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Abstract

Geomorphological and sedimentary records of Holocene coastal deposits may serve as archives for the local reconstruction of trends in coastal evolution
and of the key forcing parameters controlling long-term change. We here present new observations on the sedimentology, chronology, and surface
properties of a coupled beach ridge and coastal lagoon system located on the northern shore of San Matias Gulf, NE Patagonia, Argentina. The study
is based on remotely sensed data, sediment cores, and a large number of samples dated using optically stimulated luminescence (OSL). The field site is
located in a topographical depression within a cliffed shoreline composed of friable sand and gravel stones. The oldest preserved lagoonal deposits formed
in the protected inner part of the system c. 2300 years ago. An up to 4-km-wide strandplain prograded rapidly between c. 1000 and 500 years in the
more exposed western part of the system. Lagoonal deposition occurred primarily during the last 500 years. The chronology and spatial arrangement of
landforms appear to result from a switch-over in sediment delivery probably caused by local implications of major shifts in climate regime. Even though
we were not able to identify or benchmark the precise triggers of geomorphological change at Caleta de los Loros, our study presents an example of the

potential importance of environmental changes on the rapid and non-linear development of coastal sedimentary systems.
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Introduction

Climate forcing, relative sea level, and sediment supply are key
parameters determining the long-term evolution of coastal sedi-
mentary environments (Fruergaard et al., 2013, 2015; Hede et al.,
2015; Hein et al., 2013; Oliver et al., 2017; Plater et al., 2009;
Poirier et al., 2017; Sander et al., 2015a; Sorrel et al., 2012). It has
been shown that natural systems may react quickly and sensi-
tively to changes in these parameters (e.g. Billeaud et al., 2009;
Fruergaard et al., 2013). An analysis of the spatial arrangement of
coastal landforms and the chronology and characteristics of the
associated sedimentary deposits may thus provide information on
the type and magnitude of external forcing controlling coastal
evolution over time (Milana and Kréhling, 2015; Poirier et al.,
2017; Sander et al., 2015a, 2016). Coastal lagoons and prograded
clastic barriers are two important depositional environments of
global occurrence (Pilkey et al., 2009; Scheffers et al., 2012;
Tamura, 2012). Lagoons and beach ridges often occur as coupled
systems and the information from both sedimentary archives is
complementary and thus favors a more complete reconstruction
of past coastal dynamics (Fruergaard et al., 2017; Sander et al.,
2015b). Establishing an improved understanding of past pro-
cesses, drivers, and rates of coastal morphological change is very
important to address pressing issues in future human-environ-
mental relations.

Coastal lagoons and prograded barriers exist in many loca-
tions along the coast of Patagonia, and a large number of studies
on the late Quaternary dynamics of coastal environments have

been conducted (e.g. Aguirre, 2003; Pedoja et al., 2011; Ribolini
et al., 2011; Schellmann and Radtke, 2010; Zanchetta et al.,
2014). The age control in these studies relies on the dating of
marine mollusk shells. This dating approach is widely used in the
study of marine environments, but is unreliable in dynamic
coastal settings (because of reworking) as well as in areas with
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Figure |. Caleta de los Loros is a coupled beach-ridge/lagoon system located in NE Patagonia, Argentina (a) and positioned in a topographic
depression within the cliffed shoreline of northern San Matias Gulf (b). The field site is composed of a modern beach, active spits,and a

lagoon system located adjacent to elevated marine deposits. The area is characterized by active and paleocliff sections as well as by eolian
processes and a large dune system migrating in an ENE direction (c). Six cores from the modern lagoon and four near-surface samples from the
prograded beach-ridge system were retrieved for this study (d). Ar.:Argentina; Cl.: Chile.

variable and unknown marine reservoir ages (Favier-Dubois,
2009; Gomez et al., 2008).

A previously unstudied field site featuring a coastal lagoon and
a beach-ridge system was chosen for our investigation (Figure 1).
The aims of this study are to (1) reconstruct the Holocene coastal
evolution of Caleta de los Loros in NW Patagonia; (2) discuss the
evolution of the coastal system in relation to changes in forcing
conditions, for example, sea level and climate; and (3) compare the
new data with the local archeological record.

Area of study

Caleta de los Loros (41°01' S, 64°05’ W) is located on the north-
ern shore of San Matias Gulf in the Argentinean Province of Rio
Negro and is composed of a wide beach-ridge system (c. 34 km?),
dominated by waves and longshore sediment transport, and a tide-
dominated coastal lagoon (c. 28 km?). An important third sedi-
mentary environment is a large transgressive dune system (c. 300
km?; Figure 1c).

The current climate on the northern shore of San Matias Gulf
is characterized by semi-arid and temperate conditions with an
annual mean temperature of 12°C and an annual precipitation of
between 200 and 350 mm with a gradual decrease in the total
amounts from east to west (Labraga and Villalba, 2009; Martinez
et al., 2013; Schébitz, 2003). The northern shore of San Matias
Gulf lies in a transition zone under the influence of two atmo-
spheric circulation systems, which locally determine marked

changes in the available humidity, temperature and wind regime
over time (Piovano et al., 2009).

Caleta de los Loros formed in a topographical depression
incised by fluvial processes into the underlying pre-Holocene
sedimentary deposits and is located within a stretch of cliffed
coastline (Del Rio et al., 2007; Sander et al., 2015c¢; Figure 1b).
The geology of the area is dominated by sedimentary rocks of
primarily fluvial origin, which formed in association with the
orogeny of the Patagonian Andes and the shifting of the location
of the Negro River since the Miocene (Del Rio and Colado, 1999;
Gélos et al., 1992; Ramos and Ghiglione, 2008). The modern
cliffs east of Caleta de los Loros have elevations of between 10
and 55 m and presently retreat at an average rate of 0.8 m/yr (Del
Rio et al., 2007). The origin and the friable character of the depos-
its determine the high availability of sand- to gravel-sized mate-
rial in the area (Gélos et al., 1992; Martinez and Kutschker, 2011).
San Matias Gulf itself is a more than 200 m deep basin separated
from the open Atlantic Ocean by a sill (Isla, 2013; Moreira et al.,
2011; Perillo et al., 2006).

Holocene sea-level change along the coast of Argentinean
Patagonia is in broad terms characterized by a marked eustatic
rise since the last glacial maximum (Guilderson et al., 2000)
reaching a relative highstand around 7000-6000 years ago
(Cavalotto et al., 2004; Gémez and Perillo, 1995; Gonzalez and
Weiler, 1994; Perillo, 1995; Schellmann and Radtke, 2010;
Vilanova et al., 2010). The rates of post-glacial isostatic and neo-
tectonic uplift movements of Patagonia are in the order of ¢. 0.1
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Figure 2. Spatial distribution of modern geomorphological units and the OSL ages determined for the near-surface deposits. Legend: (A)
Elevated areas uninfluenced by marine or eolian geomorphic processes, (B) areas with ambiguous morphological indication, (C) beach ridges
and spits, (D) lagoon environment, (E) areas dominated by eolian processes, (F) exposed shoreline, and (G) subtidal areas.

mm/yr (Codignotto et al., 1992; Rostami et al., 2000), leading to
a falling relative sea level (RSL) since the mid-Holocene high-
stand. The regional rates of surface elevation change are region-
ally variable (Codignotto et al., 1992; Pedoja et al., 2011).

The modern tides at Caleta de los Loros are semidiurnal and
have a mean amplitude of ¢. 6 m (Servicio de Hidrografia Naval
(SHN), 2017). Regional-scale model results suggest an annual
average wave height of ¢. 0.5 mm southern to south-eastern direc-
tion (Reguero et al., 2013). Swell waves in excess of 6 m
approaching from the south have been recorded for the Argentin-
ean coast (Lanfredi et al., 1998).

