organic clasts and rounded silici
clastic gravels (up to 1.5 cm of diameter). Above a fining upwards facies 

Fig. 2. Seismic records and interpretation sketches in the innermost bay of Ría de Ferrol, showing the identified seismic units (U5 to U7) and their bounding surfaces 
(D5-transgressive surface, D6-tidal ravinement surface). The preserved architectural elements are also indicated. (A) Seismic profile showing the location of cores 
GC2X and GC2P. (B) Seismic profile showing the location of core VC7. Seismic notation from Cartelle and García-Gil (2019). TWT: two-way traveltime. 
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succession (145–122 cm) is distinguished with basal rounded silici
clastic gravels (centile 5 cm) in a matrix of grey silt and sand; passing to 
grain-supported siliciclastic gravels (centile 1 cm), sub-rounded and 
medium selected with cm-scale bioclastic fragment in a matrix of sand; 
and finally grey mud with high water content. The above package 
(122–50 cm) corresponds to laminated sandy silt with some interbedded 
layers of bioclastic gravel-sized fragments. The top of this package dis
plays a sharp contact due to dredging activities in the area, and the 
upper section of the core (50–0 cm) corresponds to the most recent 
sedimentation of seismic unit U7, characterized by dark bioturbated 
sandy silt. 

4.3. Pollen analyses 

The synthesis of the main results presented for each section studied 
includes the main pollen and NPP percentages (Fig. 5A, 6A, 7A and 8A) 
and concentrations (Fig. 5B, 6B, 7B and 8B), and the absolute abun
dances of the main dinoflagellate cysts types (Fig. 5C, 6C and 7C). 

VC7 (60–220 cm) The 21 samples studied extent from before 10,200 
to after 8500 cal yr BP, and can be divided in three main LPAZs, some of 
them also including subzones (Fig. 5). 

LPAZ-1: This is the local pollen zone with the lowest concentration of 
palynomorphs of this section. Total tree pollen (AP) is consistently low 
in this zone, which is dominated by Poaceae, Compositae (Tubuliflorae, 

Liguliflorae) and cf. Juncus. Main tree types include conifers (Pinus and 
Juniperus) and riparian taxa (Salix, Alnus). Subzone LPAZ-1b is charac
terized by increasing evidence of heath (Erica), aquatics/hygrophilous 
(Ranunculus-type) and Quercus. 

LPAZ-2: It is characterized by the retreat of cf. Juncus and the pro
gressive decline of fungal remains. Besides, AP values increase due to the 
successive expansions of Quercus (LPAZ-2a) and Corylus (LPAZ-2b), and 
reflects the occurrence of Carpinus. Ranunculus-type also peaks in sub
zone LPAZ-2b. In addition, this zone also includes almost continuous 
presences of Ruppia and greater concentrations of dinoflagellate cysts 
than the previous zone. 

LPAZ-3: It represents a new increase of Quercus and decline of Cor
ylus, with new maxima of Compositae (Liguliflorae, Tubuliflorae), cf. 
Juncus, Juniperus, Ruppia, foraminiferal linings and dinoflagellate cysts. 

GC2X (200–285 cm) Most of the levels analysed in this sequence are 
older than 8000 cal yr BP and have noticeable concentrations of paly
nomorphs, particularly pollen. The 14 samples studied can be divided 
into three LPAZs (Fig. 6). 

LPAZ-1: This zone represents the maximum development of Pinus, 
Juniperus, Erica, Poaceae, Compositae (Tubuliflorae and Liguliflorae) 
and cf. Juncus. 

LPAZ-2: It is characterized by the highest AP values due to the rising 
of the deciduous trees (Corylus, Quercus) with also the presence of Car
pinus. Ruppia appears in this zone, where also a minor increase in 

Fig. 3. Sedimentary facies, radiocarbon dates and spatial correlations between the four cores discussed: VC7, CGPX, CG2P and VC3. Interpretations of depositional 
environments are also shown following the architectural elements described by Cartelle and García-Gil (2019). 

C. Muñoz Sobrino et al.                                                                                                                                                                                                                       



Catena 209 (2022) 105847

9

Fig. 4. Age-depth models adopted for all the sections 
studied (Fig. 5,6,7 and 8). They have been performed 
with CLAM 2.3.2 (Blaauw, 2010). Curves A, E, F and 
G have been produced using the smooth-spline 
method (smoothing level 0.3, Blaauw, 2010); and 
the others (B, C and D) using the polynomial 
regression approach. Numbers indicate the chrono
logical benchmarks showed in the Table 3. No age- 
depth model has been performed for the top of VC3 
(0–50 cm) because the dredging activities in the area 
(see the text).   
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dinoflagellate cysts is recorded. 
LPAZ-3: It represents the maximum development of Quercus and 

Ranunculus-type, with the continuous presence of Salix and increasing 
evidence of foraminiferal linings and dinoflagellate cysts. 

GC2P (0–236 cm) As many as five different LPAZs were identified in 
this core that records something further than the last 8 kyrs of envi
ronmental history in the basin (Fig. 7). Useful abundances of paly
nomorphs have been found in most of the levels studied (with the 
exception of the sample 230 cm deep that resulted very poor in organic 
microremains and most of them are fungal materials, see Fig. 7ABC), but 
concentrations of dinoflagellate cysts strongly oscillate between zones, 
being high in LPAZ-5, LPAZ-4 and LPAZ-1, noticeable lower in LPAZ-3, 
and poor or very poor in most of the samples included in LPAZ-2 
(Fig. 7C). Below are described the main characteristics of each pollen 
zone. 

