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Abstract: During the last glaciation, thick nival and periglacial sediments buried large sectors of the
NW coast of Spain. The sediments were mostly eroded by the rising sea level during the Holocene,
but in several places they remain, forming sedimentary cliffs. Radiocarbon dates obtained at the
topmost layers of these cliffs prove that continental sedimentation was active until very recent
times, followed by a retreat of the cliffs. During the first stages of the transgression, the erosion of
the cliffs and the changes in the coastal system were controlled by the rising sea-level. Once the
sea-level stabilized, the exhumation of inherited landforms, the supply of sediments, and a continuous
continental sedimentation became the main factors. The last stages of cliff retreat were almost
synchronous with the sedimentation of the upper layers of the deposits.
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1. Introduction

The eustatic, isostatic, and tectonic components of relative sea-level, as well as sediment availability,
are the main factors driving the morphodynamics of transgressive coastal systems, but in the evolution
of a sedimentary cliff under a rising sea level the intervening factors are quite complex. The retreat of
the cliff-front is caused by wave action and slope instability, with changes in the retreat rate modulated
by sea-level oscillations, wave action, sediment availability, and the exhumation of rock landforms.
The climatic changes that took place during the Holocene have been accompanied by changes in wave
environment, which is the main energy input in coastal dynamics.

The sediment supply depends largely on the geomorphological processes that dominated during
the previous regressive stage in the areas that were inundated by the rising sea-level. In high and mid
latitudes, many present parts of the coasts with coarse clastic beaches are located in areas that were
subjected to periglacial and glacial processes. Paraglacial coasts are those in which glacial landforms
and sediments have a strong influence in present morphodynamics [1]. These glacioisostatically
uplifted coasts are characterized by a high availability of sediments derived from the erosion of glacial
tills. In contrast, coast which experienced periglacial processes are usually isostatically stable and are
covered by sediments with a higher variability of facies. [2]. We defined para-periglacial coasts as
those in which Holocene evolution has been influenced by the erosion of periglacial and fluvio-nival
deposits by the Holocene rising sea-level [3]. In the northwestern coast of the Iberian Peninsula
these deposits were formed since the middle Weichselian glaciation to the beginning of the Holocene,
although there are sedimentological variations related to local topographic conditions [4-8]. One of
the most important factors in the para-periglacial coastal systems of the NW Spain is that the erosion
of the continental deposits by the Holocene rising sea-level leaded to the exhumation of ancient coastal
landforms, shaped during the last interglacial [3,8,9].
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There is no precise data on the changing relative sea-level in NW Spain, but the available data
suggests that the sea-level reached its present position after 3500 yr BP. Studies conducted in coastal
lagoons in the Atlantic coast of the Iberian Peninsula confirmed that in most of them marine conditions
were established around 6-5 ka BP and that from 5 to 3 ka BP the rate of sea-level rise decreased and
the lagoons were closed by sand barriers [10-14]. More recently, it was confirmed that sea-level was
still below the present one by 3500 yr BP and that the present sea-level was probably stabilized after
that date [15,16]. Research conducted on marine sediments in the Atlantic rias and on the continental
platform identified several changes in the marine conditions during the last 3 ka. These changes were
synchronous with oscillations of the NAO index, suggesting consequent variations in the upwelling
system [17-19]. Recent investigations found that a pronounced change in the energetic conditions
in the Galician coast, from a storm regime to a low-energy environment, may have happen between
2850-2200 cal. yr BP [17,19]. For more recent periods, the reconstruction of the northern hemisphere
troposheric circulation suggests an abrupt change around 1400 AD from a weaker atmospheric
circulation during the Medieval Warm Period to a period of increasing storminess during the Little Ice
Age [20,21], which was also identified in the wave regime [19].

This work focuses on the evolution of para-periglacial coastal systems since the stabilization of
sea-level in the late Holocene in NW Spain. In previous works we highlighted the fact that there was
evidence of very recent episodes of retreat in one cliff-deposit located in the Ria of Muros-Noia [3,8,9].
In order to verify if this was a local or more regional feature, we studied the previous cliff-deposit and
anew one located far from it but in the same region in more detail. We aimed to determine whether late
Holocene coastal retreat is regional, and that there was an almost continuous supply of sediment from
the continental areas. The results suggest that the coastal systems studied attained equilibrium with
the present conditions very recently. The Late Holocene evolution was more complex than a simple
linear cliff retreat as the sea-level rose. Consequently, the factors involved in this evolution arise as
important controls in the coastal response to future sea-level rise.