Materials and methods
Geodata

Information on the regional geographic setting and the main
morphological units at the field site was retrieved from a Land-
sat satellite image time-series (1973—-2015) and was analyzed in
conjunction with surface elevation data based on the SRTM-
DSM (Farr et al., 2007; Hirt et al., 2010) and bathymetric data
obtained from the GEBCO dataset (I0OC and BODC, 2003). For
a detailed description of data properties, processing procedures,
and interpretation, see Sander et al. (2015¢). A ground-truthing
of the observations in the inter- and supratidal areas was con-
ducted during the main field campaign in March and April
2013.

Cores

Six vibracores were taken within the lagoon environment using a
custom-built vibracore system and aluminum tubes with an exter-
nal diameter of 8 cm and a wall thickness of 2 mm. The coring
sites were chosen at protected locations on sandflats of upper
intertidal and supratidal environments, where least influence by
tidal channel incision and the highest preservation potential were
expected (cf. Fruergaard et al., 2011; Figures 1d and 2). The ele-
vation of the coring sites was assessed with a Sokkia Radian GPS-
RTK System (Global Positioning System — Real Time Kinematic;
vertical accuracy: £2 cm) using a geodetic reference point (Argen-
tinean National Geographical Survey) located on the western side

of Caleta de los Loros. The cores (CL1, CL3-6) were cut into
shorter pieces for transport and c. 2 cm of core material were lost
on each side of each cut (cf. Figure 3). The cores were opened in
a sediment laboratory under subdued red-light conditions and
described in detail. All cores were sampled for grain-size analysis
at intervals of c¢. 10 cm or less. The <1.4 mm fraction of the sam-
ples was analyzed using a Malvern Mastersizer 2000 laser-dif-
fraction particle sizer. The presence of material >1.4 mm was
noted in the log sheets. Mechanically induced compaction in the
cores was corrected for linearly and all elevations throughout the
article are relative to WGS84 (World Geodetic System reference
ellipsoid).

Chronology

Because of the dynamic hydrographic conditions and the domi-
nance of sand-sized deposits in the area, optically stimulated
luminescence (OSL) dating was chosen for the establishment of
age control. A total of 24 samples were taken from the lagoon
cores, chosen on the basis of interpreted sedimentary units (Fig-
ure 3). Four additional samples were taken from the beach-ridge
system (locations based on morphology) and one additional sam-
ple was taken from the modern beach.

Material was sampled directly from the cores and split into
two subsamples: one intended for luminescence measurements
and one for radionuclide analysis. The sample for luminescence
measurements was wet-sieved and the 180—250 um grain-size
fraction was extracted. Routine chemical treatment was used to
obtain a clean quartz extract; this first involved HCI (10%) and
H,0, (10%) to remove carbonates and organic material, followed
by treatment with HF (40%) for 40 min to remove unwanted feld-
spars, and finally HCI (10%) to remove any remaining soluble
fluorides (Aitken, 1985). The purity of the quartz extract was
investigated using infrared (IR) stimulation. A single layer of the
quartz grains was mounted on 9.7 mm stainless steel disks using
silicone oil. The aliquots were measured in automated Rise TL/
OSL luminescence readers (Botter-Jensen et al., 2000, 2002) and
a single aliquot regenerative dose (SAR) protocol (200°C preheat,
180°C cut heat) was used to obtain the equivalent dose (D,) (Mur-
ray and Wintle, 2000, 2003; Wintle and Murray, 2006). The
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Figure 3. An overview of the sedimentology of the six vibracores retrieved on the eastern side of the lagoon (see Figure |d for location).
Each core is represented by a core photo, the core description, and grain-size distribution, along with the content of coarse shell material,
pebbles, and organic matter. The OSL ages are given to the left of each core (age reversals in parentheses). Note that the distance between the

core logs is not to scale.

applicability of our SAR protocol was examined using a dose
recovery test on laboratory-bleached aliquots of all samples from
the lagoon core set; the average ratio of the measured to given
dose was 0.98 + 0.04 (n = 57). Although the relative standard
deviation in these data is large (~30%), presumably because of
low signal intensities, the average is consistent with unity and
confirms that our protocol can accurately measure a known dose
given before any prior thermal treatment.

The other subsample was used for dosimetry measurements.
About 200 g of sediment was dried, homogenized by grinding
and cast in wax in a cup-shaped form to provide a fixed counting
geometry. After storing for 3 weeks to allow buildup of 222Rn, the
radionuclide concentrations were measured using high-resolu-
tion gamma ray spectrometers (Murray et al., 1987). The mea-
sured radionuclide concentrations were converted to dose rates
using conversion factors from Guérin et al. (2011). Cosmic ray
dose rates are based on Prescott and Hutton (1994) and known
depth below modern surface. Saturated water contents were mea-
sured in the laboratory, and dose rates were calculated assuming
that all lagoonal samples were fully water saturated throughout

burial. The measured field water content was used to derive the
dose rates for the beach and beach ridge samples. All ages are
reported relative to the year 2013 CE (year of sampling) at a
confidence level of 68%.

Results and interpretations
Modern geomorphological units

Seven distinct geomorphological units (Figure 2) were outlined
based on the surface properties observed in the available geodata
and are supplemented by information obtained in the field. These
units and their modern spatial arrangement are presented in the
following subsections.

Elevated areas uninfluenced by marine or eolian geomorphic
processes (A). In places where an eolian cover is absent or thin,
the SRTM data allows outlining sections of paleo cliffs located
in the distal parts of both the lagoon and the beach-ridge system
(Figures 1c and 2). The orientation of this apparent break in
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topography is aligned with the active cliffs on the modern
shoreline.

Areas with ambiguous morphological indication (B). The avail-
able geodata reveal little information about the morphological
properties of these areas. Some parts are covered by remnants
of eolian landforms. From the elevation data, these areas are
located below the foot of the paleo-cliff sections and above the
modern spring tidal level, thus suggesting a marine origin for
the deposits.

Beach ridges and spits (C). An up to 4-km-wide beach-ridge
system covering an area of ¢. 34 km? is located on the eastern
side of Caleta de los Loros. The position of these wave-built
deposits in relation to the tidal inlet of the lagoon suggests a
large supply of sediment by longshore drift from the east (cf.
Boyd et al., 1992). Most of the visible ridges within the main
system have a sub-parallel orientation in relation to the modern
shoreline (¢. 110°). The crest orientation of the innermost ridges,
however, is more oblique (¢. 160°). The transition between these
two beach ridge sets is characterized by clear unconformities.
Three distinct spit systems reach out into the lagoon environ-
ment. The most landward spit is aligned with the most landward
beach ridges and the most seaward spit is aligned with the mod-
ern beach. Both spits are rather wide and uniform. The most
seaward spit is separated from the main beach ridge set by a
marked unconformity. The central spit is, in contrast, character-
ized by multiple smaller, welded, or partly cannibalized hooks.
The orientation of the central spit conforms with the orientation
of the inner beaches of the lagoon.

Lagoon environment (D). The modern lagoon covers an area
of ¢. 20 km? and is composed of an intertidal zone (c. 12 km?)
and a protected inner zone located above mean spring-tide
elevations (c¢. 8 km?). The geomorphology of the intertidal
part is dominated by a single main tidal channel that connects
several smaller tributaries with the tidal inlet. Over the
40-year time-span of satellite-image observation, the spatial
arrangement of tidal landforms has remained relatively stable.
Most areas are dominated by sandy surface deposits with a
locally increased content of shells and other organic debris. A
larger area south of the central spit is covered by a dense
meadow of Spartina spp. The supratidal parts of the system
are characterized by a flat topography and a high reflectance
due to the formation of evaporitic crusts. Microbial mats were
observed in the most restricted parts of the lagoon. Pioneer
vegetation (such as Salicornia spp.) is found along the upper-
most fringe of these supratidal flats.