LPAZ-1: Only two samples are included in this zone, but they are 
consistently similar between them and very different to the group of 
samples above. These two levels are rich in pollen, fungal remains and 
dinoflagellate cysts, with noticeable values (60%) of AP, mainly decid
uous (Quercus, Corylus, Betula) and riparian trees (Alnus, Salix), but also 
heath (Erica) and freshwater/hygrophilous (Ranunculus-type, Equisetum) 
and brackish/marine (Chenopodiaceae, Ruppia) taxa. 

LPAZ-2: Both the pollen and fungal remains concentrations notably 
decrease in this zone. Besides, both Ruppia and Chenopodiaceae disap
pear, and also the abundance of dinoflagellate cysts in the sediment 
becomes scarce or null. Deciduous trees notably retreat, but Pinus, herbs 
(Poaceae, Compositae Tubuliflorae, Compositae Liguliflorae) and 

aquatics/hygrophilous (Cyperaceae, cf. Juncus, Equisetum, Potamogeton/ 
Triglochin, green algae and cyanobacteria) increase. 

LPAZ-3: Total remains concentration notably increases, especially 
pollen and fungal remains. Besides, also the occurrence of dinoflagellate 
cysts almost constantly rises in this zone. AP increases in subzone LPAZ- 
3a, with maximum development of Quercus, and also Corylus and Betula 
rising, but Pinus retreating. Furthermore, Ruppia and Chenopodiaceae 
also reappear here. Corylus peaks in the subsequent LPAZ3b subzone, 
where AP reaches its maximum percentages in the complete GC2P 
sequence. 

LPAZ-4: This entire zone is characterized by the AP retreat, mainly 
Corylus, Quercus and Pinus. Alternatively, heaths (Erica), herbs (Poaceae, 
Compositae Tubuliflorae, Compositae Liguliflorae) and some aquatics/ 
hygrophilous (Cyperaceae, cf. Juncus) increase. However, another group 
of aquatics/hygrophilous, including freshwater (Ranunculus-type) and 
brackish/salty (Chenopodiaceae) taxa, retreats. Two different subzones 
may be differentiated: LPAZ-4a, characterized by the maximum devel
opment of Alnus and Betula in the sequence but also by the apparition of 
Castanea; and the subzone LPAZ-4b, which includes a decline of Alnus 
and peaks of Castanea, Erica and Poaceae, but also the beginning of the 
Olea pollen curve. Otherwise, the abundances of dinoflagellate cysts and 
foraminiferal linings noticeably increase in LPAZ-4. 

LPAZ-5: AP increases again sharply related to the modern affores
tation with Pinus and Eucalyptus. Besides, new increases in Ranunculus- 
type and Chenopodiaceae and consistently high abundances of dinofla
gellate cysts are observed. 

VC3 (160–325 cm) The concentration of palynomorphs is low or 

Fig. 5. Summarized pollen data from core VC7, Ría de Ferrol (-18.8 m NMMA). (A) Diagram of percentages for the main pollen and NPP types, including D/P ratios 
and CONISS analysis. (B) Diagram of diagram absolute abundances (grains/g) for selected pollen and NPP types. (C) Diagram of absolute abundances (cyst/g) of the 
main types of dinoflagellate cysts identified. Chronological framework: 14C data (red) and other chronological inferences obtained by correlation between data and 
other environmental evidence (blue) are showed. See the text. 
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very low in most of the levels analysed in this section (Fig. 8). The two 
LPAZs identified are dominated by cf. Juncus and have been dated as 
older than 7470 cal yr BP (Table 2). Nevertheless, maximum develop
ment of Pinus, Cyperaceae and Compositae Tubuliflorae occurs in zone 
LPAZ-2. Besides, evidence of foraminiferal linings and dinoflagellate 
cysts only occurs at the top of this section. 

4.4. XRF-Analysis 

Main results useful for environmental inferences can be summarized 
as a reduced number of elemental parameters (S, Br, Ca) and ratios (Ti/ 
Ca, Br/Cl, K/Ti, Zr/Rb) represented in Fig. 9. These selected data are 
geochemical evidence related to the changing marine/terrestrial in
fluences recorded in each site cored. In each case, complete XRF results 
(represented as counts) are showed (red points), but trends are more 
adequately interpreted according to the running average of 20 data 
(blue curves). In order to clarify the discussion below, these data are 
directly compared with some selected pollen curves (percentages, con
centrations and D/P ratios) that can support our ecological re
constructions and chronological inferences. 