2. Regional Setting

The Caamario and Oia cliff-deposits are located in the Atlantic coast of the NW of the Iberian
Penisula, at the southern margin of the Ria of Muros and Noia and between Cape Silleiro and the mouth
of the Mifio river, respectively; the distance between them is 80 km (Figure 1). The sedimentology of
these cliff-deposits was presented in previous studies [4,5,8,9].

Figure 1. Location of the studied sedimentary cliffs.

Both coastal sectors are characterized by high wave energy. The coast of Caamario is exposed
to waves from the NW and W but more protected from SW waves. Sixty percent of waves range
between 1 and 2 m of significant height and their period varies from 9 to 12 s. The coast at Oia is a more
energetic sector because it is exposed to waves coming from the NW, W, and SW, with significant
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height between 1 and 3 m and periods of 10 to 14 s representing 40% of the total. The spring tidal
range is 3.75 m, reaching 4 m under storm surge conditions.

The cliff-deposit of Caamafio is located at the south margin of the Ria of Muros-Noia and infills
a palaeo-embayment, with coarse periglacial sediments in the flanks derived from the old cliffs and
finer sediments in the central section. The cliff is fronted by a shore platform truncating metamorphic
rocks with intrusions of granitic dykes. At the back of the cliff there is a coastal plain of 3—4 km in
width, between the Barbanza range, that reaches elevations of 650 m a.s.1., (Figure 2).
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Figure 2. Topography of the inland of both sectors.

The cliff-deposit of Oia is located at the foot of the mountains of A Groba in a narrow embayment,
fronted by a coarse-grained beach that rests on the upper section of a wide shore platform developed
on granitic rocks. The boulder beach has a well-developed gradient in clast size, decreasing from north
to south. Contrary to the Caamario cliff, this coastal sector is characterized by the presence of coastal
mountains attaining elevations of up to 600 m, which are dissected on their seaward slopes by valleys
that usually end in small embayments at the coast (Figure 2).
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3. Materials and Methods

We sampled two sedimentary sequences, one was located in Caamafio and the other in Oia.
The maximum thickness of the Caamarfio sequence is 800 cm and the maximum thickness at Oia is
725 cm. Samples was taken every 5 cm except in layers rich in coarse material where this resolution
was not always possible. The total number of samples collected in Caamafo was 114 and in Oia 56.
As this work is centered in the Late Holocene evolution of these coastal systems, only the results for
the upper layers of the deposits are presented. The maximum depths from the top of the cliffs of the
studied samples were 215 cm in Caamario and 40 cm in Oia.

Grain size analysis was made on the fine earth separating three fractions (coarse sand: 2-0.2 mm;
medium-+fine sand: 0.2-0.05 mm; and silt+clay: <0.05 mm). Description of the samples was made
according to FAO guidelines [22]; the color of dry samples was determined according to the Munsell
Soil Colour Chart [23].

Selected samples were sent for radiocarbon dating. In the Caamafio profile the samples for
radiocarbon dating were selected according the position of the samples in the sedimentary sequence
close to erosive discontinuities. In the Oia profile we selected four dating the samples at the top of
the coarser layers, to determine when the accumulation started or the former soil was truncated
(Figure 3 and Table 1). The fine fraction (<2 mm) of the samples for radiocarbon dating were shaken in
ultrapure distilled water and filtrated on a 50 um mesh-size sieve, removing sand, roots, and some
undecomposed organic remains to concentrate the organic matter of the sediments.

| 439-669 cal. BP

:2455-3216 cal. BP
| 3322-3486 cal. BP

Figure 3. Holocene radiocarbon dates obtained in the sedimentary cliffs of (a) Caamario and (b) Oia.
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Table 1. Radiocarbon dates cited in the text.

Sample Site 14C yr. BP 20 cal yr. BP Source
GrN22279  Caamafio 530 + 80 440-670 Trenhaile et al. (1999)
GrN22280  Caamafio 2720 + 140 2455-3215 Trenhaile et al. (1999)
Ua-33774  Caamano 3180 + 50 3320-3485 This study
GrN20506  Caamafio 36,050 + 1430 - Trenhaile et al. (1999)
Ua33776 Oia 1860 + 30 1720-1870 Costa-Casais and Caetano Alves (2013)
Ua33777 Oia 25,440 + 415 - Costa-Casais and Caetano Alves (2013)
Ua33780 Oia 35,650 + 1475 - Costa-Casais and Caetano Alves (2013)

The topography of the intertidal shore platforms in front of the cliffs was obtained using a Total
Station Leica TC307, and the elevations referred to the astronomical lowest tide. The topographies of
the shore platforms were used to calculate the attenuation of waves after breaking.

