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A multidisciplinary approach involving geomorphology, taxa composition of mollusks and taphonomy
performed on bivalve shells, linked to mineralogical and microstructural analyses, provide evidence of
Late Quaternary environmental changes in the coastal area of Puerto Lobos, in northern Patagonia. Digital
elevation models (DEMs) showed a beach ridge system developed parallel to the coast, indicating sea
level variations during MIS1, MIS5e, and earlier in the Pleistocene. These ridges can be correlated with
other marine ridges along the Patagonian coast, showing a similar geomorphological pattern and similar
temporal evolution. In relation to faunal composition, when comparing the Pleistocene with the Holo-
cene, the most relevant differences are the presence of Tegula atra and Mactra patagonica in the Pleis-
tocene sediments and a diversification of taxa in the Holocene. During the late Holocene, the coastal area
of Puerto Lobos also recorded a faunal shift in which species belonging to the Magellan Province dis-
placed the fauna of the Argentinean Province to the north, probably in coincidence with the Little Ice Age
(LIA). Taphonomic analysis on Glycymeris longior and Venus antiqua shells, two common taxa in these
beach ridges, indicate greater energy in the depositional environment correlated with the youngest
Holocene beach ridge. These shells exhibited taphonomic differences between them in relation to
fracturing, explained on the basis of higher elasticity in the G. longior shell than in V. antiqua shell,
because of its crossed lamellar microstructure.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The configuration of the Patagonian coast, located in southern
Argentina, is the result of several factors related mainly to changes
in sea level associated with isostatic compensation, with gla-
cioeustasy and geotectonic processes (Clapperton, 1993; Rostami
et al., 2000; Schellmann and Radtke, 2010; Pedoja et al., 2011).
Pleistocene and Holocene marine sediments are restricted to a
narrow coastal strip, where these levels are preserved as marine
terraces and beach ridges formed of gravel, sand and varying
amounts of calcareous mollusk exoskeletons. The thickness of the
deposits is variable, and they are located at different altitudes and
distances from the present coastline (Feruglio, 1950; Cionchi, 1988;
Schellmann and Radtke, 2000; Codignotto, 2005; Fucks et al., 2009;
Isola et al., 2011).
oretto).
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As in other marine coastal areas of the world, the coastal area of
Puerto Lobos (Chubut, northern Patagonia) (Fig. 1) has been
affected by marine transgressiveeregressive processes which
occurred during the Quaternary. As a result of these events, mor-
phosedimentological features can be found above the present sea
level. This study will focus mainly on fossiliferous sandy and gravel
littoral ridges located between 11 and 2 m above sea level (m.a.s.l.)
and related to a Holocene transgression (Bayarsky and Codignotto,
1982).

These ridges are important because they record faunal turnover
that could be related to a migration of the boundary between the
Argentinean and Magellan malacological provinces (Martinez and
Del Río, 2002; Martínez et al., 2011). Marine faunal distribution is
mainly related to global water temperature gradients (Valentine
et al., 1978; Valentine and Jablonsky, 1985; in Martínez et al., 2011).
The thermal gradients existing in the SWAtlantic and produced by
the arrival of the warm Brazil Current from the north and the cold
Malvinas (Falklands) Current from the south have facilitated the
demarcation of the biogeographic unit known as the Argentinean
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Fig. 1. Study area, Puerto Lobos (Chubut Province, north Patagonia Atlantic Ocean), 42�00’S, 65�4’W.
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Malacological Province (Martínez et al., 2011), which extends be-
tween 28�S (Martínez et al., 2011) and 42�S (Península Valdes)
(Boschi, 2000; Gordillo and Isla, 2011). Its boundaries are not static
due to the influence exerted by water masses of different depths at
the same latitude, and to variations caused by oceaneatmosphere
interaction (Martínez et al., 2011). The Argentinean Province bor-
ders the Brazilian Province to the north (linked to the Brazil Cur-
rent) and the Magellan Province to the south (linked to the
Malvinas Current in the Atlantic Ocean and the Humboldt Current
in the Pacific) (Martínez et al., 2011). As an example of the rela-
tionship between cold periods and mollusk migration, during the
late Miocene the malacofauna of the current Argentinean Province
included Caribbean taxa (Martinez and Del Río, 2002). The cool
water caused by the formation of the Malvinas Current shifted the
distribution of tropical malacofauna to the north of South America,
where some representative mollusks are extinct and others are still
present today (Martinez and Del Río, 2002). Recently, Muhs et al.
(2012) showed how climate changes during the Quaternary have
affected the distribution range of mollusks from San Nicolas Island,
on the boundary between the Californian and Oregonian marine
invertebrate faunal provinces, which are dominated by the cold
southward California Current and the warm Inshore Countercur-
rent, respectively.

The youngest Puerto Lobos Holocene deposit is from ca. 1564
AD, which was before the Maunder Minimum of the Little Ice Age
(LIA). There was a period of prolonged solar quiet from about 1645
until 1715, and the coincidence of a prolonged “solar minimum”

with the coldest excursion of the LIA has been noted by many who
have looked at the possible relationship between Sun and terres-
trial climate (Eddy, 1976). Evidence of this event has been regis-
tered in continental areas of Argentina (Cioccale, 1999; Glasser
et al., 2002; Rabassa, 2008; Strelin et al., 2008; Masiokas et al.,
2009).

The purpose of this paper is to interpret the paleoenvironment of
the coastal marine area of Puerto Lobos through a multidisciplinary
method which considers geomorphological and malacological
analyses, including taphonomic, mineralogical and microstructural
studies of mollusk shells collected from Late Quaternary beach
ridges and present-day beaches. Beach ridges are landforms which
commonly developed on prograded coasts with beach shorelines,
and a sequence of these can be regarded as a time series of coastal
evolution. Observation of the modern beach is still particularly
important for a more accurate palaeoenvironmental analysis, as the
beach-ridge formation can be further tested by considering the
concomitant environment and its complete chronology (Tamura,
2012).

1.1. Previous work in the area

The first description of the Puerto Lobos area was published
by Feruglio (1950), who mentioned the alternating depressions
and marine coastal ridges. These are the lowest marine deposits
along the present-day coast, with an average height of 6e12 m
Auer (1956, 1959, 1970) also described a system of banks con-
sisting of gravel, sand and shells. These are the result of oceanic
erosion of material accumulated by a glacier that advanced from
the Somuncurá plateau. Auer (1956, 1959, 1970) stressed the
repeated emergence of the 6 m level (top of the ridge), caused by
a transgression, and as Feruglio (1950), he assigned these de-
posits to a postglacial age. Cortes (1981) conducted the first
stratigraphic description of the coastal deposits, and in Cortes
(1987) subsequently described the geological setting in geolog-
ical sheet 42 h. Bayarsky and Codignotto (1982) identified the
development of 6 coastal ridges and dated them by applying the
14C method to mollusk shells. They also published a petrological
description of the lithic material. Spagnuolo et al. (1992)
described the geological evolution of the area and the physical
characteristics of the Puerto Lobos coastal lagoon, including a
sedimentological analysis and measurements of temperature,
salinity and currents. They recognized two Pleistocene paleo-
lagoons and linked them to a general marine regressive scheme.
Kokot and Codignotto (2005) carried out a geomorphological
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description of coastal areas of Chubut province, between 42�S
(Puerto Lobos) and 46�S.

These marine deposits are mostly composed of mollusk shells.
The first report of Quaternary fossil mollusks in Puerto Lobos was
made by Feruglio (1950), who provided a list of taxa recovered from
the ridges. Pastorino (2000) made a list of taxa from marine ter-
races located in central Patagonia, including Puerto Lobos, but did
not specify their provenance. This author also pointed out the
presence of cemented specimens of Chama iudicai in the highest
ridge, probably corresponding to the penultimate interglacial lapse.
Aguirre et al. (2005) also indicate the presence of Chama in Pleis-
tocene strata, and briefly mention that in the Holocene there are
fewer cold taxa than on the neighboring coast.