5. Discussion 

5.1. Discontinuities and ages estimated for the sedimentary sections 
studied 

The upper 50 cm in core VC3 are affected by modern dredging 

activities and, therefore, considered useless for environmental in
ferences. Besides, the seismic discontinuity D6 has been identified in 
cores VC7, GC2X and GC2P, respectively, at ca. 60, ca. 150 and ca. 130 
cm (Fig. 3). Thus, these three sequences present notable hiatuses 
extending from the middle Holocene to the historical period. Age-depth 
models (Fig. 4) performed upon the chronological benchmarks in 
Table 3 indicate that the age of the VC7 sediment > 61 cm extends 
between ca. 12000–8300 cal yr BP; the GC2X section > 150 cm ranges 
between ca. 11500–7300 cal yr BP; and the GC2P section > 131 cm 
between ca. 8400 and 6600 cal yr BP. Chronology of the upper 131 cm of 
GC2P and the upper 61 cm in VC7 may be relatively precisely dated to be 
younger than ca. 800 cal yr BP. The age model for the < 131 cm section 
in GC2X is imprecise, but probably covers the last 1200 cal yr BP. 
Finally, the VC7 record > 50 cm extents between ca. 10,400 and 7000 
cal yr BP (Fig. 4). 

5.2. Pollen evidence of Juncus representing high marshes or ephemeral 
coastal ponds 

Juncus spp. is a common component of coastal marshes everywhere 
and also in NW Iberia, where is forming part of high marshes, ephemeral 
coastal plain ponds (oxbows and pond shores) or humid dune slacks (e.g. 
Evans, 2006; Houston, 2008; Muñoz Sobrino et al., 2016). Nevertheless, 
Juncaceae are frequently infra-represented in surface pollen assem
blages due to the pollen degradation (e.g. Bunting, 2003; Amami et al., 
2010; García-Moreiras et al., 2015; Waller et al., 2017). Faegri and 
Iversen (1964) describe the Juncus pollen as psilate, inaperturate pollen 

Fig. 6. Summarized pollen data from core GC2X, Ría de Ferrol (-10.7 m NMMA). (A) Diagram of percentages for the main pollen and NPP types, including D/P ratios 
and CONISS analysis. (B) Diagram of diagram absolute abundances (grains/g) for selected pollen and NPP types. (C) Diagram of absolute abundances (cyst/g) of the 
main types of dinoflagellate cysts identified. Chronological framework: 14C data (red) and chronological inferences obtained by correlation between data and other 
environmental evidence (blue) are showed. See the text. 
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grains united in tetrad; and with exine extremely thin because it is 
typically not preserved in fossil state or at any rate not recognized. Be
sides, acetolysis can damage or destroy Juncaceae pollen (Erdtman, 
1952; van Asperen et al., 2016). In addition, the usually very crumpled 
pollen of sub-fossil Juncaceae can be often mistaken for thin-walled 
Cyperaceae (e.g. Fredskild, 1970). Thus, palaeoecological evidence of 
Juncus sedges is more frequently demonstrated by carpological/macro
fossil remains but not by pollen data (e.g. Di Rita et al., 2016). Never
theless, certain Juncus environments may be eventually distinguishable 
by the abundance of other types of palynomorphs, mainly fungal re
mains (e.g. Marsh and Cohen, 2008; Muñoz Sobrino et al., 2014; García- 
Moreiras et al., 2015). 

In the RdF, high percentages and concentrations of a palynomorph 
that tentatively was identified as cf. Juncus has been found at different 
depths in the four sections of sediment analysed. The most significant 
concentrations of cf. Juncus (more than 104 grains/g) have been found 
between 75 and 130 cm and around 200 cm in GC2P (Figs. 7B and 9C). 
Likewise, concentrations of more than 5 × 103 grains/g of sediment 
appear in VC3 at 160 cm and below 255 cm (Figs. 8B and 9D). Finally, 
pollen peaks of cf. Juncus (between 2 and 5 × 103 grains/g) also resulted 
at 120 cm and between 160 and 180 cm in VC7 (Figs. 5B and 9A), and 
between 225 and 240 cm and below 275 cm in GC2X (Figs. 6B and 9). 

This type of pollen remain has been identified in different samples as 
groups of tetrads, tetrads, groups of 2–3 grains or isolated grains 
(Fig. 10), but pollen counts obtained correspond to individual grains in 
all the cases. In order to confirm the pollen identification, some fresh 
pollen material corresponding to Juncus maritimus Lam. was recollected 
in a high marsh from Ría de Vigo (García-Moreiras et al., 2015) and 
subjected to the same treatment as the sediment samples analysed (acid 

HCl + HF treatment, without acetolysis). Comparative image analyses of 
the remains resulted (Fig. 10) reinforce our identification of the cf. 
Juncus microremains as pollen evidence of the local occurrence of 
Juncaceae, likely J. maritimus Lam, J. gerardii Loisel. or Juncus acutus L., 
the most abundant species on the Galician coasts (Asensi and Diez- 
Garretas, 2017). 

Reasons that explain these unusual Juncus pollen abundances on the 
studied sediments may be not only related to the chemical treatment 
applied (HCl + HF, without acetolysis) but also to the high local abun
dance of Juncus sp. in the original ecosystems (Juncus may be almost 
monospecific on high-marsh patches, shores of ephemeral coastal ponds 
and humid dune slacks), the presumably rapid burial of most of these 
levels, which may be connected with the rapid rise of RSL (see discussion 
below), and the exceptional conditions for pollen preservation of this 
type of sediment: anoxic environments with abundant organic carbon 
supply as revealed the high S contents (Fig. 9; e.g. Wasmind et al., 2017; 
Wiessner et al., 2010, 2017) and Br/Cl ratios (Fig. 9; e.g. Gerritse and 
George, 1988). 