4. Results

In the two cliffs the upper layers studied represent colluvial soils, and consequently their thickness
and the sedimentary features depend on their location with respect to the source area. The two profiles
show sedimentary discontinuities as stone, gravel, sandy layers, and charcoal accumulations (Figure 3).

In Caamano the sediment is black (10 YR 2/2) in color, has a very fine crumby structure near the
surface and somewhat more developed to subangular blocky structure towards the base; it is slightly
plastic, shows no adherence, and has a slightly hard consistency when dry. Most of the gravel is
composed of quartz, granite, and paragneiss. Some of the gravels are rounded and some show intense
weathering. There are abundant, fine to medium, roots in the upper 30 cm. A stone layer separates the
colluvial soils from the underlying Pleistocene sediments (Figure 3). Particle size is dominated by the
sand component (70 + 4% sands, 45 + 4% coarse sands, 25 + 3% fine sands) and there are almost no
changes in particle size distribution with depth.

In Oia the soil material is light brown (10 YR 4/6) in color, changing to more reddish (7.5 YR 4/4)
to the base. It has a weak to moderate fine crumby structure with some fine subangular aggregates.
The material is plastic to slightly plastic; shows no adherence and a slightly hard consistency when
dry. In the upper 20 cm there are some angular gravels of granite, mica-schists and quartz-rich schists,
and fine to medium roots. From this depth to the base there are sparse redish mottles; the coarse
material is composed mostly of rounded and flattened gravels of granite and quartz. Pottery remains
were also found. The underlying layer may have a Plesitocene age and is represented by a coarse
periglacial deposit [4,9].

As mentioned above, the two cliff-deposits are located in different wave environment locations.
Caamarfio is in a coast section exposed to waves from NW and W, but protected from those arriving from
the SW; while Oia is in a more energetic coast, exposed to waves arriving from NW, W, and SW. In the
two sites, the high wave energy environment is characterized by long swell waves, potentially with
a high erosive capacity. But the amount of wave energy arriving to the sedimentary cliffs is reduced
across the intertidal rock surface. As the sedimentary cliff retreated the width of the exhumed shore
platform increased, causing a higher attenuation of the energy of waves. The attenuation of waves after
breaking was modeled for the shore platforms using a decay function proposed by Trenhaile [24,25]:

Fyp = 0.5p,(hy)e *Ws

where F, is the force of a wave reaching the waterline after breaking, p,, (1025 kg-m?) is the density
of water, hy, is the breaking wave depth, k is a surf attenuation constant, and W; is the width of the
surf zone from the breakers to the waterline, calculated from topographic profiles. The breaking wave
depth was determined assuming the relationship Hy/hy, = 0.78, and breaker height (H,) was calculated
from deep water Hs following Komar and Gaughan [26]:
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Hj, = 0.39g%2(THp?)™*

Assuming a high attenuation rate, given the roughness of the surface, waves today expend much
of their energy on the wide shore platforms, and only the smallest waves reach the waterline with up
to 20% of their initial energy (Figure 4). At spring high tide waves with Hs of 2 m preserve 20% of their
energy at a distance from the waterline of 30 m in Oia and 15 m in Caamafio. Given the lower slope of
the platform waves experience a higher attenuation in Oia.
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Figure 4. Percentage of wave energy expended on the shore platform of Oia and Caamafio at the spring
high tide. The 100% of wave energy corresponds to breaking. The value of k was 0.1, which represents
high rates of attenuation in a rough surface [25]. Calculations were made using waves of significant
heights between 1 to 3 m with periods between 9 to 14 s. Wave data obtained from Silleiro buoy and
Simar-44 1043071 point (Puertos del Estado database).

The '*C dating obtained in Caamario at 750~755 cm depth from the top of the cliff provided an age
of 36,050 yr BP [9] (Table 1). Three samples taken at 100, 160, and 215 cm from the top of the cliff gave
l4c ages of 550 cal. yr BP (440-670 cal. yr BP at 2 sigma) (GrN-22279), 2835 cal. yr BP (2455-3215 cal. BP)
(GrN-22280) [9], and 3400 cal. yr BP (3320-3485 cal. BP) (Ua-33774). The radiocarbon ages indicate
a continuous sedimentation during the late Holocene.

The oldest sample dated in Oia provided an uncalibrated age of 35,650 yr BP (Ua-33780) at
195-200 cm depth from the top of the cliff [27]. A sample taken immediately above the coarse periglacial
deposit at the southern section of the cliff (at a depth of 45 cm below the top of the cliff) provided an
age of 1795 cal. yr BP (1720-1870 cal. yr BP) (Ua-33776) [27]. A sample below the coarse periglacial
level gave an uncalibrated age of 25,440 yr BP (Ua33777) [27]. The central section of Oia, where fine
sedimentary facies are thicker than in the borders, was not dated because of the difficulties to access
the cliff face and the dense vegetation covering it. Thus, the dating indicates that the upper 2 m of the
Caamano cliff were deposited during the last ca. 3400 cal. yr BP, while in the Oia cliff the top 45 cm
were deposited during the last 1800 cal. yr BP.