Areas dominated by eolian processes (E). A large dune system
with a length of ¢. 36 km and a width of 5-14 km stretches into an
ENE direction from the source area of sediment at Caleta de los
Loros (Figure 1c). The dune front moves presently at an average
rate of c. 10 m/yr. The elongated shape of the dune field and the
orientation of individual dune crests suggest that ENE is the dom-
inating direction of eolian mass transport.

Exposed shoreline (F). The modern shoreline of Caleta de los
Loros is characterized by gently inclined beaches. They are up to
¢. 500 m wide during low tide and are characterized by a bar and
trough morphology in most Landsat images, suggesting extended
periods of constructive wave conditions.

Subtidal areas (G). A dynamic ebb-tidal delta has formed off-
shore from the inlet of the lagoon and is reflected in the Landsat
images by breaking waves in the surf zone.

Beach-ridge system: Field observations and age
control

The modern beach and the beach-ridge system are characterized
by mixed-sediment conditions composed of sand- and pebble-
sized deposits with abundant shell material. Although the orienta-
tions of the different beach-ridge sets can be identified in the
Landsat data, the ridges are not apparent in the field. Deflation
has increased the pebble-sized material at the surface of the
ridges, compared to the underlying deposits. GPS-RTK elevations
were measured along two transects across the main direction of
ridge orientation, and the data reveal an almost flat topography in
the outer parts of the system, while regular ridges are visible in
the inner parts.

Four samples for OSL dating were taken between 0.3 and 0.5 m
below the present surface and yielded ages of 1000 + 110 years in
the inner part of the beach-ridge system, 1160 + 110 and 630 + 90
years about halfway to the modern shoreline and 490 + 50 years
behind the modern foredune ridge. These dates constrain the period
of beach-ridge development to between 1300 and 400 years.

Lagoon deposits: Sedimentology and age control

Six cores were retrieved in proximity to the spits on the eastern
side of the lagoon (see Figures 1d, 2, and 3 and Table 1 for over-
view and orientation).

Core CLI. This core was taken in a small side-basin of the
lagoon on the inner side of the most seaward spit at an eleva-
tion of 4.0 m, slightly above the observed mean high tide level
during the field campaign. The surface was soft, wet, and
weakly compacted. Small embryonic dunes are observed both
within and around the basin. The sediment in the 1.9-m-long
core consists mostly of fine- to medium-grained sand (median:
254 um; standard deviation (SD): 31 pum). Pebbles, mollusk
shells, and shell fragments are present throughout the core, but
are not evenly distributed.

Two samples were taken for OSL dating and yielded ages of 90
+ 30 years at the top of the core and 280 + 50 years at its bottom.

Core CL2. The core was taken on a sandflat at the eastern side of
the lagoon. The surface is characterized by small wave ripples
(crest spacing: 10—20 cm) and weak compaction. The top of the
1.3-m core lies at an elevation of 3.2 m. Grain size and composi-
tion are homogeneous throughout (median: 237 pm; SD: 8 pm)
with few shell fragments or pebbles. Except for five dark laminae,
the core is massive and does not show any physical and biological
structure.

Two samples provided ages of 120 + 30 years at the top of the
core and 370 + 80 years at the bottom.

Core CL3. The core was taken close to the central spit on a sand-
flat covered by cordgrass (Spartina spp.). The top of the
2.0-m-long core lies at an elevation of 2.9 m and the core is 2.0 m
long. Meandering tidal channels of <1 m in width are found on the
vegetated sandflats, and the channel-bed surfaces are made up of
sand to pebble-sized material, with sand forming the dominant
fraction. All of the core material is composed of fine-to-medium
grained sand (median: 235 pm; SD: 28 pm). At an elevation of 2.3
m, a thin layer of pebble-sized material in a fine- to medium-
grained sand matrix is observed.

Four samples were dated from core CL3. The topmost sample
lies close to the surface and was dated to 190 + 70 years, the low-
ermost sample close to the bottom of the core was dated to 660 +
70 years. The material above the channel lag was dated to 360 +
40 years, while the material below yielded an age of 830 + 100
years.
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Table I. Overview of optically stimulated luminescence ages from Caleta de los Loros.

Sample code Laboratory code Elevation, m Age, years Dose, Gy n Dose rate, Gy/kyr Water content, %
(WGS84)
CLI-1 Risg 145501 39 90 + 30 0.13 £0.04 13 .51 £0.06 48
CLI-2 Risg 145502 2.0 280 + 50 0.52 £0.08 17 1.84 £ 0.07 29
CL2-1 Risg 145503 32 120 + 30 0.20 + 0.05 15 1.68 £ 0.07 31
CL2-2 Risg 145504 1.9 370 + 80 0.66 + 0.14 21 1.80 £ 0.07 28
CL3-1 Risg 145505 2.9 190 + 70 031 +£0.12 8 1.69 £ 0.07 30
CL3-2 Risg 145506 23 360 + 40 0.67 £ 0.07 24 1.86 £ 0.07 28
CL3-3 Risg 145507 22 830 + 100 1.34£0.14 21 1.61 £0.06 33
CL3-4 Risg 145508 0.9 660 + 70 I.15£0.10 22 1.73 £ 0.07 38
CL4-1 Risg 145509 37 280 + 80 051 £0.14 17 1.83 £ 0.07 30
CL4-2 Risg 145510 2.4 420 + 80 0.77 £ 0.15 21 1.83 £ 0.07 34
CL4-3 Risg 145511 1.3 460 = 70 0.94 +0.13 22 2.04 £ 0.08 34
CL5-1 Risg 145519 4.9 2350 + 180 3.64 £0.22 24 1.55 £ 0.07 34
CL5-2 Risg 145520 38 2200 +210 4.19 £0.37 23 1.91 £0.07 33
CL5-3 Risg 145521 3.1 1720 £ 170 3.61 £031 22 2.09 £ 0.08 28
CL5-4 Risg 145522 29 2420 £ 510 347 £0.77 12 1.43 £ 0.07 29
CL5-5 Risg 145523 2.6 1910 + 160 439 +£0.32 24 2.29 £ 0.09 21
CL5-6 Riso 145524 22 2230+ 170 4.43 +£0.30 22 1.99 +0.08 30
CLé-1 Risg 145512 4.8 260 + 40 0.31 £ 0.04 22 |.18 £0.07 55
CL6-2 Risg 145513 42 900 + 400 1.31 £0.58 16 1.46 £ 0.05 40
CL6-3 Risg 145514 38 530 + 50° 0.93 £0.08 14 1.74 £ 0.07 31
CLé6-4 Risg 145515 34 1100 + 90 221 +0.16 24 2.02 £ 0.07 38
CLé6-5 Risg 145516 32 960 + 100 1.69 +0.17 21 1.76 £+ 0.07 27
CL6-6 Risg 145517 2.9 850 + 80 1.69 £ 0.15 23 1.99 £ 0.08 29
CL6-7 Risg 145518 2.3 37000 + 3000 71.67 527 24 1.94 £ 0.08 24
BR-I Risg 141203 7.8 1160 £ 110 2,67 £0.23 23 231 £0.10 14
BR-2 Risg 141204 8.4 630 £ 90 1.66 +0.21 32 2.65+0.12 12
BR-3 Risg 141205 10.2 1000 + 110 2.34+0.24 31 2.34£0.10 14
BR-4 Riso 141206 5.9 490 + 50 1.27 £ 0.10 34 257 +0.11 14
CL beach Risg 135501 0.08° 0.009 + 0.003 0.016 + 0.005 44 1.90 £ 0.08 28

2Age reversal.
®Depth below surface, in meters.