5.3. Environmental and chronological inferences derived from XRF and 
pollen data 

Pollen and XRF data complement each other, aiding in a more 
detailed environmental reconstruction when the trends in elemental 
data match changes in the pollen successions and can be interpreted as 
the consequence of environmental processes. It has been previously 
demonstrated that different chemical forms of sulphur (S) are trans
formed and abundantly deposited in the Juncaceae/Poaceae rhizo
sphere of coastal salt marshes and that the accumulation of organic 

Fig. 7. Summarized pollen data from core GC2P, Ría de Ferrol (-10.5 m NMMA). (A) Diagram of percentages for the main pollen and NPP types, including D/P ratios 
and CONISS analysis. (B) Diagram of diagram absolute abundances (grains/g) for selected pollen and NPP types. (C) Diagram of absolute abundances (cyst/g) of the 
main types of dinoflagellate cysts identified. Chronological framework: 14C data (red) and chronological inferences obtained by correlation between data and other 
environmental evidence (blue) are showed. See the text. 
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matter contributes to the immobilization of that S (Ferdelman et al., 
1991; Wiessner et al., 2017). In addition, the interaction of the water 
level and salinity had a significant effect on both the total S content and 
the C/S ratio, so that higher total S contents appear in surface soils under 
moderate salinity and low water levels (Lu et al., 2016), which may be 
assumed the typical conditions of the high marshes (García-Moreiras 
et al., 2015). Additionally, S formation and preservation is enhanced in 
the upper marsh sediment, where inorganic sulphur compounds are 
rapidly oxidized (Ferdelman et al., 1991). Besides, the bromide (Br) 
temporal variability may reflect its close relationship with sediment 
organic matter and alterations in Br biogeochemical recycling in marsh 
environments. Previous studies in marshes on the Iberian Atlantic 
margin indicate that the highest Br enrichment in modern sediments was 
found during the Maunder Solar Minimum (CE 1645–1715; ca. 270 cal 
yr BP), a major solar event (Dorman, 2016) characterized by lower 
irradiance and temperatures, and increasing cloudiness and albedo. This 
suggests that climate-induced changes weaken the natural mechanisms 
that promote Br biochemical transformations, mainly driven by both 
living plants metabolism and plant litter degradation, and minimize the 
generation of volatile CH3Br during the cold periods (Moreno et al., 
2015). The calcium (Ca) content usually reflects changes in biogenic 
calcium carbonate production (Gebregiorgis et al., 2020) that may be 
related to increasing marine influence (i.e. regional changes in the sea 
level). 

Concerning the different ratios presented (Fig. 9), high Ti/Ca values 
indicate greater influence of terrigenous material (Rothwell and Crou
dace, 2015), high Br/Cl values point to high concentrations of organic 
matter (Rothwell and Croudace, 2015, Cartelle et al., 2019), and high 
Zr/Rb indicates less amount of clay and enrichment in coarse grains 
(Rothwell and Croudace, 2015). Finally, the K/Ti proxy has been 
demonstrated to be applicable to the coast of Galicia and can indicate 

the relative influence of fluvial or local sediment contributions (Arribas 
et al., 2010; Cartelle et al., 2019). When the K/Ti value is low, there is a 
greater contribution of fresh eroded material transported by rivers, but 
as the value increases, it indicates a greater contribution of recycled 
material from the surroundings (coastal erosion, predation of old de
posits, etc). 

Our results reveal that cores GC2X and CG2P showed similar facies 
succession and lithologies (Fig. 3) and, accordingly, most of the 
elemental data trends observed are almost the same, but certain differ
ences also exist (Fig. 9). Maxima S values appear between 230 and 250 
cm in GC2X and between 198 and 210 cm in GC2P (Fig. 9). In both cases, 
those levels also show increasing Br values and therefore are interpreted 
as colder stages during which the amount of organic matter preserved in 
the sediment increased. Below, grey (gleyed) sediments exist in both 
cases, characterized by high Ti/Ca values that denote high terrigenous 
influences. However, a peak in Zr/Rb (coarser materials) appears at the 
base of GC2P that cannot be identified in GC2X. Instead, the last show an 
increase of Chenopodiaceae not recorded in the former. Those differ
ences are probably the result of the core GC2X being more influenced by 
tidal processes than the core GC2P, which is 36 m distant (Fig. 2B) and 
whose base is located about 20 cm above the GC2X base. All these XRF 
evidence, combined with pollen data (Fig. 9; see discussion below), 
suggest that between ca. 10950–7900 cal yr BP high marshes developed 
in these points that at that time were situated below − 12.5/-13.1 m 
NMMA. Marine influence (low Ti/Ca) increases in both sequences from 
ca. 7900 cal yr BP; but, again, their relative altitude differences can 
explain that the biogenic Ca contribution was higher in the first (GC2X), 
at least until before ca. 6700 cal yr BP (Fig. 9B). Finally, a conspicuous Br 
peak (also denoted by the anomalous Br/Cl peak) can be observed at 73 
cm in GC2P (Fig. 9C), which probably corresponds with a minor increase 
at 107 cm in GC2X (Fig. 9B). Then, it can be assumed that the prevailing 