2. Setting

The study area is located in the coastal zone of Puerto Lobos
(Chubut Province), 42�00’S, 65�4’W (Fig. 1). The climate in Pata-
gonia is characterized by two main weather factors: strong winds
and low rainfall (Coronato et al., 2008). Puerto Lobos has a
semiarid, temperate, plateau climate. Spagnuolo et al. (1992)
indicated an average annual temperature of 15 �C, with extreme
values during January (average 20 �C) and July (average 6 �C). The
average annual rainfall is about 160 mm, and prevailing west-
northwest winds have an average speed of 25 km/h. These cli-
matic factors strongly influence vegetation, which is poor and
discontinuous, and contributes little to the soil moisture (Cortes,
1987). This area is a semi-desert bush biome, where the vegeta-
tion is composed of xerophytic and halophytic shrub steppes
(shrub dominance) (Chiozza and Figueira, 1981). Data about the
oceanic tide regime are not available for Puerto Lobos. However, a
macrotidal regime (i.e., tidal range 4 m) can be supposed, analo-
gous to that of most of the Patagonian coast (Isla and Bujalesky,
2008). Taking information from the Naval Hydrographic Service
for Puerto Madryn, which is the nearest seaport, the data of the
maximum average tidal amplitude was around 5.75 m during
2012.

Cortes (1987) described the general relationship of the lithos-
tratigraphic units in the area. The oldest rocks belong to the
Mesozoic Marifil Complex, which is a volcanic association
composed of ignimbrites, porphyry rhyolitics and pyroclastics de-
posits. It is covered by OligoceneeMiocene marine sediments from
the Gaiman Formation. Conglomeratic Plio-Pleistocene deposits
Fig. 2. Puerto Lobos beach ridges. Nomenclature used by Bayarsky and
(Dos Naciones Formation) are separated from the underlying
units by a marked erosive unconformity. Alluvial fan deposits of
Pleistocene age (Eizaguirre Formation) can be found at a lower
topographic level. The Puerto Lobos Formation (Pleistocene
conglomeratic and fossiliferous deposits from coastal ridges) ex-
tends along the coastal stretches. Finally, the Holocene deposits are
represented by two almost overlapping coastal ridges (Bayarsky
and Codignotto, 1982; Spagnuolo et al., 1992), composed of gravel
and mollusk shells. Modern sediments consisting of alluvium,
colluvium and beach deposits are widespread (Cortes, 1987).

The geomorphology of the coastal zone was described by
Bayarsky and Codignotto (1982) (Fig. 2) who observed six parallel
beach ridges (C1eC6) composed of clastic and biogenic material
(with abundant mollusk shells) which was dated using the 14C
method. Ages obtained by these authors older than ca. 20,000 BP
(ridges C1, C2, C3 and C4) are less reliable, because they are close to
the upper limit of the 14C method (Suguio et al., 2003). Only the
ages obtained for ridges C5 and C6 are validated here and calibrated
and corrected for the radiocarbon reservoir effect. In summary, the
main features of the six beach ridges according to Bayarsky and
Codignotto (1982) are:

Beach ridge 1 (C1; 40,800 � 4000 BP) is the westernmost de-
posit, and its morphological features are barely distinguishable due
to erosion. Its surface is a smooth plain where soil has developed,
and it is located at about 4 km from the present coastline. The
biogenic material is partially cemented by carbonates.

Beach ridge 2 (C2; 32,100 � 1400 BP) is separated from C1 by a
wide depression and has better morphological preservation than
C1, although some of its original features have been modified by
subsequent geomorphological processes. The surface is slightly
corrugated, with soil development and abundant bivalve shells,
apparently in life position, although their anastrophic position re-
mains uncertain. The ridge is 500 m wide and 15 m.a.s.l., and is
located at about 2.2 km from the present coastline.

Beach ridge 3 (C3; 30,400 � 1120 BP) is separated from C2 by a
depression 200 m wide. It has a similar morphology to C2, but
sediments are less indurated. Biogenic material can easily be
separated from the sediments. It is located about 1.4 km off the
present-day coastline, with a width of 500 m and a height of
10 m.a.s.l.

Beach ridge 4 (C4; 20,300 � 350 BP) is separated from C3 by a
depression 150 mwide, and shares similar morphological features.
The main differences from the other deposits are abundant shells
Codignotto (1982). “C” stands for “Cordón litoral” (beach ridge).
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and less sediment induration. It is about 600 m away from the
present coastline and has a width of 500 m and a height of about
8 m.a.s.l.

Beach ridge 5 (C5; 3310� 90 BP): is separated from C4 by a 200-
m-wide depression, and consists mainly of gravel in which the
beach ridge lineation is clearly visible. The percentage of biogenic
material is significantly less than in C4. There is an emerging soil
development that favors the attachment of small cacti, not present
in the other ridges. It is about 200 m away from the present
coastline, at a height of 6e8 m.a.s.l, and has a width of 100 m.

Beach ridge 6 (C6; 750 � 75 BP): is directly attached to C5
without an intervening depression, and consists of gravel with
biogenic material. There is no soil development. It is 2e4 m a.s.l.

3. The Little Ice Age (LIA) in Argentina: a review

The proxy records of pollen and noble gases show that the Last
Glacial Maximum (LGM) extended between 25,000 and 18,000 cal.
BP (Coronato and Rabassa, 2007; Rabassa, 2008). The magnitude of
the cooling would have reached greater dimensions in the North-
ern Hemisphere compared to similar latitudes in the Southern
Hemisphere (Broccoli, 2007). Changes in latitudinal atmospheric
circulation (Pacific and Atlantic anticyclonic cells) have been one of
the main factors controlling the paleoenvironmental changes in the
southern extreme of South America (Villagrán, 1993; Zárate, 2003;
Mehl, 2011).

The Tardiglacial is the transition from the LGM to the Holocene
(Ledru and Mourguiart, 2001), and is characterized by an abrupt
rise in temperature (Rabassa, 2010). To document past environ-
ments in America, Ledru and Mourguiart (2001) analyzed pollen
records from Alaska to Tierra del Fuego, and considered three
time intervals corresponding to the Oldest Dryas (15,500e
14,500 cal. BP), the interstadial Bøllin-Allerod (14,500e
12,700 cal. BP) and the Younger Dryas (12,700e11,000 cal. BP).
The data suggests that there is no synchronicity of these oscil-
lation events between the American hemispheres. These fluctu-
ations have abrupt onsets and terminations and are assumed to
be globally distributed. They cannot be attributed to insolation,
and instead they cause changes in the Arctic heat budges through
the thermohaline circulation (North Atlantic Deep Water) (Ledru
and Mourguiart, 2001). Ledru and Mourguiart (2001) suggest that
these changes affected climates as far as the southern extension
of the Intertropical Convergence Zone (ITCZ), which would mean
that the observed climate fluctuations on land are related to
increased penetration of polar air during cold oscillations or to
decreased penetration during the warm Bølling-Allerod event.
Under this scenario, the climatic fluctuation documented in re-
cords for southernmost South America could be out of phase with
those in the Northern Hemisphere (Ledru and Mourguiart, 2001).
According to Björck (2007), the cooling Younger Dryas occurred
in the Southern Hemisphere around 500e1000 years earlier than
in the Northern Hemisphere. More evidence of this can be found
in terrestrial records (Markgraf, 1991, 1993; Moreno et al., 2012)
of glacial advances in Patagonia around the time of the European
Younger Dryas (12.9e11.7 ka) (Kaplan et al., 2011; Glasser et al.,
2012). Once the YD had finished, the climatic improvement
continued throughout the Holocene (Rabassa, 2010). However,
diverse climatic fluctuations also occurred during this period,
giving rise to the so-called neoglaciations (Mercer, 1976) inter-
spersed with episodes of climate improvement, such as the
Hypsithermal (7.5e5.0 ka) (Iriondo, 1999; Rabassa, 2010; Kilian
and Lamy, 2012).

During the last millennium there were two major climatic os-
cillations: the Medieval Warm Period (MWP) and the LIA (Lamb,
1965; Mann et al., 1999; Crowley, 2000; Cronin et al., 2002; Mann
et al., 2009); both events have been recognized with diachronic
boundaries in both hemispheres (Mann et al., 2009; Laprida et al.,
2009; Benedetto, 2010; Rabassa, 2010).