Core CL4. This 2.5-m-long core is located on the landward side of
the central spit system, at an elevation of 3.8 m. The surface is
compact and not vegetated. The deposits in the core are almost
exclusively composed of homogeneous fine- to medium-grained
sand (median: 257 pm; SD: 17 pm) and no sedimentary structures
are visible.

Three samples were taken for age determination. The top of
the core was dated to 280 = 80 years, while the bottom was dated
to 460 + 70 years. A third sample in the middle of the core yielded
an age of 420 + 80 years.

Core CL5. This 2.9-m-long core is located in the innermost
parts of the lagoon, at an elevation of 5.1 m. The coring site is
located c. 0.4 m above the average spring tide level and is thus
only occasionally flooded in wind-enhanced high tides. There
is slight indication of root penetration in the upper 0.4 m of the
core. All sediment in the top 1.6 m of the core (between core
top and 3.3 m) is composed of fine- to very fine-grained sand
(median: 139 um; SD: 28 um). Between 3.3 and 2.8 m, a slight
upward-fining trend can be observed. The lowermost 0.8 m of
the core consists of coarser and layered material, mainly fine-
and coarse-grained sand (median: 315 pm; SD: 110 pm)
although pebble-sized material is present and even dominant in
several of these layers.

Six samples were dated in the core, ranging between 1720 +
170 and 2420 + 510 years and with no apparent upward decreas-
ing age trend (Figure 3). This means that the whole succession
contained in the core deposited within dating uncertainty and
that there is no hiatus in deposition despite the marked facies

change in the core sediment. The succession’s mean age is 2140
+ 270 years.

Core CL6. This 2.6-m long core is located behind the most land-
ward barrier close to the paleo cliff in the distal parts of the lagoon,
at an elevation of 5.1 m. The spit is primarily composed of gravels
and the lagoon is connected to open water at the far end of the spit,
but at the sampling site, flooding occurs rarely because of the ele-
vation. The surface is covered by thick reddish to grayish micro-
bial mats and there is no present-day morphological indication of
any tidal or wave-related processes. The core can be divided into
two main parts: (1) the top part is composed of silt-rich deposits.
The upper 0.5 m contains in situ formed evaporitic material and
dark interbeds of biogenic origin, whereas the lower 1.2 m is char-
acterized by finer sediment (median: 91 um; SD: 55 pum); and (2)
the bottom part of the core is composed of sand beds (median: 230
um, SD: 50 pm) and gravel with shells debris.

Seven OSL ages were obtained from core CL6. A sample
close to the core top was dated to 260 + 40 years. Three sam-
ples from the middle of the silt-rich unit yielded ages of 900 +
400, 530 += 50 and 1100 £ 90 years (Figure 3). The sample
dated at 530 + 50 years is considered to be erroneously young
(Table 1, Risg 145514) and is not further considered. Two
samples from the sand- and gravel-rich unit yielded ages of
960 + 100 and 850 + 80 years. The mean of the four ages from
the two mid-intervals is 950 + 110 years and they show no
apparent upward-decreasing trend. The lowermost sample,
close to the bottom of the core, yielded an age of 37,000 +
3000 years.
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Discussion

The OSL chronology from Caleta de los Loros reveals the rela-
tively recent age and rapid buildup of these investigated coastal
deposits over late-Holocene time scales. This is perhaps surpris-
ing; favorable conditions for the formation of continuously pro-
graded coastal deposits have likely existed over most of the
Holocene, given the proposed positive rates of isostatic uplift
(e.g. Rostami et al., 2000), the relative sea-level fall (e.g. Schell-
mann and Radtke, 2010), and the presently high availability of
mobile sediment in the area (Del Rio et al., 2007).

The development of Caleta de los Loros mainly during the
late-Holocene suggests that the study site is very sensitive to
changes in the parameters controlling long-term coastal evolu-
tion. The absence of older Holocene deposits suggests a morpho-
logical reconfiguration of the studied field site, presumably
caused by changes in RSL, sediment supply, and climatic forcing.
We here discuss the late-Holocene evolution of the system based
on our new observations and contextualize these with a review of
the environmental history of the area; this discussion is used to
then identify potential controls of the observed changes.

Core units and depositional environments

The sediment in the cores can be divided into three units: (I) inter-
tidal marine deposits, referred to here as lagoonal deposits; (IT)
mixed sediment deposited under more energetic conditions,
referred to as beach deposits; and (III) upper intertidal to supra-
tidal back-barrier deposits.

The lagoonal unit I (intertidal deposits of marine origin pre-
served as the topmost unit in cores CL1-5; Figure 3) is charac-
terized by grain sizes between 200 and 280 pm and a variable
content of shells, shell debris, and pebbles. Sedimentological
structures are almost entirely absent with the exception of lag
deposits formed by either eolian deflation (CL1) or channel
migration (CL3). The interpretation of the lagoonal unit is in
sedimentological terms complicated by its homogeneity, a
problem that at least in part arises from the available grain-size
fractions from ‘pre-sorted’ sedimentary rock of primarily flu-
vial origin. Cohesive sediments, especially clay, are almost
entirely absent in all of the cores. As a result, deciphering the
processes involved in the deposition of the lagoonal sediment
is very difficult because a large part of the sorting process is
masked by the homogeneity of the parent material (e.g. the
input of wind-blown material, bedding structures). Because of
this, the interpretation of processes controlling the formation
of the lithological units is primarily based on the location,
elevation, and age of the respective units, rather than on an
interpretation of detailed sedimentological and depositional
information.

The beach unit (II) is characterized by mixed sediment in the
pebble-, to gravel-, to sand-sized fractions and was encountered
in the lowermost parts of core CL5 and CL6. These deposits are
characterized by a clear separation into beds with a marked differ-
ence in grain size and are presumed to have formed in a wave-
dominated environment. The units preserved in core CL5 thus
provide evidence for a transition from more exposed conditions to
a more protected lagoonal deposition.

Back-barrier deposits (III) were only found in the top 1.7 m of
core CL6 and are made up of fine-grained sand and silt fractions
in various proportions. The deposition of the fine sediment
requires the formation of a barrier to separate the coring site from
wave and tidal processes; core CL6 was retrieved from a location
where sedimentation only occurs in association with high-water
events creating a small, shallow, and ephemeral water body.
These characteristics are further confirmed by the existence of
dark interbeds toward the core top stemming from microbial mats
similar to those observed at the coring site.

The late-Holocene evolution of Caleta de los Loros

With the establishment of the mid-Holocene sea-level highstand,
a topographic depression of fluvial origin was inundated at Caleta
de los Loros. The limit of marine influence is clearly traceable in
the form of inactive paleo-cliffs (Figure 1c). The timing of the last
activity of the cliffs remains unknown. However, a former con-
nection with the exposed shoreline is inferred from the orientation
and location of the cliffs (Figure 2). A formation in association
with the sea-level highstand thus appears a probable scenario.

The oldest ages for marine samples from Caleta de los Loros
were established in the northern part of the lagoon (core CLS).
Intertidal sandflats were deposited over a short period of time
about 2100 years ago and remained in place until present. These
deposits are located about 1 m higher than the comparable units
observed in core CL4, which were deposited after ¢. 500 years
ago. The most landward set of beach ridges was dated to ¢. 1000
years ago. The morphology of these ridges connects with the most
landward spit separating core CL6 from the lagoon. In core CL6,
the transition from a unit of coarse sediment to an overlying finer
unit was dated to ¢. 1000 years ago. This further corroborates that
the innermost spit formed around that time. A second and much
wider set of beach ridges prograded rapidly between 1000 and
500 years (Figure 2). It is unclear whether the system reached an
equilibrium at that time or if the shoreline has prograded further
and experienced a period of retreat at some point in time after 500
years ago. None of the near-surface samples from the modern
intertidal parts of the lagoon (CL1-CL4) yield modern ages. The
uppermost samples in the cores were dated to 90 = 30 years (3.9
m), 120 + 30 years (3.2 m), 190 + 70 years (2.9 m), and 280 + 80
years (3.7 m) (from core CL1 to CL4, sample elevations in paren-
thesis; Figure 3). This means that almost all samples are younger
than the main (seaward) part of the preserved beach-ridge system,
indicating that, not surprisingly, the presence of barrier spits has
increased the preservation potential in the tidal lagoon. The chro-
nology also shows that the deposition of sandflats, and hence the
infill of accommodation space in the lagoon, occurred rapidly and
that no further (preserved) deposition took place after the avail-
able space was filled.