Fig. 8. Summarized pollen data from core VC3, Ría de Ferrol (-10.3 m NMMA). (A) Diagram of percentages for the main pollen and NPP types, including D/P ratios 
and CONISS analysis. (B) Diagram of diagram absolute abundances (grains/g) for selected pollen and NPP types. Chronological framework: 14C data (red) and 
chronological inferences obtained by correlation between data and other environmental evidence (blue) are showed. See the text. 
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climate conditions during the Maunder Solar Minimum (ca. 270 yr BP) 
favoured the retention of more Br in marsh ecosystems, ultimately 
decreasing the biogenic Br emissions to the atmosphere. The chronology 
of this event may also be supported by the beginning of the regional 
repopulation with pines observed in the complete GC2P pollen sequence 
(Figs. 7 and 9C), an event that in this region began after ca. 230 cal yr BP 
(Table 3). 

In the shallowest VC3 core (Fig. 9D), the greatest terrigenous 
contribution (high Ti/Ca values) is registered before ca. 7470 cal yr BP, 
when indicators of organic matter remain low (S, Br, Br/Cl). At ca.7470 
cal yr BP conspicuous peaks of K/Ti and Zr/Rb reveal increasing coastal 
erosion, with enrichment in coarse materials that may be mainly of non- 
biogenic origin as the Ti/Ca ratio remains high (Fig. 9D). Later, S, Br, 
and Br/Cl notably increase from ca. 7470 cal yr BP until younger than 
6920 cal yr BP, while Ca values remain relatively low. These trends are 
comparable to those recorded in the high marsh levels described in 
GC2X and GC2P (Fig. 9BC). Recent dredging activities in the ria 

truncated the top of core VC3 and, therefore, the upper 50 cm corre
spond to recent deposition (less than 20 years, Fig. 3). 

In the deepest VC7 core, Ti/Ca ratios registered below 200 cm are 
comparable to those of the base (<135 cm) of VC3 (Fig. 9). Besides, 
organic matter indicators (S, Br, Br/Cl) also remain low, only increasing 
from 180 cm upwards, with the first peak at 150 cm that can be locally 
dated at ca. 10240 cal yr BP (Fig. 9A). Nevertheless, the highest S values 
appear at 100 cm, dated at ca. 8560 cal yr BP, preceding a notable in
crease in Ca (revealing the sea-level rise) and a new K/Ti peak indicating 
the erosion of old coastal deposits by the rising sea. Most probably, these 
peaks of Ca and K/Ti may correspond to those dated at ca. 7470 cal yr BP 
in VC3 (Fig. 9D). At ca. 60 cm, a peak of Zr/Rb denotes an increase of 
coarse grains that signal the seismic discontinuity D6. Above it, the 
maximum of Ca has been locally dated at ca. 550 cal yr BP. Therefore, 
the Br maximum observed about 27 cm may be consistently interpreted 
as local evidence of the Maunder Minimum (Fig. 9A). 

Fig. 9. Main elemental (X-ray fluorescence) results compared to selected pollen evidence for the different cores discussed, including chronological evidence and 
environmental interpretations (see the text). (A) VC7; (B) CG2X; (C) CG2P and (D) VC3. 
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Fig. 10. Comparative image analyses of fresh Juncus maritimus Lam. pollen material (A), fresh pollen material after acid HCl + HF treatment without acetolysis (B 
and C) and different subfossil evidence found in RdF as groups of tetrads (D), tetrads (E) or groups of 2–3 grains or isolated grains (F, G). 

Fig. 11. Spatial-temporal changes reconstructed in the innermost part of Ría de Ferrol upon the multiproxy analyses presented in this study. (A) Period comprised 
between the Younger Dryas and 11400 cal yr BP; (B) Between later than 11,400 to 10,250 ca. yr BP; (C) Between 10,250 ca. yr BP and before 8200 cal yr BP; (D) 
Between after 8200 cal yr BP and before 6600 cal yr BP; (E) during the Little Ice Age (ca. 270 cal yr BP); (F) Modern configuration of Ría de Ferrol. 
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5.4. Spatial-temporal changes of local ecosystems by fluctuating 
terrestrial/marine influences 

The deepest levels of VC7 (>215 cm, at the base of the seismic unit 
U6 and close to discontinuity D5) represent a visible change in the 
sedimentation (Figs. 3, 5 and 9A) and might be tentatively interpreted as 
the latest stages of the Younger Dryas (YD; 12730–11650 cal yr BP), the 
strongest climate reversal recorded in NW Iberia after the last glacial 
maximum (Muñoz Sobrino et al., 2001; Iriarte-Chiapusso et al., 2016). 
After this, the multiproxy data collected suggest the local occurrence of a 
channel hardly influenced by tides and the development of coastal 
emerged plains, dunes and other associated ecosystems close to the 
location of VC7. Therefore, and before beginning to rise at ca. 11650 cal 
yr BP, the RSL in the RdF would be located well below − 21 m NMMA. 
Above that basal levels, the fining upwards succession recorded in the 
core indicates a progressive reduction in energetic conditions (channel 
abandonment sequence, Fig. 3), a likely consequence of the base-level 
rise. Between 215 and 170 cm VC7 sequence includes two stages 
dated before 10240 cal yr BP, characterized by conspicuous peaks of cf. 
Juncus and Compositae, and separated by another phase of increases in 
heaths and Chenopodiaceae (Fig. 5). Therefore, they should be most 
probably related to two minor cold reversals (with the subsequent sta
bilization of the sea level rise) occurring between the YD and the Early 
Holocene level dated at ca. 10240 cal yr BP, presumably the 11.4 and 
10.5 cal kyr cold events that have been previously described in other 
coastal areas from NW Iberia (García-Moreiras et al., 2019b). 