The MWP lasted from 800 to 900 AD to 1300e1400 AD (Mann
et al., 1999; Cronin et al., 2002; Mann et al., 2009), and is charac-
terized by an average temperature increase of about 1 C�e2 C�

(Bradley et al., 2003), a drier climate and local marine ingressions
(Benedetto, 2010). In southern South America this change caused
the Chaco subtropical flora to shift around 100 kmwestward to the
(currently) arid regions of northwestern Argentina, and also
prompted an influx of Pampean mammals in the subtropical region
(Tonni et al., 1999).

The LIA occurred between 1350 and 1850 AD, and had different
characteristics in the middle and high latitudes of the northern and
southern hemispheres (Grove, 1988; Mann et al., 1999; Crowley,
2000; Wanner et al., 2008; Mann et al., 2009; Laprida et al.,
2009; Benedetto, 2010; Rabassa, 2010). During the LIA, the
weather turned cold and occasionally stormy in Europe (Grove,
2001; Mann et al., 2009; Laprida et al., 2009; Paasche and Bakke,
2010), and the temperature would have dropped about 0.8 C�

below the current average (Fig. 3 in Mann et al., 1999). The isotopic
composition of foraminifera sampled from deep oceanic sediments
indicates a cooling of surface water by 1 C� (Crowley, 2000). There
were at least three periods of intense cold, associated with low
radiation caused by the relative decrease of sunspots, called the
Sporer Minimum (1500 AD), the Maunder Minimum (1645e1715
AD), and the Dalton Minimum (1800e1840 AD), separated by
warmer intervals, which took place in around 1400 and 1600 AD
(Rabassa, 2010). It is not clear how the irradiation variations
(external factor) could have led to the observed climate changes,
although it is assumed that there was a complex interaction be-
tween these variations and ocean dynamics (internal factor).
Moreover, it has been speculated that solar cycles can generate
long-term trends in the frequency and intensity of El Niñoe
Southern Oscillation (ENSO) events (Benedetto, 2010).

Cioccale (1999) summarized the evidence of climate fluctua-
tions that occurred during the last 1000 years in the central region
of Argentina. During the LIA, plains had a temperate semi-arid to
arid climate, while the Andes experienced the advance of mountain
glaciers (Cioccale,1999). In thewest, fluvio-lacustrine systemswere
more widespread, compared to the eastern region, thus suggesting
that this period was not uniform in middle latitudes. Studies per-
formed on drill cores taken from the Mar Chiquita Lake (north of
Córdoba Province) indicate salinity cycles associated with climate
changes (Piovano et al., 2002). In the Chascomús Lake (north-
eastern sector of Buenos Aires Province), associations of ostracods
taken from drill cores show a scenario of low water and high
salinity, which peaked between ca. 1690 and 1850 AD (Laprida and
Valero Garcés, 2009). Evidence based on mammals suggests dry
and arid trends at 440 BP (Tonni et al., 1999) but somewhat warmer
conditions at 300 BP (Pardiñas and Tonni, 2000), indicating secular
scale climatic oscillations in the Pampas. Moncault (2001) presents
a compilation of historical data, with special emphasis on floods
and droughts in the Pampas of Buenos Aires for the period 1576e
2001 BP, showing that this period of the LIA was punctuated by
major droughts.

In Patagonia, periods of low temperatures corresponding to the
LIA have been recorded in continental deposits along the Andean
sector as far as the island of Tierra del Fuego (Glasser et al., 2002;
Strelin et al., 2008; Rabassa, 2008, 2010). Reconstructions of tem-
perature variations over the past millennium in the Andean region
using dendrochronological data from larch trees indicate a dry
period between 1080 and 1250 AD, related to the European Me-
dieval Optimum (Villalba, 1990). This was followed by a long, cold,
wet period, corresponding to the LIA, in which temperatures



Fig. 3. Taphonomic attributes of G. longior. Shells with signs of fragmentation, wear and bioerosion. Whole and well preserved shell (A). Different grades of fragmentation (B, C).
Different grades of wear (D, E). Predatory (F) and non predatory drilling (G). Scale bar ¼ 10 mm.
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reached their lowest in 1340 and 1650 AD. Continued warm con-
ditions between 1720 and 1790 ADwere succeeded by a cold period
from the early 1800s until 1850 AD, followed by a warm period
culminating around 1890 AD. During Charles Darwin’s visit to
South America between the years 1832 and 1835 AD, he mentioned
that the weather was very unfavorable: cold, dry and windy, cor-
responding to the conditions prevailing in the Dalton Minimum
phase. These weather conditions were strongly manifested in
Europe (Grove, 1988, 2001; Uriarte Cantolla, 2003; Rabassa, 2010;
Palastanga et al., 2011).

4. Material and methods

4.1. Geomorphological analyses

The following were used as data sources: the Shuttle Radar
Topography Mission (SRTM digital elevation model (DEM) with a
90 m spatial resolution (NASA, 2010); ASTER GDEM DEM with a
30 m spatial resolution (Ersdac, 2010); optical satellite imagery
Landsat 7 ETMþ (30 m spatial resolution), and Quick Bird images
(from Google Earth imagery,1 m resolution). The Geological Sheets
42 h Puerto Lobos (Hoja Geológica 42 h) (Cortes, 1987), Sheets
4166-IV Sierra Grande (Hoja Geológica 4166-IV) (Busteros et al.,
1998) and Sheets 4366-II (Hoja Geológica 4366-II) Puerto
Madryn (Haller et al., 2005) were used to complement the map-
ping of the study area, and information from each sheet was
converted to geographic coordinates and projection (WGS 84
Datum). Automated terrain analyses based on DEMs were used in
geomorphological research, and focus mainly on morphometric
parameters. Coastal landforms as physical constituents of beach
landscape may be extracted from DEMs using various approaches,
including the combination of morphometric parameters sub-
divided by thresholds. SAGA GIS, MICRODEM (2010) and GLOBAL
MAPPER (2009) software were used to analyze a set of numerical
measurements derived from DEMs, such as surface parameters
and elevation characteristics (e.g., drainage network channels,
watersheds, valley side slopes, slope steepness, aspect, profile and
plan curvature, cross-sectional curvature, among others).

4.2. Chronological section: beach ridges ages

Bayarsky and Codignotto (1982) collected marine mollusk shells
from different coastal ridges for radiometric dating using the 14C
method. The Holocene C5 and C6 ridges are correlated with MIS1.
However, in order to compare marine and terrestrial samples and
to increase data accuracy, a radiocarbon age calibration and a
correction for the radiocarbon reservoir effect are necessary
(Dubois, 2009). For the San Matías Gulf, the local reservoir effect
values were calculated by Dubois (2009).

14C ages of Holocene beach ridges C5 and C6 (Bayarsky and
Codignotto, 1982) were calibrated using the Radiocarbon Calibra-
tion Program (Calib Rev 6.0.1) software (Stuiver et al., 2005). The
first step in correcting the data for the marine reservoir effect is to
choose the option SHCal04 (Mc Cormac et al., 2004), related to the
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time-dependent reservoir effect of the ocean in the southern
hemisphere. The data is then refined, taking into account the DR
value (266 � 51), the average reservoir age and the deviations of
age differences attributable to the San Matías Gulf between 5300
and 700 BP (Dubois, 2009), in order to accommodate the regional
local effects.

4.3. Malacological analysis

For this analysis, samples of mollusk shells were collected dur-
ing 2010 and 2011 from the Modern beach and from Pleistocene
and Holocene beach ridges. Attention was focused particularly on a
comparison between the two lower ridges (C5 and C6) and the
Modernmalacofauna (A) in order to achieve a better understanding
of the faunistic changes during the Holocene in the contact area
between two malacological provinces.

4.3.1. Faunal composition of time-averaged mollusk assemblages
Modern and fossil representative samples were taken using a

quadrat and bulk samples respectively. Samples were treated as
quantitative random samples and in order to count the bivalves, the
total number of shells was determined for each species by aver-
aging the number of right and left valves. Although each sample is a
time-averaged concentration of mollusks, they are taken as valid
indicators of the most constant and dominant taxa for each period
(Kidwell et al., 1986).

Mollusks (bivalves and gastropods) were identified at the lowest
possible taxonomic level. Specimens studied here were deposited
in the Quaternary mollusk collection at the Centro de Inves-
tigaciones Paleobiológicas (CIPAL) of the National University of
Córdoba.