The overall relatively recent age of the deposits seems to be at
odds with values presented in the literature on the evolution of
similar coastal systems since the mid-Holocene transgression
elsewhere in the region (e.g. Ribolini et al., 2011; Rutter et al.,
1990; Schellmann and Radtke, 2010; Zanchetta et al., 2014).
Favorable conditions for the formation of wide beach-ridge sys-
tems exist along wave-dominated coasts in locations with high
sediment supply and shallow, low-gradient shelves (Hein et al.,
2013; Roy et al., 1994). Along the cliffed shoreline of northern
San Matias Gulf, an ample supply of sediment contrasts with the
limited availability of accommodation space. This contrast is an
important parameter in explaining the rapid accretion and progra-
dation observed at Caleta de los Loros.

Figure 4 displays an overview of ages from the literature
obtained from studies of different Holocene coastal sedimentary
environments along the Atlantic seaboard of Argentina. The fig-
ure clearly shows that the deposits began to form with the estab-
lishment of the Holocene relative sea-level highstand and that the
new OSL ages obtained from Caleta de los Loros are young in
comparison. The presence of mid-Holocene deposits elsewhere
and their absence at our study site suggests changes at Caleta de
los Loros toward the late-Holocene, which either reduced the
preservation potential of older deposits, or which favored deposi-
tion over late-Holocene time scales.

Based on the geographical setting and a review of the litera-
ture, it is reasonable to expect that Caleta de los Loros developed
primarily under the influence of changes in RSL (i.e. accommo-
dation space, shoreline retreat) and climate (i.e. direction of
wave-energy approach and sediment supply). These parameters
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Figure 4. The observed timing of coastal morpho-sedimentary development of Caleta de los Loros is compared with changes in the natural
environment and observations from the regional archeological record (see parameter, location, and references in the figure). It can be observed
that the periods of lagoonal deposition coincide with periods of reduced influence of westerly winds, while the formation of the beach-ridge
system occurred during a dry pulse with an increase in westerly winds.The timing of coastal change appears to be reflected in the intensity of
human occupation as reflected in the amount of dated artifacts encountered. P (rel): relative probability.

will be discussed in the following section in order to identify
potential environmental controls for the inferred late-Holocene
evolution of the study site.

The role of sea level and climate

Several authors have proposed marked oscillations in RSL over
late-Holocene time scales. These starkly contradict the assump-
tion of a linear trend in isostatic uplift superimposed on a near-
stable eustatic sea level (e.g. Rostami et al., 2000). Gomez et al.
(2005, 2006) present evidence for a lower than present MSL at
some point between the mid-Holocene RSL highstand and c.
2400 years in the Bahia Blanca estuary, Argentina. The exis-
tence of similar lowstands along the east coast of Brazil for a
comparable time period has been proposed based on data,
which is neither unambiguous nor generally accepted, and thus
remains a matter of debate (cf. Angulo et al., 2006 and refer-
ences therein). Schellmann and Radtke (2010) argue for the
existence of a significant sea-level fall of at least 1-2 m between
2300 and 2050 years ago for the coast of Patagonia south of
Negro River, based on extensive field observations. Hein et al.
(2013) attribute the formation of a transgressive barrier within
a continuously prograded strandplain around 3300 years ago in
Brazil to ‘a significant extrinsic perturbation’ (p. 490). While
none of the above observations is entirely suitable to explain
the chronology of deposition at Caleta de los Loros, the timing
of the observed change appears to fit strikingly well. The tidal
flat deposits in core CL5 likely formed in association with the
local creation of accommodation space and may in their eleva-
tion be indicative of a slightly higher RSL 2400-2200 years
ago. The ages from this core are much older than the rest of the
OSL dates from Caleta de los Loros, supporting the suggestion
of formation of beach and lagoonal deposits over the last 1000
years. This either suggests the onset of a period of increased
sedimentation or a large-scale reconfiguration of the system
after 2200 years ago.

In reconstructions from a nearby coastal sedimentary system
composed of Holocene marine and freshwater deposits at Bajo la
Quinta (40°56" S, 64°20" W; Marcos et al., 2012, 2014), it was
proposed that the climate on the northern shore of San Matias
Gulf underwent significant changes affecting local vegetation
composition and coastal morphodynamics during the Holocene.
From c. 7500 to 2900 years, dry climate conditions prevailed
with periods of intensified aridity and predominant winds from
westerly directions (Marcos et al., 2012). Martinez et al. (2013)
state that the ‘“Middle Holocene was characterized by arid condi-
tions and eolian morphodynamic processes’ (p. 125). Between
2900 and 2000 years a change from arid to semi-arid conditions
occurred coinciding with a weakening of westerly winds, and a
correspondingly increased influence of more humid Atlantic air
masses. This observation supports earlier observation of a wet-
ting trend around 3000 years ago (Schébitz, 2003; Schébitz and
Liebricht, 1998). The time period between 2000 and 1000 years
is again dominated by dryer climate conditions and probably
caused by an increase in westerly winds (Marcos et al., 2012).
For the time between 1000 and 500 years, Marcos et al. (2012,
2014) suggest the occurrence of an arid pulse with the influence
of westerly winds. Favier-Dubois and Kokot (2011) show evi-
dence for a general increase in coastal geomorphic activity with
the formation of beach ridges and dunes occurring at around
1000 years. Over the last ¢. 500 years, semi-arid conditions were
reestablished, which continue until present day (Marcos et al.,
2012). An arid climate with westerly winds has predominated
between 7500 and 2900 years ago as well as between 2000 and
1000 years ago (Figure 4; Marcos et al., 2012). The time frame
coincides with periods for which no preserved deposits were
obtained in the scope of this study. Sandflats at Caleta de los
Loros deposited between 2400 and 2200 years ago (CLS) and
over the last ¢. 600 years (CL1-4). These time periods coincide
with the proposed periods of slightly wetter climate conditions
under a reduced influence of westerly winds. The main period of
beach-ridge progradation (between 1000 and 500 years ago) at
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Caleta de los Loros is concurrent with a dry pulse and predomi-
nant westerly winds. However, the arrangement of landforms
that formed over the last 1000 years at Caleta de los Loros sug-
gests the importance of constructive conditions with sediment
and energy supply from the east (Figures 1c and 2). This is in
accordance with modeling results suggesting the prevalence of a
relatively calm wave climate with the predominance of wave
energy approach from the south-east (Reguero et al., 2013). Nev-
ertheless, the timing of regional-scale climatic changes inferred
from Bajo la Quinta fits strikingly well with the evolution of
Caleta de los Loros, although the controlling mechanisms remain
unexplained. This is partly because the relative importance of
energy from swell waves in the long-term geomorphic evolution
of coastal systems in NE Patagonia has not been assessed. At
present, the formation and course of extratropical cyclones over
the South Atlantic result in the transfer of energy to the northern
shore of San Matias Gulf and this is an important factor for the
occurrence of high energy events (Mendes et al., 2010). Our data
show an increased supply of sediment between 1000 and 500
years ago from an eastern direction and would thus suggest
increased influence of allogenic wave forcing.