According to this interpretation, before 10950 cal yr BP, the marine 
pollen evidence (dinoflagellate cyst, foraminiferal linings) is still very 
low in CG2X (Figs. 6 and 9B) and low in VC7 (Figs. 5 and 9A). Never
theless, Chenopodiaceae pollen found at both sites (but more abundant 
in VC7) may also indicate the occurrence of channels that were even
tually influenced by high/spring tides (MHWST), particularly during an 
apparently warmer stage observed between the YD (not recorded in 
CG2X) and the 11.4 kyr event (Fig. 11). Meanwhile, core GC2X recovers 
sediment from the inner estuary, where seismic and sedimentary data 
point to the existence of extensive floodplains (Figs. 2 and 3). High 
pollen percentages (but low pollen concentrations) of Compositae, 
Poaceae, Liliaceae, etc, suggest the development of nearby dune eco
systems on the coastal lowlands (e.g. Muñoz Sobrino et al., 2016). The 
expansion of total tree pollen (AP) percentages dated before 10950 cal 
yr BP in CG2X coincides with the increasing evidence of foraminiferal 
remains (Figs. 6 and 9B). Noticeably, that tree pollen increase precedes 
the AP expansion observed in VC7 (<10240 cal yr BP, Figs. 5 and 9A), 
probably because the CG2X site is placed higher than VC7, closer to the 
main tree pollen sources (Fig. 1C). 

During the period interpreted as the 11.4 kyr event, very strong 
evidence (high concentrations) of mosses remains and other freshwater/ 
hygrophilous vegetation (Ranunculus-type) exist in CG2X but not in VC7 
(Fig. 9AB). Besides, that stage passes without any evident tidal influence 
being recorded at CG2X (e.g. lack of Chenopodiaceae, high Ti/Ca and 
low K/Ti ratios). Those data indicate a sea-level position below the point 
CG2X and the local development on the emerged lowlands of grey 
dunes, intra-dune depressions (dune slacks) or coastal freshwater wet
lands (Fig. 11). 

After a new period (ca. 11400–10950 cal yr BP) of stronger marine 
influence (with the presence of Ruppia and increasing evidence of 
foraminiferal linings in CG2X), there is a second stage of stabilization in 
both sequences, most probably dated at ca. 10500 yr BP, because it is 
younger than 10950 yr BP in GC2X but older than 10240 yr BP in VC7 
(Figs. 4, 6 and 9). In CG2X, this stage is characterized by the absence of 
Chenopodiaceae and minor new increases of cf. Juncus, Compositae, 
Poaceae and bryophyte remains (Fig. 6). In VC7, it is represented by a 
second conspicuous peak of cf. Juncus, Compositae and Poaceae, in
creases of other aquatics/hygrophilous (Cyperaceae, Ranunculus-type, 
Isöetes) and the decrease of Chenopodiaceae (Fig. 4); all of them sug
gesting lower marine influence at the two points discussed (Fig. 11). 

Marine evidence progressively increases after 10240 cal yr BP in VC7 
(e.g. apparition of Ruppia and increase of foraminiferal abundance), and 
the highest local representation of dinoflagellate cyst and foraminiferal 
linings is reached at this site after 8560 cal yr BP (Fig. 5). Nevertheless, a 
new increase of heaths (Erica), cf. Juncus, Ranunculus-type, and bryo
phyte remains also appear at ca. 125 cm in this sequence. That rise of 
freshwater vegetation is simultaneous to the decrease in marine in
dicators (Ruppia, foraminiferal linings, dinoflagellate cyst). Upon the 
radiocarbon dates available, it is possible to calculate an interpolated 
age of ca. 9430 yr BP for this phase, suggesting that it can be related to 
another minor cold event (the 9.3 event) just previously described in 
other very sensitive continental (Iriarte-Chiapusso et al., 2016) and 
marine sequences (García-Moreiras et al., 2019a) from NW Iberia. 