Taxa composition was obtained for each sample (i.e., from the
Modern beach and from different beach ridges C5, C4, C3 and C2),
and an abundance analysis was also performed for Modern (A) and
Holocene levels (C6 and C5). These will be referred to as lower and
upper level fossil assemblages respectively. To make comparisons
between these mollusk assemblages, diversity (Shannon-Wiever)
and similarity (Simpson and Bray Curtis) were calculated using the
PAST program (Hammer et al., 2005).

4.3.2. Taphonomic analysis
In order to determine the frequency distributions of Fracture

and Wear, two taphonomic attributes were considered. Fracture is
associated with a break, and generally takes place in high-energy
environments (e.g., beaches) through impact with other shells,
rocks or waves (Parsons and Brett, 1991; Zuschin et al., 2003), or
due to other causes such as sudden temperature changes or
freezing (Gordillo et al., 2010). Wear refers to the loss of external
decoration, associated with mechanical or abrasive agents,
chemicalemechanical agents, or corrosion (Parsons and Brett,
1991; Gordillo et al., 2010).

For this analysis, mollusk shells (N ¼ 268) were collected from
the active beach and beach ridges C5 and C6. Two common taxa
typical of two different provinces were selected for this analysis:
Glycymeris longior, typical of the Argentine Province to the north,
and Venus antiqua, typical of the Magellan Province to the south.
These species coexist in the area located between these two mal-
acological provinces.

Data was analysed using the ternary taphograms proposed by
Kowalewski et al. (1995), which have a semiquantitative character.
The corners of the equilateral triangles are classified as Good (little
or no development of a particular attribute), Fair (moderate
development of a taphonomic characteristic), or Poor (high devel-
opment of the attribute). The entire sample can be characterized by
the proportion of shells in each of the three categories. This three-
fold scheme allows the sample to be represented as a single point
on a ternary diagram, and permits the comparison of taphonomic
characteristics in the samples under consideration (Kowalewski
et al., 1995). For the taphonomic feature Wear, the condition of an
individual hard part of a bivalve is characterized as Goodwhen little
or no Wear is observed; as Fair when there is moderate Wear,
associated with mechanical or abrasive agents; and as Poor when
there is extensive Wear, associated with chemical-mechanical
agents or corrosion. For Fragmentation, the grade Good indicates
no fractures; Fair represents less than 50% broken shells; and Poor
is when more than 50% of the shells are broken.

Differences and similarities between the assemblages were
established by ANOVA using logarithmic transformation of the
data, and the graphical representation was performed using the
program PAST (Hammer et al., 2005). Finally, the presence of
predatory and non-predatory drillholes and other marks of bio-
erosion in the mollusk samples were also mentioned. Taphonomic
attributes of G. longior and V. antiqua are shown in Figs. 3 and 4.

4.3.3. Mineralogical and microstructural analysis
Standard thin sections for polarized light microscopy and

scanning electron microscopy were made from shells cut from
anterior to posterior. Scanning electron microscopy images were
taken with a JEOL JXA-8230 electron microprobe located at
LAMARX (Facultad de Matemática, Astronomía y Física e National
University of Córdoba), using carbon-coated sections.

The crystalline materials of the shells were identified using X-
ray diffraction, with a PANAlytical X’Pert Pro diffractometer
(INFICQ-Facultad de Ciencias Químicas-National University of
Córdoba), using CuKa radiation obtained at 40 kV and 40 mA and
filtered with a diffracted-beam graphite monochromator. Samples,
powdered with an agate mortar, were scanned at 2� (2q)/min. Full
width at half maximum (FWHM) values was calculated using the
Profile Fit 1.0 software.

5. Results

5.1. Geomorphology

The landscape in the coastal area of Puerto Lobos is dominated
bymarine deposits, predominantly organized in a series of sandy to
fine conglomeratic coastal ridges extending parallel to the coast,
and separated by depressions which were once lagoons (Fig. 5).
These deposits are not affected by fluvial erosion, because most of
the water runs into the sea along the paleolagoons, which act as
channels. However, ridges are affected by wind erosion. Wave ac-
tion is another important agent responsible for ancient andmodern
morphoclimatic landscapes. The area is characterized by high en-
ergy with strong winds and macrotidal regimes typical of the
Patagonian coast. The temporary character of the hydrographic
network is consistent with the arid conditions of the region. The
beach ridges also influence the streams, which display a
meandering course that becomes parallel in the beach ridge zone,
just before reaching the ocean. Coastal deposits are well-preserved
at various elevations, evidencing marine oscillations that occurred
during the Late Quaternary. They provide evidence of the paleo-
environmental evolution of the area.

The beach ridges dissipate, reducing in height inland and to-
wards the south. Similarly, the peaks lose continuity, as the slope of
their sides decreases until they disappear altogether, as seen in the
beach ridge C1. From the relationship between the shape of the
beach ridges and their age, the beach ridges are better preserved in
the northern sector of the bay, where the oldest landforms also
show lateral continuity. Progressively towards the southern sector,
the oldest beach ridges are preserved discontinuously.



Fig. 4. Taphonomic attributes in V. antiqua. Shells with signs of fragmentation, wear and bioerosion. Whole and well preserved shell (A). Different grades of fragmentation (B, C).
Different grades of wear (D, E). Bioerosion (F, G). Scale bar ¼ 10 mm.
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Geomorphometric parameters (Height, Width, Crest lengths,
Slope, Aspect and Altitude above channel network) allow this
study to be approached from a new perspective, facilitating the
visualization of morphologies and the establishment of mea-
surement parameters such as those shown in Fig. 2. The result-
ing images of a spatial DEM-SRTM analysis are shown in Fig. 6.
Thus, the view of the beach ridge zone is clear. (1) The Wetness
Index, which combines local upslope contributing area and
slope, is commonly used to quantify topographic control on
hydrological processes (Sørensen et al., 2005), and in this case
permitted the visualization of lower areas and the establishment
of runoff movement (2). A map of the altitude channel network
highlights a beach ridge zone (3). The profile curvature map
shows that higher values of curvature occur in the younger
beach ridges, near the coast, thus indicating the erosive action of
wind and runoff, which tend to progressively soften the relief
(4). A composite image (RGB) was performed with the Wetness
Index, above the altitude channel network and profile curvature.
This image combined information in order to show the beach
ridges and the erosion action processes on Quaternary relief. The
darker tones in the images indicate areas which are relatively
higher than the lighter tones. (5). Shaded relief of digital
elevation models and the digitization of features were per-
formed using Global Mapper software. Polygons and lines rep-
resenting landforms were drawn on shaded images derived from
SRTM-DEM.

5.2. Chronology section: beach ridges calibrated ages

Chronological control information is shown in Table 1. Corrected
calendar ages of Holocene beach ridges C5 and C6 would corre-
spond to a warmer period, 1274 BC and 1564 AD respectively, and
are associated locally with marine sea level stationing. In particular,
the age of the youngest ridge (C6) would coincide with a warm-
temperate episode before the Maunder Minimum during the LIA
(Fig. 4 in Cioccale, 1999).



Table 1
Calibrated ages of Holocene beach ridges. CALIB 6.0.1 software makes the conversion from radiocarbon age to calibrated calendar years by calculating the probability dis-
tribution of the sample’s true age (Stuiver et al., 2005). Considering the South Hemisphere calibration dataset (SHcal04, Mc Cormac et al., 2004; Laprida et al., 2007): Range,
refers the several ages values and their probabilistic errors obtained by the software, i.e., for C6 the Range is 3, these are the probabilities that in these ranges is the calibrated
age. 1s, standard deviation reported with a radiocarbon based on count rate statistics only. Relative area, from the interval 1s and the Median Probability were used. DR, the
marine calibration incorporates a time-dependent global ocean reservoir correction of about 400 years. To accomodate local effects the difference DR in reservoir age of the San
Matías Gulf is calculated 266 � 51 (Dubois, 2009).

Beach ridges Years14C AP Ranges 1s. Age ranges Relative area Median probability DR Value BP Value AD/BC

C5 3310 � 90 1 3381e3577 1 3490 266 � 51 3224 �1274
C6 750 � 75 3 564e600 0.306631

630e689 0.554712 653 266 � 51 387 1564
701e720 0.138657

G.M. Boretto et al. / Quaternary International 305 (2013) 188e205 195
Bayarsky and Codignotto (1982) dated the Puerto Lobos beach
ridges using the 14C method. Although these authors have no pre-
cise data on the sampling in the field, they do mention that in the
Pleistocene beach ridge C3 the bivalves collected were in life po-
sition or anastrophic position (Kranz, 1974), thus giving their work
reliability from a geological point of view (Bayarsky and Codignotto,
1982).