Coastal evolution:A comparison with the
archeological record

Archeological studies have been conducted at several locations in
NE Patagonia, including the northern shore of San Matias Gulf
(Borella and Cruz, 2012; Favier-Dubois and Alberti, 2014;
Favier-Dubois et al., 2009; Martinez et al., 2013; Scartascini,
2012): these investigations describe a close relationship between
trends in human occupation and environmental changes in the
region. The oldest ages for indications of fishing activities at
Caleta de los Loros are about 5300-5900 years old (Favier-
Dubois and Scartascini, 2012). While climate change is an obvi-
ous parameter to study in a semi-arid environment in order to
unravel the history of human occupation, coastal morphological
evolution and shoreline change are of special importance along
the northern shore of San Matias Gulf (Favier-Dubois, 2013;
Favier-Dubois et al., 2016). This is mainly because of the impor-
tance of access to marine resources (primarily fisheries); this is
limited along a coastline dominated by high cliff sections. The
amount of dateable archeological artifacts in the area varies
strongly throughout the mid- to late-Holocene (i.e. intensity of the
archeological signal; Favier-Dubois et al., 2016; Martinez et al.,
2013; Figure 4). Favier-Dubois et al. (2016) state that the large
number of ages obtained from the northern shore of San Matias
Gulf suggests the importance of marine depositional environ-
ments as places for human settlement. The variation of the signal
thus may reflect changes in the characteristics and in the overall
existence of active tidal inlets.

At Bajo la Quinta, human occupation increased with the estab-
lishment of the mid-Holocene sea-level maximum at least 6000
years ago (Favier-Dubois and Kokot, 2011), but human popula-
tion has been present since ¢. 7200 years (Martinez et al., 2013).
The formation of beach ridges has been described here for the
time period of between 2800 and 3000 years, which is most likely
associated with a fall in RSL at that time (Favier-Dubois and
Kokot, 2011; Marcos et al., 2014; Schellmann and Radtke, 2010).
A concurrent transition from net fisheries to line fishing occurred
at Bajo la Quinta (Favier-Dubois and Kokot, 2011) owing to a
transition in the availability of marine food sources to terrestrial
food sources. This change in diet is attributed to the increased
rectification of the coast of San Matias Gulf (Favier-Dubois and
Kokot, 2011). A study of human remains revealed dietary changes
from an intensive to moderate use of marine resources between
3100 and 2200 years ago and 1500 and 400 years ago (Favier-
Dubois et al., 2009).

Conclusion

A high-resolution chronological framework, based on OSL dat-
ing, was constructed from lagoon and beach-ridge deposits at
Caleta de los Loros, NE Patagonia, Argentina. Information on
the geomorphological and sedimentary context were obtained
from remotely sensed data, sediment cores, and field measure-
ments. The new chronology shows that the oldest deposits from
the lagoon formed about 2100 years ago and that the beach-
ridge system formed between 1000 and 500 years ago, while
the majority of the deposited sediment from the lagoon is
younger than 500 years. The controls of the inferred sedimen-
tary and geomorphological changes at the field site could not be
identified in detail, but potential links with sea-level oscilla-
tions and changes in wave climate have been proposed. The
timing, rate, and scale of deposition at Caleta de los Loros pres-
ent an atypical example of a prograded coastal sedimentary sys-
tem along the Atlantic seaboard of Argentina and illustrates the
sensitive morphological response of coastal systems to changes
in major forcing parameters such as sea-level, sediment avail-
ability, and wind direction. The study demonstrates the charac-
teristic complexity of the depositional history of macrotidal
coastal lagoon systems, regarding both stratigraphy and chro-
nology. Furthermore, it highlights the need for more research
into systems in similar settings to improve understanding of the
depositional mechanisms and feedbacks controlling their
evolution.

Acknowledgements

We would like to thank Eduardo Gémez (IADO) for kindly bor-
rowing his vibracore equipment, as well as Walter Daniel Melo
(IADO) and Ernesto Alberdi for their help with logistics and dur-
ing the field campaigns. We would further like to acknowledge
the support of the Secretaria de Ambiente y Desarrollo Sustent-
able, Gobierno de Rio Negro (Viedma), Argentina and the park
rangers at Caleta de los Loros. The constructive comments from
two anonymous reviewers are highly appreciated and helped
greatly to improve our manuscript.

Funding

This study was conducted with funding by Geocenter Denmark
(grant 11-2011) and Danish Council for Independent Research/
Natural Sciences (FNU grant 10-083382), and the Carlsberg
Foundation (grants CF14-0173 and CF15-0254). Partial support
was provided by grants from the National Scientific and Techni-
cal Research Council (CONICET), National Agency for the Pro-
motion of Science and Technology of Argentina (ANCYP), and
Universidad Nacional del Sur (UNS).

ORCID iD

Lasse Sander https://orcid.org/0000-0003-1066-7952

References

Aguirre ML (2003) Late Pleistocene and Holocene palacoenvi-
ronments in Golfo San Jorge, Patagonia: Molluscan evidence.
Marine Geology 194(1): 3-30.

Aitken MJ (1985) Thermoluminescence Dating. London: Aca-
demic Press.

Angulo R, Lessa G and Souza M (2006) A critical review of mid-
to late-Holocene sea-level fluctuations on the eastern Brazil-
ian coastline. Quaternary Science Reviews 25: 486—-506.

Billeaud I, Tessier B and Lesueur P (2009) Impacts of late-Holo-
cene rapid climate changes as recorded in a macrotidal coastal
setting (Mont-Saint-Michel Bay, France). Geology 37(11):
1031-1034.

Borella F and Cruz I (2012) Taphonomic evaluation of penguin
(Spheniscidae) remains at a shell-midden on the northern


https://orcid.org/0000-0003-1066-7952

The Holocene 00(0)

coast of Patagonia (San Matias Gulf, Rio Negro, Argentina).
Quaternary International 278: 45-50.

Botter-Jensen L, Bulur E, Duller GAT et al. (2000) Advances in
luminescence instrument systems. Radiation Measurements
32(5-6): 523-528.

Botter-Jensen L, Bulur E, Murray AS et al. (2002) Enhancements
in luminescence measurement techniques. Radiation Protec-
tion Dosimetry 101: 119-124.

Boyd R, Dalrymple R and Zaitlin BA (1992) Classification of
clastic coastal depositional environments. Sedimentary Geol-
ogy 80(3—4): 139-150.

Cavalotto JL, Violante RA and Parker G (2004) Sea-level fluctua-
tions during the last 8600 years in the de la Plata river (Argen-
tina). Quaternary International 114(1): 155-165.

Codignotto JO and Aguirre ML (1993) Coastal evolution,
changes in sea level and molluscan fauna in northeastern
Argentina during the Late Quaternary. Marine Geology 110:
163-175.

Codignotto O, Kokot R and Marcomini S (1992) Neotectonism
and sea-level changes in the coastal zone of Argentina. Jour-
nal of Coastal Research 8(1): 125-133.

Del Rio JL and Colado UR (1999) Ambientes sedimentarios
actuales de la Caleta de los Loros, Provincia de Rio Negro,
Repuiblica Argentina. Thalassas 15(1): 35-44.

Del Rio JL, Lopez de Armentia AM, Alvarez JR et al. (2007)
Shoreline retreat at the Gulf San Matias, Argentina. Thalassas
23(2): 43-51.

Farr G, Rosen PA, Caro E et al. (2007) The shuttle radar topogra-
phy mission. Reviews of Geophysics 45(2): 1-33.

Favier-Dubois CM (2009) Valores de efecto reservorio marino
para los ultimos 5000 afios obtenidos en concheros de las
costa atlantica norpatagonica (Golfo San Matias, Argentina).
Magallania 37(2): 139-147.