5. Discussion

The sedimentary analyses and the morphodynamics of both sites allowed the reconstruction
of the coastal change after the stabilization of the Holocene sea-level. This was characterized by
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a progressively reduction in the rate of cliff retreat as the shore platforms were exhumed, and during
this period sediments continued to accumulate on the surface inland of the eroding cliff.

The thickness and sedimentary facies of the continental deposits studied change according with
the position of present cliff-deposits with respect to the source area. The hinterland topography, namely
altitude, distance to the source area, and aspect were the factors determining the type of sediments [7].
The erosion of the periglacial and snow-melt sediments by the Holocene rising sea-level exhumated
the gradient surface of the shore platforms and created a dissipative area that increased in width as
the sedimentary cliff retreated. The degree to which wave energy is attenuated on the shore platform
depends on the width and geometry of the inherited surface and on the sedimentary facies, thickness,
and extension of the sediments deposited on it. Also, the formation of beaches and their geometry are
greatly influenced by the size of the clasts supplied by the erosion of the cliffs.

The two cliff-deposits are located in different wave environment locations, although in both the
high wave energy environment is characterized by long swell waves, potentially with a high erosive
capacity. But the amount of wave energy arriving to the sedimentary cliffs is reduced across the intertidal
rock surface. As the sedimentary cliff retreated the width of the exhumed shore platform increased,
causing a higher attenuation of the energy of waves. The cliff-deposits of Caamafio and Oia have
a vertical profile, which implies that the dated sediments of the top were deposited when the cliff front
was in a more seaward position, and that the entire profile retreated after their deposition (Figure 5).
As indicated above, the sea-level reached its present position not before 3500 yr BP [15,16]. It is evident
that when the cliff front was in a more seaward position, in which waves kept much more energy,
the retreat rate was probably faster at the first stages after sea-level stabilization. Wave attenuation
was enhanced and the retreat rate became slower as the shore platform was progressively exhumated.
It must be added that the change to a low wave energy environment identified around 28502200 cal.
yr BP [17,19] could have been another important factor in the deceleration of the cliff retreat at both
studied sites.

Qia Caamarno

sea-level stabilization sea-level stabilization
S after 3500 BP after 3500 BP

present conditions F present conditions

<4— Exhumation of the shore platform

Figure 5. Model of coastal retreat in the two sectors. The exhumation of the inherited shore platform and
the sediment supply from the erosion of the cliffs were two of the main factors in the recent evolution.
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Coarse sediments are much more abundant in Oia than in Caamario, where the sedimentation had
a more local source. The erosion of the cliff in Oia supplied an increasing volume of clasts, nourishing
a beach that became progressively wider and thicker. In contrast, the sediments in Caamafio are
dominated by finer facies, except in the flanks. As a consequence, given the high energy of the sector,
the beach developed is smaller and narrower than in Oia. The occurrence of a wide beach was a very
important factor, added to the exhumation of the rock surface, to finally stop the erosion of the cliff and
its stabilization.

The landward retreat of the cliff and of the beach left evidences in the fronting shore platform of
Oia. Using the Schmidt Rock Hammer Test [3] found that abrasion erodes the superficial weathered
layers caused by tidal wetting and drying, maintaining a fresh rock surface. In Oia, the erosion
of the cliff deposits supplied the clasts and boulders for the fronting beach. As the cliff retreated,
the coarse-grained beach moved landward causing an intense abrasion on the shore platform and
leaving a broad strip of less weathered rock. The existence of hard and fresh surfaces in high tide
elevations not subjected to abrasion today is an inherited characteristic revealing that the cliff retreated
very recently.

The chronology and net sedimentation rates obtained for the upper colluvial soils of Caamafio and
Oia, suggest two periods of enhanced sediment accumulation/supply (one between ca. 3400-2835 cal.
yr BP and another in the last 550 years), and a period of lower sediment accumulation (between ca.
2835-550 cal. yr BP). Maximum accumulation seems to have started with the Little Ice Age pointing to
a climatic control.