5.3. Malacological analysis

5.3.1. Faunistic characterization of the mollusk assemblages
The faunal relationship between the Modern, Holocene and

Pleistocene mollusk assemblages was analyzed on the basis of
presence/absence of the different taxa (Fig. 7). Abundance of
taxa was also analyzed for Holocene and Modern mollusk
assambleges (Fig. 8). Taxonomic composition is shown in
Appendix 1.
Fig. 5. Digital elevation model (DEM) of the Puerto Lobos area indicating geomorphologic
As expected, these results show that the Modern assemblage
and the C6eC5 group (Holocene) are closer compared with the
other Pleistocene groups (C2 and C3eC4). Pleistocene assemblages
are composed of 8 species of gastropods and 6 species of bivalves,
and the presence of Tegula atra andMactra patagonica differentiates
them from the Holocene and Modern assemblages. Holocene as-
semblages are more varied, with 15 species of gastropods and 8
species of bivalves. Three mollusk assemblages representative of
shallow benthic communities were identified and are quantita-
tively described below.

5.3.1.1. Upper level fossil assemblage (C5). This assemblage is not
particularly diverse (H¼ 1.18), and bivalves (3 taxa) constitute 87.5%
of all individuals, with gastropods (5 taxa) making up the remaining
12.5%. The most abundant taxa are the infaunal bivalves G. longior
(56.94%) and V. antiqua (29.17%), which together represent more
than 85% of the total. Other species (i.e., Olivancillaria carcellesi,
al features, and a profile showing the beach ridge altitudes with respect to sea level.



Fig. 6. Maps of the study area resulting from DEM-SRTM spatial analysis.
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Crepidula protea, Crepidula dilatata,Notocochlis isabelleana,Ostrea sp.
and fragments of Volutidae) are present in lesser proportions.

5.3.1.2. Lower level fossil assemblage (C6). This assemblage is the
most diverse (H¼ 2.32) and is composed of a mix of elements from
soft and firm substrates typical of shallow benthic communities
along the Argentine coast. Bivalves (8 taxa) represent 40.57%,
while gastropods (15 taxa) constitute 59.43%. The most common
bivalves are V. antiqua (15.25%), Aulacomya atra (10.85%) and
G. longior (10.08%), which together represent more than 35% of the
total. Among the gastropods, the dominant taxa is Trophon gever-
sianus (20.41%), followed by Buccinanops globulosum (14.73%),
Olivancillaria carcellesi (8.79%) and Nacella magellanica (8.27%),
while other taxa (e.g., Amiantis purpurata, Semele proficua, Crep-
idula protea, Tegula patagonica and a few others) are scarcer.
In addition to mollusks, other elements that characterize this
assemblage are plates from the cirriped Megabalanus psittacus.

5.3.1.3. Modern assemblage (A). From the pooled quantitative
quadrat sample, it can be seen that this assemblage is composed of
a mix of elements from soft and firm substrates which coexist in
the shallow marine environment. Bivalves represent 60.26% of the
total abundance and are dominated by four epifaunal mussels:
Brachidontes rodriguezi (22.14%), Brachidontes purpuratus (23.60%),



Fig. 7. Dendrogram of localities based on presence/absence of taxa (Simpson index).
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Mytilus platensis (8.93%) and A. atra (4.38%). Another five taxa are
present in minor proportions (V. antiqua, Diplodonta patagonica,
Musculur viator, Pododesmus rudis and S. proficua). Gastropods
(39.74%) belong to at least 13 different taxa, with Trophon gever-
sianus (10.73%), T. patagonica (9.61%) and Siphonaria lessoni (8.33%)
being the most abundant species. Other preserved organisms are
the cirripeds, represented by Balanus laevis. All these species share
environments consisting of hard and soft bottoms. As they differ in
life position and/or trophic type, they are able to coexist because
they occupy different niches. The main features of the faunistic
composition of these assemblages are summarized in Table 2.
Table 2
Faunal composition and characterization of the assemblages.

C5 C6 Modern assemblage

Number of species (S) 8 23 23
Specimens (N) 72 387 1165
Shannon (H) 1,18 2,32 2,21
Dominance (D) 0,41 0,13 0,15
About 85% of the total abundance Glycymeris longior

Venus antiqua
Venus antiqua
Aulacomya atra
Glycymeris longior
Trophon geversianus
B. globulosum
O. carcellensi
Nacella magellanica

B. rodriguezi
B. purpuratus
Aulacomya atra
Mytilus platensis
Trophon geversianus
Tegula patagonica
Siphonaria lessoni
The faunal relationship between the three mollusk assemblages
was statistically analyzed using the BrayeCurtis similarity coeffi-
cient and based on species composition and abundance (Fig. 8). The
analysis distinguished two groups: on one side, the Lower andUpper
level fossil assemblages, and on the other, the Modern assemblage.

These results (Table 2, Fig. 8) show that the Modern assemblage
and the Lower level fossil assemblage are closer to each other in
structure and ecological status (Table 2), compared to the Upper
level fossil assemblage. However, based on species composition
(Fig. 8), the two fossil assemblages are more similar to each other
than to the Modern one. This means that the Lower level fossil
assemblage represents a transition between a mollusk assemblage
developed in soft sediments and warmer waters and Modern as-
semblages dominated by a mix of hard and soft bottoms and ele-
ments more typical of cold waters. The key element is the presence
of G. longior in the fossil assemblages, and its replacement by Bra-
chidontes spp. in the Modern assemblages. The upper level fossil
assemblage, dominated by suspension feeders, is more homoge-
neous in trophic groups than the other two assemblages, which are
characterized by the presence of representatives from different
trophic groups.

5.3.2. Taphonomy
The taphonomic grades obtained for different features are

shown in Figs. 9 and 10. Glycymeris assemblages from Holocene
deposits were evaluated for Fragmentation, and the results are
located close to the grade Good with a tendency towards Fair, thus
indicating the preservation of whole shells, or shells that are less
than 50% broken. It also shows a higher percentage of fragmented
shells in C6, thus implying different environmental conditions with
respect to C5. V. antiqua samples from these deposits are closer to
the Poor apex of the triangle, thus indicating shells with fractures
greater than 50%. Samples from C6 display a higher degree of
fracturing than samples collected from C5.

In general, V. antiqua shells sampled from the modern beach are
preserved whole (Good-Poor grade). This differential grouping of
species in relation to fracture attributes could be linked to intrinsic
properties of resistance to shell breakage. However, both G. longior
and V. antiqua from C6 tend to be located towards the Fair and Poor
grades, respectively, whereas for the C5 beach ridge the same
species are closer to the Good apex. These trends indicate greater
energy in the depositional environment for the youngest beach
ridge, as both species are more vulnerable to fracture in relation to
those analyzed in C5.

RegardingWear, G. longior from both beach ridges are located in
the Fair zone of the triangle. In addition, samples from C6 show a
tendency towards Poor. Holocene assemblages of V. antiqua are
located in the lower side of the triangle, corresponding to the Poor-
Fair grade, while Modern beach V. antiqua corresponds to the Fair-
Good grade. This is partly due to differences in the intrinsic prop-
erties of the exoskeletons of each species. In addition, the heavy
wear observed in the fossils indicates higher environmental energy
with respect to present-day conditions. In turn, the corrosion fea-
tures are evidence of the presence of fluids (e.g., chemical factors, a
different pH, freshwater-saltwater) which expose the inner layer of
the shells and thus produce this alteration of valves. Corrosion has
not been observed in Modern specimens.

Besides this taphonomic analysis, the lithology of these beach
ridges is another parameter to support that C6 was formed during a
higher energy environment than C5. The sedimentological analysis
made by Bayarsky and Codignotto (1982) indicate that C5 is
composed of fine gravel and medium to coarse sand, the clasts are
flattened and roundedwith length that varies between 3 and 8mm,
indicating energy fluctuations in the action of the transport and



Fig. 8. Dendrogram of the localities on the basis of species composition and abun-
dance of taxa (Bray Curtis index).