Favier-Dubois CM (2013) Hacia una cronologia del uso del
espacio en la costa norte del golfo San Matias (Rio Negro,
Argentina): Sesgos geoldgicos e indicadores temporales. In:
Zangrando A, Barberena R, Gil A and et al. (eds) Tendencias
teorico-metodologicas y casos de studio en la arqueologia de
la Patagonia. San Rafael, CA: Museo de Historia Natural de
San Rafael, pp. 87-96.

Favier-Dubois CM and Alberti J (2014) Materias primas liticas
en la costa norte del Golfo San Matias (Rio Negro, Argen-
tina): Distribucion de fuentes y tendencias generals en su
aprovechamiento. Revista del Museo de Antropologia 7(1):
93-104.

Favier-Dubois CM and Kokot R (2011) Changing scenarios in
Bajo de la Quinta (San Matias Gulf, Northern Patagonia,
Argentina): Impact of geomorphologic processes in subsis-
tence and human use of coastal habitats. Quaternary Interna-
tional 245(1): 103-110.

Favier-Dubois CM and Scartascini FL (2012) Intensive fishery
scenarios on the North Patagonian coast (Rio Negro, Argen-
tina) during the Mid-Holocene. Quaternary International
256: 62-70.

Favier-Dubois CM, Borella F and Tykot R (2009) Explorando
tendencias temporales en el uso del espacio y los recursos
marinos en el Golfo San Matias (Rio Negro). In: Salemme M,
Santiago F, Alvarez M and et al. (eds) Arqueologia de Pata-
gonia: una mirada desde el ultimo confin. Ushuaia, South
America: Utopias, pp. 985-997.

Favier-Dubois CM, Kokot R, Scartascini F et al. (2016) Una
perspectiva geoarqueologica del registro de ocupaciones
humanas en el Golfo San Matias (Rio Negro, Argentina).
Intersecciones En Antropologia 4: 47-60.

Fruergaard M, Andersen TJ, Johannessen PN et al. (2013) Major
coastal impact induced by a 1000-year storm event. Scientific
Reports 3: 1051.

Fruergaard M, Andersen TJ, Nielsen LH et al. (2011) Punctuated
sediment record resulting from channel migration in a shal-
low sand-dominated micro-tidal lagoon, Northern Wadden
Sea, Denmark. Marine Geology 280: 91-104.

Fruergaard M, Johannessen PN, Nielsen LH et al. (2017) Sedi-
mentary architecture and depositional controls of a Holocene
wave-dominated barrier-island system. Sedimentology. Epub
ahead of print 28 December. DOI: 10.1111/sed.12418.

Fruergaard M, Moller I, Johannessen PN et al. (2015) Stratig-
raphy, evolution, and controls of a Holocene transgressive—
regressive barrier island under changing sea level: Danish
North Sea coast. Journal of Sedimentary Research 85(7):
820-844.

Gélos EM, Schillizzi RA and Spagnuolo JO (1992) El Cenozoico
de la costa norte del Golfo San Matias, Rio Negro. Revista de
la Asociacion Geologica Argentina 47(2): 135-140.

Gomez E, Borel CM, Aguirre ML et al. (2008) Radiocarbon res-
ervoir ages and hardwater effect for the northeastern coastal
waters of Argentina. Radiocarbon 50(1): 119—129.

Goémez E, Martinez DE, Borel CM et al. (2005) Submarine evi-
dence of Holocene sea-level fluctuations in the Bahia Blanca
Estuary, Argentina. Journal of South American Earth Sci-
ences 20(1): 139-155.

Gomez E, Martinez D, Borel CM et al. (2006) Negative sea level
oscillation in Bahia Blanca Estuary related to a global climatic
change around 2,650 yr B.P. Journal of Coastal Research
Special Issue No. 39: 181-185.

Goémez EA and Perillo GME (1995) Sediment outcrops under-
neath shoreface-connected sand ridges, outer Bahia Blanca
estuary, Argentina. Quaternary of South America and Antarc-
tica Peninsula 9(3): 27-42.

Gonzalez MA and Weiler NE (1994) Argentinian Holocene trans-
gression: Sidereal ages. Journal of Coastal Research 10(3):
621-627.

Guérin G, Mercier N and Adamiec G (2011) Dose-rate conver-
sion factors: Update. Ancient TL 29(1): 5-8.

Guilderson T, Burckle L, Hemming S et al. (2000) Late Pleisto-
cene sea level variations derived from the Argentine Shelf.
Geochemistry, Geophysics, Geosystems. Epub ahead of print
15 December. DOI: 10.1029/2000GC000098.

Hede MU, Sander L, Clemmensen LB et al. (2015) Changes in
Holocene relative sea-level and coastal morphology: A study
of a raised beach ridge system on Samsg, southwest Scandi-
navia. The Holocene 25(9): 1402—-1414.

Hein CJ, Fitzgerald DM, Cleary WJ et al. (2013) Evidence for a
transgressive barrier within a regressive strandplain system:
Implications for complex coastal response to environmental
change. Sedimentology 60(2): 469-502.

Hirt C, Filmer MS and Featherstone WE (2010) Comparison and
validation of the recent freely available ASTER-GDEM verl,
SRTM ver4.1 and GEODATA DEM-9S ver3 digital elevation
models over Australia. Australian Journal of Earth Sciences
57(3): 337-347.

I0C IHO and BODC (2003) Centenary Edition of the GEBCO
Digital Atlas. Liverpool: British oceanographic data centre.

Isla FI (2013) The flooding of the San Matias Gulf: The Northern
Patagonia sea-level curve. Geomorphology 203: 60—65.

Labraga JC and Villalba R (2009) Climate in the Monte desert:
Past trends, present conditions, and future projections. Jour-
nal of Arid Environments 73(2): 154-163.

Lanfredi NW, Pousa JL and D’Onofrio EE (1998) Sea-level rise
and related potential hazards on the Argentine coast. Journal
of Coastal Research 14(1): 47-60.

Marcos MA, Espinosa MA, Mancini MV et al. (2014) Multiples
Indicadores de los Cambios Ambientales Desde el Holoceno
Medio en el Noreste de Patagonia (Bajo de la Quinta), Argen-
tina. Ameghiniana 51: 344-360.



Sander et al.

Marcos MA, Mancini MV and Favier-Dubois CM (2012) Middle-
to late-Holocene environmental changes in Bajo de la Quinta
NE Patagonia, inferred by Palynological Records and their
relation to human occupation. The Holocene 22: 1271-1281.

Martinez G, Flensborg G and Bayala PD (2013) Chronology and
human settlement in northeastern Patagonia (Argentina): Pat-
terns of site destruction, intensity of archaeological signal,
and population dynamics. Quaternary International 301:
123-134.

Martinez OA and Kutschker A (2011) The ‘Rodados Patagénicos’
(Patagonian shingle formation) of eastern Patagonia: Envi-
ronmental conditions of gravel sedimentation. Biological
Journal of the Linnean Society 103(2): 336-345.

Mendes D, Souza EP, Marengo JA et al. (2010) Climatology of
extratropical cyclones over the South American — Southern
oceans sector. Theoretical and Applied Climatology 100(3—
4): 239-250.

Milana JP and Krohling D (2015) Climate changes and solar
cycles recorded at the Holocene Parana Delta, and their
impact on human population. Scientific Reports. Epub ahead
of print. DOI: 10.1038/srep12851.

Moreira D, Simionato CG and Dragani W (2011) Modeling ocean
tides and their energetics in the North Patagonia Gulfs of
Argentina. Journal of Coastal Research 27(1): 87-102.