For some areas of NW Spain Martinez-Cortizas and Moares-Dominguez [28] proposed the
existence of at least six periods of erosion during the Holocene: 11,000-10,000 yr BP, 8000-7500 yr
BP, 5500-5000 yr BP, 45004000 yr BP, 1500-1000 yr BP, and a more recent one starting 500 years ago.
In a subsequent work carried out in a colluvial soil in the area of Monte Penide (Redondela) [29]
identified four erosive/cumulative phases: one that would have begun around the 6500-6290 cal BP,
one initiated by 4850-4540 cal yr BP, another by 2315-1950 cal yr BP, and a later one estimated to have
occurred between 800 and the 500 cal yr BP.

Nevertheless, the phase with lowest sedimentation rate also coincides with a period of abrupt
Holocene climate change (the 2.8 ka event) [30,31], while the oldest phase of enhanced sediment
deposition in Caamafio (ca- 34002835 cal yr BP) does not seem to have been climatically induced.
Thus, not all phases seem to be related to climate change, and for those coevals with Holocene abrupt
climate changes the response of the system was not homogeneous, which suggests that other factors
may also have been involved.

A number of geomorphological, geochemical, and pollen studies on landscape evolution in
NW Spain, carried out in peatlands, fluvial valley infillings, colluvial soils, and coastal deposits,
have provided a precise environmental reconstruction for the upper Holocene. These studies reveal
that human activity may have been involved in the acceleration of soil erosion during the last
6000 years [32-39]. The ultimate cause was a progressive forest decline due to the use of fire and
clear cutting [40]. In some continental settings (i.e., small basins and footslopes), recurrent soil
erosion and sedimentation resulted in the formation of deep, black colluvial soils—known as Atlantic
Rankers—[39-41], with properties similar to those of the upper sections of the Caamario and Oia
deposits. Evidences of increased sedimentation in coastal systems after human-induced soil erosion
have also been recorded in other Atlantic coastal systems of the Iberian Peninsula [14].

Around 3000 cal. yr BP, at the start of the local Iron Age, the studies point to increased human
pressure: a further forest decline and an increase in charcoal content in sediments and soils [42,43],
the start of atmospheric metal pollution [44-46], increased accumulation of soil dust in peatlands [35],
an acceleration of soil acidification [37,39], and new episodes of erosion of the slope soils and
deposition/colluviation in the lowlands [36,47].

In agreement with these studies, our results suggest that since the 3000 cal. yr BP the direct result
of this enhanced erosion of the slope soils near the coast led to the accumulation of up 2 m of sediments
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on the top of the retreating bluffs. The start of this phase coincides with the transition from Late
Bronze Age to the local Iron Age, and although this change has been attributed to climatic variations,
the enhanced continental sediment supply of the last 3 ka may also have been forced by increased
human-induced soil erosion.

6. Conclusions

Radiocarbon dates on the top layers of sedimentary cliffs prove the existence of coastal retreat
in the last 3000 years, after the stabilization of the Holocene rising sea-level. In the two sites studied
the continental sedimentation during this period was very different, with up to 2 m of sediments in
Caamario and 1 m in Oia. Although the rates of continental sedimentation were controlled by the
hinterland morphology and the type of geomorphological processes during the glaciation, the present
study suggests that the occurrence of phases of continental sedimentation after the stabilization of the
sea-level, probably triggered by human-induced erosion, is a regional feature.

The retreat of the described sedimentary cliffs during the first stages of the transgression was
probably driven by a rapid sea-level rise. But the sedimentary evidence suggests that during the
last 3 ka BP the erosion of the cliff-deposits was mainly a process of coastal re-organization after the
sea-level reached its present elevation.

Once the present sea-level was established, the front of the cliffs remained subject to erosion.
The cliff front retreated, exhuming the inherited shore platform, which progressively enhanced wave
attenuation over a progressively wider surface.

Wave attenuation, like at present, occurred as soon as the upper segments of the shore platforms
were exhumed. These upper segments of the Caamario shore platform are at an elevation above the
astronomical high tide, and only long and high storm waves can reach the cliff front, which leads to
a more pronounced reduction in the rate of cliff retreat.

In Oia, the upper segment of the shore platform is also at the high tide elevation. But added to
that, the higher amount of coarse clasts in the cliff sediments nourished a wide gravel-to-boulder beach
at the cliff foot that created another element for cliff protection. In Caamario, the lower availability of
clasts in the cliff sediments did not allow the development of a wide beach.

The wave attenuation caused by the exhumation of the shore platforms of Oia and Caamafio and
the development of a boulder beach in Oia lead to the reduction of cliff erosion by waves. This reduction
of wave erosion enabled the deposition of the continental sediments on the top of the retreating cliff,
proving the existence of a very recent coastal retreat and stabilization after 1720-1870 and before
439-669 yr BP.
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