Fig. 10. Distribution of different taphonomic grades for the attribute wear, considered
in G. longior and V. antiqua from beach ridges C5 and C6, and modern V. antiqua shells.
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deposition agents. C6 is dominantly gravel, with rounded-
subrounded contours, the clast size varies between 3 and 13 mm
(Bayarsky and Codignotto, 1982), and therefore a high textural
maturity is evident.

Regarding predatory/non predatory drillholes, G. longior dis-
plays a drill type that develops particularly in the umbonal area
(inner sector of the apex of the valve), and these marks are more
abundant in shells from the C5 beach ridge. These holes in the
umbones are clearly a result of abrasion and not predation. The
movement of the living bivalve causes the two umbones, which
exhibit higher shell curvature, to rub against each other, thus
making the umbo a natural weak spot which is among the first
areas of the mollusk shell to abrade (Sivan et al., 2006). Evidence of
bioerosion (probably by a gastropod predator, Gordillo, 1994;
Gordillo and Amuchástegui, 1998; Gordillo et al., 2010) is also
observed in some specimens from the Modern beach. Some
V. antiqua shells also show drillholes produced by predators or
marks representing interruption of growth, probably due to a stress
situation such as the attack of crabs. Almost all the shells analyzed
were disarticulated.
Fig. 9. Distribution of different taphonomic grades for the attribute fragmentation,
considered in G. longior and V. antiqua from beach ridges C5 and C6, and modern
V. antiqua shells.
5.3.3. Shell mineralogy and microstructure: Glycimeris longior and
Venus antiqua

From early descriptions of bivalve shell mineralogy and micro-
structure, it has been generally recognized that these features are
determined primarily through biological processes (Carter, 1980).
Lowenstam (1954) and Dodd (1964) noted that for certain bivalves,
mineralogical evolution and shell aragonite/calcite ratios may also
be related to environmental influences. Some aspects of shell
microstructure have been attributed to environment-related
modifications of secretion mechanisms (Carter, 1980).

Aragonite and calcite are the only two common forms of calcium
carbonate in bivalve shells, forming a typical structure together
with a minor organic matrix (1e2%) serving as cement. X-ray
diffraction studies performed on samples of V. antiqua indicate its
aragonitic mineralogical composition (Bolmaro et al., 2006). The
G. longior shell is composed entirely of aragonite, regardless of its
age (Modern or Holocene). Diffraction peaks are broad, with FWHM
values ranging between 0.1612 and 0.1508� for the 111 reflection.
This broadening seen in biogenic aragonite can be related to two
different factors, either acting alone or in combination: strain and
small size of the coherent domains (crystallites). Pokroy et al.
(2007) found that biogenic calcium carbonates are strained, and
they attributed this to organic molecules included in the crystalline
lattice of these compounds, thus leading to anisotropic distortions
of their unit cells.

Shell microstructure refers to the arrangement of basic micro-
structural units, such as tablets, rods and blades in a shell layer.
Shell architecture deals with the larger aspect of the shell micro-
structure, such as the orientation of the largest units of shell
microstructure with respect to the shell form (Carter, 1980). Crys-
tals, in this case aragonite, can be arranged in different micro-
structures, the most common being prismatic, foliated, lamellar or
homogeneous. Such variations and combinations are intended to
confer ecological adaptation, protection and the ability to isolate
the soft tissues of the animal chemically and thermodynamically
(Bolmaro et al., 2006).

V. antiqua is characterized by a dominant prismatic micro-
structure (Bolmaro et al., 2006). Boretto et al. (2009) described two
aragonitic layers, an outer prismatic layer and a homogenous inner
layer (Fig.11); sometimes a thinner, crossed-lamellar third layer can
be observed which is thinner and corresponds to cross lamella
(Carter, 1990). This species shares the same attributes described for
Protothaca thaca from Chile (Lazareth et al., 2006).

In G. longior, two major shell layers can be distinguished, sepa-
rated by the miostracal layer. Additionally, the outer shell layer can
be further subdivided into a middle layer and an outer layer
(Fig. 12). In this respect, G. longior shares the same attributes as
G. glycymeris (Rogalla and Amler, 2007). The inner shell layer has a



Fig. 11. V. antiqua microstructure. A: Outer prismatic layer and; B: Homogenous inner layer. Scale: 10 mm.

Fig. 12. SEM images (backscattered mode) of a polished section of a shell of Glycymeris longior. In all of the images except H and I, the inside part of the shell is located towards the
upper margin of the pictures. A) Contact between the umbo (left) and inner layer (right). B) Cross-section of the shell showing all the layers (i: inner layer; m: middle layer; o: outer
layer). The black arrow points to the miostracal layer. C) Close-up of the inner layer, showing complex crossed lamellar structure. Growth marks can be seen as clear lines parallel to
the inner surface. D) Detail of C showing first order and second order lamellae (these defining a chevron pattern). E and F) Contact of the miostracal layer with the inner and middle
layers. Note that the miostracal layer is homogeneous and lacks the dark spots which are interpreted as zones rich in organic material. The prismatic structure can be clearly seen in
F. G) Anastomosing and torted lamellae of the outer layer. H) Photomicrograph (plane polarized light, crossed polarizers) of the distal extreme of the shell. Note growth lines with
alternating dark and light shades. I) Photomicrograph (plane polarized light, crossed polarizers) showing a section approximately equivalent to that in image C. The white arrow
points to the clear miostracal layer, which contrasts with the cloudy inner (i) and middle (m) layers. Note that composite lamellae of the middle layer are inclined with respect to the
shell surface. Growth marks are clearly seen in the inner layer.
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complex crossed lamellar structure, with interdigitating first
order lamellae of lenticular shape that extend normal to the shell
interior. Each of these blocks is composed of second order
lamellae disposed obliquely to the sides of the first order
lamellae. Second order lamellae and adjacent first order lamellae
are inclined in opposite directions. The inner layer becomes
volumetrically dominant towards the dorsal third of the shell,
due to thinning of the outer and middle layers. There seems to be
no systematic relationship between growth lines and the
arrangement of the lamellae, which may or may not cut across
growth lines. Both first and second order lamellae become
coarser towards the miostracal layer. Within the inner layer, close
to the apex, there is an area of homogeneous structure, with no
discernible orientation of lamellae. The miostracal layer is of a
fairly constant thickness (between 50 and 100 mm) and has a
prismatic structure, composed of elongated prisms with the long
axes oriented perpendicular to the layer margin. It is clear and
colorless in thin section, contrasting with the cloudy and pale
brownish layers on each side. The diameter of individual crystals
ranges from about 2 to more than 30 mm; prisms can be slightly
curved and are separated by a very thin layer of organic matrix.
The middle shell layer is composed of long composite lamellae
inclined about 70� to the inner shell surface, defining a crossed
lamellar structure. These lamellae are parallel to each other and
their thickness is quite constant. Internally, each one is composed
of fine aragonite lamellae separated by an organic matrix. To-
wards the dorsal margin these lamellae become thicker, con-
torted and anastomosing, thus transitionally defining the outer
zone. They are oblique to the outer surface, but with variable
angles. Volumes of coarser lamellae are separated by masses of
finer lamellae.