Murray AS and Wintle AG (2000) Luminescence dating of quartz
using an improved single-aliquot regenerative-dose protocol.
Radiation Measurements 32: 57-73.

Murray AS and Wintle AG (2003) The single aliquot regenera-
tive dose protocol: Potential for improvements in reliability.
Radiation Measurements 37: 377-381.

Murray AS, Marten R, Johnston A et al. (1987) Analysis for nat-
urally-occurring radionuclides at environmental concentra-
tions by gamma spectrometry. Journal of Radioanalytical and
Nuclear Chemistry 115(2): 263-288.

Oliver TSN, Tamura T, Hudson JP et al. (2017) Integrating mil-
lennial and interdecadal shoreline changes: Morpho-sedimen-
tary investigation of two prograded barriers in southeastern
Australia. Geomorphology 288: 129-147.

Pedoja K, Regard V, Husson L et al. (2011) Uplift of quaternary
shorelines in eastern Patagonia: Darwin revisited. Geomor-
phology 127: 121-142.

Perillo GME (1995) Geomorphology and sedimentology of estu-
aries: An introduction. Developments in Sedimentology 53:
1-16.

Perillo GME, Piccolo MC and Marcovecchio J (2006) Coastal
oceanography of the Western South Atlantic Continental
shelf (33 °S to 55 °S) (5, W). In: Robinson AA and Brink K
(eds) Coasts Interdisciplinary Global Coastal Ocean Study:
The Sea, vol. 14. Boston, MA: Harvard University Press, pp.
295-327.

Pilkey OH, Cooper JAG and Lewis DA (2009) Global distribution
and geomorphology of fetch-limited barrier islands. Journal
of Coastal Research 25(4): 819-837.

Piovano EL, Ariztegui D, Coérdoba F et al. (2009) Hydrological
variability in South America below the Tropic of Capricorn
(Pampas and Patagonia, Argentina) during the last 13.0 Ka.
In: Vimeux F, Sylvestre F and Khodri M (eds) Past Climate
Variability in South America and Surrounding Regions. Dor-
drecht: Springer, pp. 323-351.

Plater AJ, Stupples P and Roberts HM (2009) Evidence of epi-
sodic coastal change during the Late-Holocene: The Dunge-
ness barrier complex, SE England. Geomorphology 104(1):
47-58.

Poirier C, Tessier B, Chaumillon Bertin EX et al. (2017) Decadal
changes in North Atlantic atmospheric circulation patterns
recorded by sand spits since 1800CE. Geomorphology 281:
1-12.

Prescott JR and Hutton JT (1994) Cosmic ray contributions to
dose rates for luminescence and ESR dating: Large depths
and long-term time variations. Radiation Measurements 23:
497-500.

Ramos VA and Ghiglione MC (2008) Tectonic evolution of the
Patagonian Andes. Developments in Quaternary Sciences 11:
57-71.

Reguero BG, Méndez FJ and Losada 1J (2013) Variability of mul-
tivariate wave climate in Latin America and the Caribbean.
Global and Planetary Change 100: 70—84.

Ribolini A, Aguirre M, Baneschi I et al. (2011) Holocene beach
ridges and coastal evolution in the Cabo Raso bay (Atlantic
Patagonian coast, Argentina). Journal of Coastal Research
27(5): 973-983.

Rostami K, Peltier W and Mangini A (2000) Quaternary marine
terraces, sea-level changes and uplift history of Patagonia,
Argentina: Comparisons with predictions of the ICE-4G
(VM2) model of the global process of glacial isostatic adjust-
ment. Quaternary Science Reviews 19(14): 1495-1525.

Roy PS, Cowell PJ, Ferland MA et al. (1994) Wave-dominated
coasts. In: Carter RWG and Woodroffe CD (eds) Coastal Evo-
lution, Late Quaternary Shoreline Morphodynamics. Cam-
bridge: Cambridge University Press, pp. 121-186.

Rutter N, Radtke U and Schnack EJ (1990) Comparison of ESR
and amino acid data in correlating and dating Quaternary
shorelines along the Patagonian coast, Argentina. Journal of
Coastal Research 6(2): 391-411.

Sander L, Fruergaard M and Pejrup M (2016) Coastal landforms
and the Holocene evolution of the Island of Samse, Denmark.
Journal of Maps 12(2): 276-286.

Sander L, Fruergaard M, Koch J et al. (2015a) Sedimentary
indications and absolute chronology of Holocene relative
sea-level changes retrieved from coastal lagoon deposits on
Samsg, Denmark. Boreas 44: 706-720.

Sander L, Hede MU, Fruergaard M et al. (2015b) Coastal lagoons
and beach ridges as complementary sedimentary archives for
the reconstruction of Holocene relative sea-level changes.
Terra Nova 28: 43—49.

Sander L, Raniolo LA, Alberdi E et al. (2015¢) Elevation trends
in wide beach-ridge systems retrieved from landsat images
and the SRTM Digital Surface Model. Journal of Coastal
Research 315: 1241-1252.

Scartascini FL (2012) Primeras tendencias ictioarqueologicas en
la localidad Bajo de la Quinta, Rio Negro, Argentina. Inter-
secciones en Antropologia 13(2): 315-326.

Schibitz F (2003) Estudios polinicos del Cuaternario en las regio-
nes aridas del sur de Argentina. Revista del Museo Argentino
de Ciencias Naturales 5(2): 291-299.

Schibitz F and Liebricht H (1998) Landscape and climate devel-
opment in the south-eastern part of the ‘Arid Diagonal’ during
the last 13,000 years. Bamberger Geographische Schrifien
15:371-388.

Scheffers A, Engel M, Scheffers S et al. (2012) Beach ridge
systems—archives for Holocene coastal events? Progress in
Physical Geography 36(1): 5-37.

Schellmann G and Radtke U (2010) Timing and magnitude of
Holocene sea-level changes along the middle and south Pata-
gonian Atlantic coast derived from beach ridge systems, litto-
ral terraces and valley-mouth terraces. Earth-Science Reviews
103(1): 1-30.

Servicio de Hidraografia Naval (SHN) (2017) Prediccion de las
Horas y Alturas de las Pleamares y Bajamares de Puertos
Secundarios. Available at: http://www.hidro.gov.ar/oceanogra-
fia/tmareas/Form_TPSMareas.asp (accessed 22 June 2017).

Sorrel P, Debret M, Billeaud I et al. (2012) Persistent non-solar
forcing of Holocene storm dynamics in coastal sedimentary
archives. Nature Geoscience 5(12): 892-896.


http://www.hidro.gov.ar/oceanografia/tmareas/Form_TPSMareas.asp
http://www.hidro.gov.ar/oceanografia/tmareas/Form_TPSMareas.asp

12

The Holocene 00(0)

Tamura T (2012) Beach ridges and prograded beach deposits as
palaeoenvironment records. Earth-Science Reviews 114(3):
279-297.

Vilanova I, Prieto AR, Stutz S et al. (2010) Holocene vegeta-
tion changes along the southeastern coast of the Argentinean
Pampa grasslands in relation to sea-level fluctuations and cli-
matic variability: Palynological analysis of alluvial sequences
from Arroyo Claromec6 Palacogeography. Palaeoclimatol-
0gy, Palaeoecology 298: 210-223.

Weiler NE (1998) Holocene sea levels in Anegada Bay, Argentine
Republic. Journal of Coastal Research 14(3): 1034-1043.
Wintle AG and Murray AS (2006) A review of quartz optically
stimulated luminescence characteristics and their relevance in
single-aliquot regeneration dating protocols. Radiation Mea-
surements 41: 369-391.

Zanchetta G, Bini M, Isola I et al. (2014) Middle-to late-Holo-
cene relative sea-level changes at Puerto Deseado (Patagonia,
Argentina). The Holocene 24(3): 307-317.