Later than 8560 cal yr BP the sequence VC7 (Fig. 5) indicates a last 
increase of marsh (cf. Juncus, Cyperaceae, Isoëtes) and dune (Composi
tae, Juniperus, Artemisia, Pteridium, bryophytes) vegetation. Meanwhile, 
marine indicators also persist at this site (Ruppia, dinoflagellate cysts, 
foraminiferal linings, Chenopodiaceae, high K/Ti ratio). This pollen and 
XRF evidence agrees with that observed at the base of core GP2P (and 
dated earlier than 7860 cal yr BP; see Fig. 7), and jointly may be con
nected with the more prominent cold episode described in NW Iberia 
during the Early Holocene, the 8.2 kyr event, which pollen signal is 
particularly strong in peatbogs placed at the nearby Cantabrian Moun
tains (Fig. 1A; Muñoz Sobrino et al., 2005, 2007; Iriarte-Chiapusso et al., 
2016). Besides, it also has been identified in other fluviomarine systems 
from NW Iberia (García-Moreiras et al., 2019a). Nevertheless, this stage 
is not apparent in the sequence CG2X (Fig. 6), surely because it includes 
a hiatus (Figs. 4, 6, 9) extending from later the beginning of the 10.5 kyr 
event (<10950 cal yr BP dated at 240 cm) to after the end of the 8.2 kyr 
event (>7900 cal yr BP dated at 220 cm). This indicates that in the RdF 
(Fig. 11), the relative sea level reached at least the site VC7 during the 
8.2 event, meanwhile the site CG2X was being eroded, as this core is 
located closer to a channel feature observed in seismic data (Fig. 2B), but 
the nearby site GC2P remained emerged (mainly cf. Juncus). Therefore, 
we can precise that during the 8.2 event the RSL in RdF remained sta
bilised at some level above − 19.8 m NMMA but below − 12.6 m NMMA. 

Tree pollen succession observed in GC2P (Fig. 7) from the 8.2 kyr 
event until the Mid-Holocene (ca. 6600 cal yr BP) agrees with the 
regional pollen data available (Muñoz Sobrino et al., 2005; Iriarte- 
Chiapusso et al., 2016), but the pollen evidence in this site (with 
increasing abundances of Chenopodiaceae, dinoflagellate cysts and 
foraminiferal linings dated before 7860 cal yr BP) also indicates the local 
development of salt marsh vegetation. This evidence in cores VC7, CG2P 
and CG2X reveals a progressive RSL rise during that period (Fig. 11) and 
therefore allows a more precise palaeoenvironmental interpretation of 
the RSL changes in the RdF. In this connection, new data enable to 
distinguish the local development of marsh environments as part of a 
seismic unit (U6), which was previously mainly interpreted as tidal flat 
deposits (Cartelle et al., 2019). 

Both the chronologies and the pollen data available for core VC3 
(Fig. 8) disclose almost null marine influence at this point before 7470 yr 
BP (lack of Chenopodiaceae, with very scarce presence of dinoflagellates 
and foraminifera only appearing above 180 cm). Pollen abundance 
(concentration) along this section is variable but mostly low, including 
Pinus, Poaceae and Compositae, and three cf. Juncus maxima alternating 
with peaks of Erica and Cyperaceae (Fig. 8). This evidence suggests that 
before 7500 cal yr BP, this site remained emerged and was almost un
affected by tides (Fig. 11): i.e., forming part of ephemeral emerged 
ponds that might develop better (Fig. 9) during the three colder/moister 
stages just previously described in this sedimentary context (8.2, 9.3 and 
10.5 cal kyr events). 

All the sequences recovered in the inner part of RdF reveal a 
noticeable discontinuity (D6) in the sedimentary fill (Fig. 3). Reworking 
of coarse materials is very likely during highly dynamic phases of rapid 
sea-level rise (e.g. Fanget et al., 2016), particularly associated with the 
development of (tidal/wave) ravinement surfaces (Fig. 2). Therefore, 
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eventual inversions in the age-depth curves may be expected when 
dating levels of erosion related to seismic disconformities (Figs. 2 and 7). 
Considering this (Table 3), the conspicuous (D6) hiatus described in 
CG2P may be reasonably constrained between 6600 and 860 cal yr BP, 
so that the sequence restarts during the middle ages (11th century). At 
this moment, the high abundance of marine remains (dinoflagellate 
cysts and foraminiferal linings) agrees with the modern sea-level 
configuration (Fig. 11). Besides, the very low total tree pollen content 
indicates the regional deforestation, with the spread of heaths and the 
overrepresentation of alluvial forests (Alnus), high marshes (cf. Juncus), 
reed beds (mainly the Poaceae Phragmites australis (Cav.) Trin. ex Steud.) 
and chestnut crops (Castanea). Terrestrial contribution seems particu
larly high during the Little Ice Age, related to the Maunder Minimum 
(Fig. 11). 

5.5. The new evidence within the environmental context of NW Iberia 

Environmental dynamics described upon the new RdF data, 
including the main climatic events observed and their chronologies, 
largely agrees with the previous evidence described in other coastal 
ecosystems from NW Iberia, revealing the occurrence of noticeable 
changes in the regional RSL (e.g. Martínez-Carreño and García-Gil, 
2017; Sáez et al., 2018; García-Moreiras et al., 2019a, 2019b; Gómez- 
Orellana et al., 2021). Particularly, during the transition between the 
Upper Pleistocene and the Early Holocene, several cold reversals (with 
oscillations of mean summer temperature between 1 and 2 ◦C) has been 
consistently described both at regional (e.g. Iriarte-Chiapusso et al., 
2016; Muñoz Sobrino et al., 2013, 2018) and continental (e.g. Heiri 
et al., 2014) scales, which now may be directly connected with different 
episodes of stabilization (or minor drops) in the regional RSL. Besides, 
inferred summer mean temperatures corrected to modern sea level 
suggest that in the coastal areas of Atlantic NW Iberia, the July air 
temperatures rose from 15.5 to 21.5 ◦C between 15,600 and 10500 cal yr 
BP, whereas the modern mean July air temperature would amount to ca. 
25 ◦C (Heiri et al., 2014). In this connection, it is presented here for the 
first time a consistent high-resolution space–time reconstruction of the 
impact of such changes on the coastal configuration and the coastal 
ecosystems inside a specific embayment, including the local evidence of 
rises of more than 10 m in RSL during the YD-Early Holocene transition 
(Fig. 11), which must be related to changes of only a few (<4◦C) degrees 
in mean summer temperature in this region (Heiri et al., 2014). New 
local evidence of the regional stabilization of RSL is reported below than 
− 12.6 m NMMA during the cold 8.2 event (Fig. 11). 