6. Discussion

6.1. Geomorphological and environmental interpretation

The Puerto Lobos area has geomorphological characteristics
which are similar to other Patagonian bays. All share the land-
form pattern of beach ridges, and display similar temporal evo-
lution. The interpretation of the designation of beach ridges
applies to stabilized, relict intertidal and supratidal, eolian and
wave-built shore ridges that may consist of either siliclastic or
calcareous clastic matter with a wide range of clast dimensions
from fine sand to cobbles and boulders (Otvos, 2000). Tamura
(2012) suggested that the formative processes of ridges include:
1) progradation of sandy beach and berm formations in relation
to fairweather waves, coupled with aeolian foredune accumula-
tion; 2) building of gravel ridges by storm waves; 3) welding of
longshore bars. Beach-ridge deposits represent high-energy,
wave dominated coastal environments; as they are storm de-
posits. Their surface elevations are therefore dependent on the
height and extension of storm waves and on the wave-exposure
of the coastal site (see Schellmann and Radtke, 2010). Scheffers
et al. (2011) pointed out that these depositional features occur
only at suitable sections of a coast where a minimum amount of
space is available for accumulation, as in small or large embay-
ments with shallow foreshores. A flat coastal topography and, in
particular, sufficient sediment supply in relation to the nature of
drift and swash alignment (from the foreshore, by longshore drift,
or from terrestrial sources by rivers) promote beach ridge
development if wave energy is strong enough to move sediment
particles above the mean spring tide level. Relict beach ridges
could form under regressive conditions, allowing progradation of
the shoreline in successive ridges as sea level falls (Allen et al.,
2012). The relationship between sea-level movement (regressive
or transgressive) is not easily connected to sediment supply. A
transgressive movement may transport more sediments land-
ward and pick up fresh material from terrestrial resources, but a
regressive movement may leave a very shallow foreshore with
positive effects on sand bar construction or longshore drift.
Preservation of beach ridge systems worldwide often occurs as a
result of their deactivation, due to relative sea-level fall; i.e.,
neotectonic uplift or glacio-isostatic emergence, with the result
that the ridge system is placed out of reach of transforming
littoral processes (Scheffers et al., 2011). Along the open Patago-
nian coast and its exposure to the waves of the Atlantic Ocean,
beach ridges have well sorted, coarse clastic (granule to boulder-
sized) sediment layers with numerous matrix-free, frequently
reverse graded gravel beds. Independent of wave-energies, they
all have large scale crossbedded interiors, where the gravel layers
dip mostly at high angles of 10e15� seawards. This cross bedding
mirrors the gradual seaward progradation of the beach line
(Schellmann and Radtke, 2010). These beach ridge systems are
regressive forms deposited during constant sea level, deposited
during similar surf level of storm waves.

In coastal localities along the middle and southern Patagonian
Atlantic coast, from Bahía Vera (44�S) to San Julián (49�S),
geomorphological and chronostratigraphic investigations confirm a
rich sequence of Holocene beach ridge systems and littoral and
valley-mouth terraces (Schellmann and Radtke, 2010; Isola et al.,
2011; Zanchetta et al., 2012). Particularly, in the region of Caleta
Cabo Raso (Chubut Province), six strands were determined, thus
mimicking the geomorphology of Puerto Lobos (Ribolini et al.,
2011). Beach ridges are present up to 10 m above the current
highest tide level (hT), and dated to the early-mid Holocene
transgression maximum (Schellmann and Radtke, 2010) and late
Holocene (Zanchetta et al., 2012).

Late Quaternary coastal evolution has been studied extensively,
often focusing on the history of regional sea-level changes in
different ocean basins, and the mechanisms involved, such as
eustasy, glacio-isostasy, sediment compaction and neotectonics, as
well as the climatic forces involved in such changes (Scheffers
et al., 2011). The coastal geomorphological features located in
stable continental areas at varying heights above the present sea
level respond to different sea level rises that occurred during the
Quaternary. Based on isotopic data, it is inferred that global sea
level values were similar to or higher than the current values for
MIS 1, 5, 9, 11 and perhaps 23 (Ortlieb, 1987; Shackleton, 1987;
Fucks et al., 2012). In general, coastal terraces and marine deposits
reflect the interaction between tectonic uprising and glacioeu-
static variations in sea level, evident in many coastal areas
(Shackleton and Opdyke, 1973; Lajoie, 1986; Marquardt et al.,
2000; Ortlieb et al., 2003).

The Patagonian Atlantic coast stretches along a relatively stable
continental margin with a large shelf area, located far away from
Pleistocene glaciation centers. With progressively better age
control of the coastal geomorphology through the use of numer-
ical dating methods like radiocarbon (14C), Electron-Spin-
Resonance (ESR) and thorium/uranium (Th/U), came controver-
sial discussions about the timing, magnitude and mechanisms
driving relative sea-level changes (Codignotto, 1983; Radtke et al.,
1989; Rutter et al., 1989, 1990; Schellmann, 1998; Pedoja et al.,
2011). Rostami et al. (2000) hypothesized a constant tectonic
uplift of the Patagonian coast from the Middle Pleistocene, and
suggested that the “anomalously raised” Holocene beach-deposits
throughout Argentinean Patagonia may be a result of Holocene
uplift and/or the high energy of this coastal environment. In
contrast, Schellmann and Radtke (2003) pointed out that super-
imposed on slow epeirogenic and/or hydro-isostatic uplift, glacio-
eustasy is an important reason for the different elevations of
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interglacial high-stand terraces formed during interglacial sea-
level highstands and submaxima. Additionally, changes in tide
amplitudes and wave-exposure may also have contributed
significantly to the elevation of Modern and Holocene littoral
deposits (Schellmann and Radtke, 2003; Bujalesky, 2007; Isla and
Bujalesky, 2008).

The Puerto Lobos Late Quaternary beach ridges could be related
to coastal deposits from the north and center of the SanMatías Gulf,
where three sea level oscillations are recorded:

(1) Beach ridges C1 and C2were dated between 40,000 and 32,000
BP respectively (Bayarsky and Codignotto, 1982), although
these dates are less reliable because they are close to the upper
limit of the 14C method (Suguio et al., 2003). The geo-
morphometric parameters (height, width, distance to the cur-
rent coast, among others) and the age of the beach ridges
indicate that these Pleistocene deposits can be correlated with
the beach ridges that developed in the northern sector of the
San Matías Gulf. These present similar geomorphological and
paleontological characteristics and are associated with the
transgressive eventMIS5e or with even older events (MIS7, MIS
9) (Fucks et al., 2012), and are recorded in other localities of the
Patagonia coast (Rutter et al., 1989, 1990; Rostami et al., 2000;
Schellmann and Radtke, 2000).

(2) The Pleistocene beach ridges C3 and C4, with a height of 8 to
more than 11 m.a.s.l., would correlate with the transgressive
event recorded in the San Matías Gulf from MIS5e, dated be-
tween 83.2 and 111 ka by amino acid ratios and ESR methods
(Rutter et al., 1989, 1990; Fucks et al., 2012). These possibly
continue towards the south in Caleta Valdés (Codignotto, 1983;
Rutter et al., 1990; Schellmann and Radtke, 2000; among
others). This episode is also recorded in the coastal area south
of the Buenos Aires Province, near San Blas Bay (Rutter et al.,
1990; Weiler, 1993; Fucks et al., 2011.).

(3) The Holocene beach ridges C5 and C6 correspond toMIS1. They
are mapped as one morphological unit using satellite images,
but in the field it is possible to distinguish two adjacent marine
deposits, whose recalculated ages indicate 1274 BC and ca.1564
AD respectively.

Considering the age of the youngest beach ridge C6, and its
fauna (linked to the malacological Argentinean Province and
influenced by the warm Brazil current), as well as the develop-
ment of the modern beach (with fauna associated to the Magellan
Province and influenced by the cold Malvinas current), it is
therefore interpreted that after the formation of beach ridge C6
there was a cooling event. This event would be linked to the
Maunder Minimum during the LIA and established new envi-
ronmental and climatic conditions in this coastal marine area of
Argentina. To date, the record of the LIA in northern Patagonia has
been restricted to sediments left by glacial advances (Glasser et al.,
2002) that reached maximum expansion during the Maunder
Minimum in the mid-17th century. In South Patagonia, the record
of the LIA is better documented. Masiokas et al. (2009) provide
evidence of the LIA through dendro-geomorphological data
recorded in five small glaciers near the northeast margin of the ice
fields of southern Patagonia (Santa Cruz), dated at around late
1500-early 1600 AD. In Tierra del Fuego, five events have been
identified as occurring in the Ema Glacier Valley during the Ho-
locene glacial, and have been dated using 14C (Strelin et al., 2008).
The oldest glacial advance deposited external moraines in around
6000 and 5000 BP. The remaining four internal developments of
these complex systems built moraines that were deposited
around 3135, 1288, 695 and between approximately 379 and 60
BP (Clapperton and Sugden, 1988; Strelin et al., 2008). This
chronology of Holocene glacial events coincides with the events in
Fjord Pia (Darwin Cordillera), located 75 km east. The Ema-Pia
chronology was used to tentatively calibrate a series of moraines
in the mountains adjacent to Ushuaia. All the information gath-
ered points to the fact that neoglacial readvances in Tierra del
Fuego are synchronous with those that occurred in the southern
Patagonian Andes and further north. This follows the Holocene
behavior of glaciers in the Andes of Tierra del Fuego and southern
Patagonia, which are essentially controlled by the same regional
climate change (Strelin et al., 2008).

6.2. Malacology and environmental interpretation

The data shows that at present there is a greater proportion of
taxa typical of the cold-water Magellan Province, but during the
Holocene the most typical element in the area was G. longior,
characteristic of northern Argentina (Argentinean Province). This
difference can be explained by a shift in the environmental con-
dition after the 1564 AD, the age of the youngest beach ridge C6,
when the southern limit of the Argentinian Province retracted. This
has been calculated using the Bayarsky and Codignotto (1982)
radiocarbon age, and calibrated considering the reservoir effect as
shown by Dubois (2009).

Pleistocene assemblages contain T. atra, which can be useful for
the evaluation of climate change due to its biogeographic variations
(i.e. extinct in the Atlantic but extant in the cold and cold-
temperate Pacific). Charó et al. (2012) suggest that it disappeared
from the Atlantic Ocean because sea surface temperatures along the
Patagonian coast today and during the Holocene were not optimal
for the settlement of the species, and also due to the unavailability
of a suitable substrate. However, it also plausible that there could
be a taxonomic confusion with this species and that there might
actually be two species or subspecies (i.e., one the living species,
and the other, the fossil one) not differentiable through their shells,
as the Atlantic fossil species is associated with warm-water species
such as G. longior.

Furthermore, the associations of shells analyzed in these Ho-
locene beach ridges can be classified as allochthonous (Kidwell
and Bosence, 1991), since they originated in the intertidal and
subtidal zones (production areas) and were transported to the
supralittoral area (settling zone) (Gordillo et al., 2010). Tapho-
nomic analyses, which evaluate the energy of the processes
involved in the formation of these assemblages, indicate that
V. antiqua and G. longior shells were drawn together during high
energy storm events, and that these bivalve assemblages were
affected by the same transport conditions and physicochemical
characteristics of the depositional environment. Signs of Wear
and Fragmentation were variable in both species, with better
development of these attributes in V. antiqua than in G. longior.
These differences are related to the intrinsic characteristics of the
valves in each group (controlled by microstructure and thick-
ness), which lead to differential behavior under environmental
effects.

The mineralogical composition of the shells is aragonite in both
species. As described above, V. antiqua is characterized by a pris-
matic microstructure in its outer layer, while in G. longior the
crystals are arranged in a crossed lamellar structure. These differ-
ences in microstructure explain the different behavior of both
species in relation to the taphonomic attributes analyzed. Studies
on the mechanical strength at break indicate that the crossed
lamellar microstructure has a better performance in the elastic
range, with an effective Young’s modulus higher than for the
prismatic structure (Bolmaro et al., 2006). This explains the
G. longior overall shell preservation as “whole and some broken”
compared with the samples of V. antiqua.



List of MOLLUSCA.

P: Pleistocene, H: Holocene; M: modern
Class BIVALVIA
Family GLYCIMERIDIDAE
Glycymeris longior (Sowerby) (P, H)
Family MYTILIDAE
Aulacomya atra (Molina) (H, M)
Mytilus platensis Linné (M)
Brachidontes purpuratus (Lamarck) (M)
Brachidontes rodriguezi (d’Orbigny) (M)
Musculus viator (d’Orbigny)
Family PECTINIDAE
Aequipecten tehuelchus (d’Orbigny) (P, H)
Family OSTREIDAE
Ostrea sp. (H)
Family ANOMIIDAE
Pododesmus rudis (Broderip) (P, M)
Family UNGULINIDAE
Diplodonta patagonica (d’Orbigny) (M)
Family MACTRIDAE
Mactra patagonica d’Orbigny (P)
Family VENERIDAE
Venus antiqua (King and Broderip) (P, H, M)
Pitar rostratus (Koch) (H)
Amiantis purpurata (Lamarck) (P, H)
Family SEMELIDAE
Semele proficua (Pulteney) (H, M)
Class GASTROPODA
Family FISSURELLIDAE
Diodora patagonica (d’Orbigny) (M)
Fissurella sp. (M)
Family PATELLIDAE
Nacella magellanica (H, M)
Family TROCHIDAE
Tegula atra (Lesson) (P)
Tegula patagonica (d’Orbigny) (P, H, M)
Family CALYPTRAEIDAE
Crepidula dilatata Lamarck (P, H, M)
Crepidula aculeata (Gmelin) (H, M)
Crepidula protea d’Orbigny (H, M)
Family NATICIDAE
Notocochlis isabellana (d’Orbigny) (H, M)
Famlily EPITONIIDAE
Epitonium tenuistriatum (d’Orbigny) (M)
Family MURICIDAE
Trophon geversianus (Pallas) (H, M)
Trophon sp. (P)
Family VOLUTIDAE
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The faunal changes and shifts described for these coastal areas
are therefore clear evidence of temperature fluctuations that
affected the area during the Late Quaternary. In addition, the
taphonomic attributes indicate that Holocene beach ridges were
deposited under higher energy conditions, which allowed for
longer transport distances and caused more intense wear on
shells.

7. Final remarks

The Late Quaternary paleoenvironmental evolution of the
Puerto Lobos coast was reconstructed through geomorphological
and malacological analyses, in which paleontological, tapho-
nomic, mineralogical and microstructure shell analysis were
included, assisted by radiocarbon dating. This study demon-
strates that this six beach ridge system provides evidence of
coastal change and paleoclimate conditions, thus representing
important geoarchives. These ridges were formed during high-
energy environmental conditions (high wave conditions and
storm events).

The taphonomic analysis of mollusk shells from the Holocene
beach ridges suggests that the ridges were formed in a high-energy
environment which does not correspond to current environmental
conditions. The different behavior observed in the G. longior and
V. antiqua shells under the same environmental conditions is linked
to the development of microstructures, thus demonstrating a
higher elasticity range. This elasticity is higher in G. longior than in
V. antiqua because of its crossed lamellar microstructure.

The differences between the Modern and fossil assemblages
studied in these coastal deposits are due to local environmental
characteristics associated with temperature fluctuations that
occurred during the Holocene. The populations of each species
respond differently to such changes.

Faunal analysis performed in the beach ridge system of Puerto
Lobos showed some differences between the Pleistocene and the
Holocene. The most relevant taxonomic differences are the pres-
ence of T. atra and M. patagonica in Pleistocene ridges and the
diversification of taxa in the Holocene.

The coastal area of Puerto Lobos has also recorded a faunal shift
which occurred during the late Holocene. Because of this, species
belonging to the Magellan Province displace the fauna of the
Argentinean Province to the north, where the sea surface temper-
ature reflects a greater influence of the warm Brazilian ocean
current.

The Modern mollusk fauna is therefore a record of local cooling
of the coastal marine environment, since it is different from the
fauna found on the Pleistocene and Holocene beach ridges. The
calibrated age of the youngest beach ridge C6 (1564 AD) corre-
sponds to a warmer period than today, which would be associated
with the last Holocene marine transgression. Based on the radio-
carbon age, this period coincides with a warm-temperate episode
before the Maunder Minimum, during the LIA. A transition from
warmer to colder waters explains the presence of cold-water ele-
ments such as A. atra and Trophon geversianus, despite the presence
of G. longior in the youngest Holocene beach ridge. After that,
greater local cooling is reflected by the disappearance of G. longior
in the Modern assemblages and its replacement by increased
presence of Magellanic species.

New dating of the Quaternary beach ridges of Puerto Lobos
using ESR methods (Rutter et al., 1990) or other methods which
compare age estimates based on 14C (Bayarsky and Codignotto,
1982), plus a detailed isotope analysis of mollusk shells for future
research would be interesting in order to better understand the
development and correlations of these marine deposits and sea
levels oscillations along the Patagonian coast.
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(continued )

Adelomelon beckii (Broderip) (H)
Odontocymbiola sp. (P, H)
Family NASSARIIDAE
Buccinanops globulosus (Kiener) (P, H. M)
Buccinanops lamarckii (Kiener) (H)
Buccinanops cochlidium (Dillwyn) (P, H)
Family OLIVIDAE
Olivancillaria carcellesi Klappenbach (P, H, M)
Family SIPHONARIIDAE
Siphonaria lessoni (Blainville) (P, H, M).
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