This new evidence can have a substantive value for managing 
modern coastal areas threatened by the accelerated RSL, but also when 
interpreting the past environmental changes upland. In the coastal and 
inner mountains of NW Iberia, it has been consistently argued that the 
tree colonization of highlands and leeward slopes occurred during 
different stages of the Lateglacial to Holocene transition; and that this 
dynamic was probably driven by periods of general climatic warming 
that alternated with other short colder stages (e.g. Iriarte-Chiapusso 
et al., 2016; Muñoz Sobrino et al., 2018). The line of evidence showed 
here consistently demonstrate, for the first time in this region, that the 
regional relative sea-level oscillations combined with changes in the SST 
(e.g. García-Moreiras et al., 2019a, 2019b) could determinate the 
regional development, distribution, expansion or contraction of decid
uous forests, coniferous woodlands, heathlands and also wetlands, as 
have been previously proposed upon other data exclusively acquired on 
oceanic or hyperoceanic highlands (e.g. Muñoz Sobrino et al., 2005, 
2007, 2009, 2013). New pollen data (Figs. 5–8) also confirms that 
coniferous formations existed on the coastal lowlands during the Late
glacial and Early Holocene (Pinus, Juniperus), but then collapsed by the 
sea-level rise; and also that many demanding trees (Quercus, Corylus, 
Carpinus, Taxus, Castanea, Arbutus) remained sheltered on windward 
slopes during the coldest/driest stages until they began to colonize 
higher and inner sites as a consequence of the general climatic warming 

(e.g. Muñoz Sobrino et al., 2018; Gómez-Orellana et al., 2021). 

6. Conclusions 

We performed a multiproxy approach (that combined seismic, lith
ological, elemental, chronological and palynological data) to recon
struct the environmental changes that occurred during the Lateglacial- 
Holocene transition in a coastal embayment situated on a very cli
matic sensitive area from NW Iberia. The combination of elemental and 
pollen data allowed us to identify several levels representing local eco
systems dominated by Juncus sp., namely high-marshes, ephemeral 
emerged ponds or humid dune slacks. For the first time in this region, we 
were able to generate a consistent high-resolution spatial–temporal 
interpretation of the RSL changes using subtidal sediments from the 
same sub-basin (and thus free of substantial/differential post
depositional deformations) that describes in detail the flooding of the 
ancient coastal plains at the beginning of the Holocene. This includes 
new evidence of the sea level rising more than 10 m since the YD to the 
Early Holocene and different episodes of slowdown/stabilization 
occurring along this period, which can be related to the 11.4, 10.5 and 
9.3 events. We provide local recording of a signal of sea-level stabili
zation below − 12,6 m NMMA during the coldest stage of the Early 
Holocene, the 8.2 event. New evidence presented may also contribute to 
improve management of salt-marshes threatened by Global Change, and 
to enhance our understanding of the mechanisms driving the terrestrial 
ecosystem (coastal coniferous woodlands, deciduous forests, heath
lands, wetlands) dynamics in NW Iberia during the Lateglacial and 
Holocene. 
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resolution multi-proxy palaeoenvironmental record of the Late Glacial to Early 
Holocene transition in the Ría de Arousa (Atlantic margin of NW Iberia). Quat. Sci. 
Rev. 215, 308–321. https://doi.org/10.1016/j.quascirev.2019.05.016. 

García-Moreiras, I., Sánchez, J.M., Muñoz Sobrino, C., 2015. Modern pollen and non- 
pollen palynomorph assemblages of salt marsh and subtidal environments from the 
Ría de Vigo (NW Iberia). Rev. Palaeobot. Palynol. 219, 157–171. https://doi.org/ 
10.1016/j.revpalbo.2015.04.006. 

Gebregiorgis, D., Giosan, L., Hathorne, E.C., Anand, P., Nilsson-Kerr, K., Plass, A., 
Lückge, A., Clemens, S.C., Frank, M., 2020. What can we learn from X-ray 
fluorescence core scanning data? A paleomonsoon case study. e2019GC008414 
Geochem. Geophys. Geosyst. 21. https://doi.org/10.1029/2019GC008414. 

Gehrels, W.R., 1999. Middle and late Holocene sea-level changes in eastern Maine 
reconstructed from foraminiferal salt-marsh stratigraphy and AMS 14C dates of basal 
peat. Quat. Res. 52, 350–359. 

Gerritse, R.G., George, R.J., 1988. The role of soil organic matter in the geochemical 
cycling of chloride and bromide. J. Hydrol. 101, 83–95. 
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Gómez-Orellana, L., Ramil-Rego, P., Ferreiro da Costa, J., Muñoz Sobrino, C., 2021. 
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