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Summary 

The coastal fringe of Central Patagonia preserves a unique and spectacular  succession of 

landforms discontinuously formed since MIS 11 up to the Holocene. The study area, stretching 

from 44° 34’ to 44° 54’ S of latitude, is crucial to analyze the complexity of multitemporal 

shorelines formation and preservation along the Atlantic coast of South America. We used 

depositional and erosional landforms to get reliable and well chronologically constrained sea level 

markers. In particular, multistoried swale infillings, produced by a complex relationship between 

river discharge and marine activity, were considered the most accurate sea level markers. Palaeo sea 

level elevation was assessed cross checking evidence obtained from different marker types and 

considering the original position of each of the measured features with respect to its contemporary 

sea level. A dedicated field measurement of the markers current elevation was necessary, 

considering the macrotidal regime that currently affects this coastal area. Literature and new data 

provide an excellent set of dating, useful to chronologically constrain all the palaeo shorelines that 

have been identified. On the whole five sea level highstands have confidently been referred to 

Holocene (maximum transgression peak), MIS 5, 7, 9 and 11. Sea level elevation for each of them 

was stated respectively at 2.5, 7.5, 10.5, 22.5 and 32.5 m asl, but different error bars and levels of 

accuracy are assigned to each of these estimates, based on innovative criterions that are widely 

discussed in the text. Our work enabled us to obtain new, self-consistent values of the last 400 ka 
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uplift rates for this coastal tract and to compare them with those calculated by other authors, 

suggesting for the investigated time span a moderate coastal uplift.  
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1 Introduction  

The Patagonia coast, extending from ca 40°S to 52°S, exhibits the most abundant and best 

preserved marine Quaternary coastal deposits from the eastern margin of South America. This 

coastal sector is of great importance in the Southern Hemisphere, representing a target geographical 

area in terms of global climate control, at present and during the Quaternary sea-level highstands, 

but also since at least the Oligocene-Miocene. Specifically, the succession of raised beach deposits 

present along the coast of Patagonia is the best preserved one along huge distances (more than 1000 

km) in the “passive” Atlantic margin.  A rich literature testifies the great amount of 

geomorphological studies and models as well as dating performed in coastal deposits from 

Patagonia (FERUGLIO, 1950; CIONCHI, 1988; RUTTER et al., 1989, 1990; CAVALOTTO et al., 2011; 

PONCE et al., 2011). Investigations suggest they have been discontinuously constructed from the 

Holocene to isotopic stage 11 (SCHELLMANN & RADTKE 2000, 2011; ROSTAMI et al. 2000; review in 

ISLA & BUJALESKY 2008), and probably older (AGUIRRE et al. 2009, 2011; PEDOJA et al. 2011). 

These exceptional archives are located in a semi-arid area, where chemical weathering is extremely 

reduced and past landforms and deposits are extremely well preserved. Most of these marine 

landforms are locally dissected by rivers forming complex systems of continental and marine 

terraces creating a natural condition for investigating the evolution and relation between continental 

and marine deposits and their climatic significance. 

Patagonian coastal deposits have been studied in some cases mainly with the purpose to 

reconstruct relative sea level changes (SCHELLMANN & RADTKE 1997, 2000, 2011a) and/or to 

disentangle the isostatic/ tectonic component (CODIGNOTTO et al. 1992; ROSTAMI et al. 2000; 

PEDOJA et al. 2011). Coastal landforms recognized by different Authors in the area include mainly 

raised beach ridges, marine terraces and river mouth terraces. PEDOJA et al. (2010) include for the 

first time also erosional landforms (i.e. slope angles, sensu JARDINE 1982). So far there is not a 

general agreement about the interpretation of these landforms as sea level markers and in particular 

in the resulting consequences on uplift rate values and trend. Although a general positive correlation 

of landforms elevation with age is recognized, in a number of cases landforms dated to different 

interglacials display the same elevation (or even younger ones are higher than older ones). In other 
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cases landforms at different altitudes and distances relative to the present coast correlate with the 

same MIS. Also palaeobiological evidence is someway controversial in terms of palaeoclimate 

conditions linked to Late Pleistocene MIS, as stressed by Aguirre et al. 2003, 2009, 2013. In this 

framework further work is needed to obtain a conclusive geodynamic model for the area.   

This paper focuses on the coastal belt facing the Gulf of Camarones (Bahía Camarones, 

Chubut State province, central Patagonia, fig. 1). This area can be considered an ideal case study 

site to investigate some of the general issues of regional relevance, such as the genesis and 

significance of the “raised beach ridges”, their utility as sea-level markers in order to reconstruct the 

local sea-level curve and their relationship with the continental deposits and the erosional landforms 

spatially associated to them. For addressing these fundamental questions the selected area is 

particularly suitable for the availability of good-quality stratigraphic sections; some of them were 

already described by SCHELLMANN (1998), SCHELLMANN & RADTKE (2000, 2003), and ZANCHETTA 

et al. (2011) that supply a significant number of radiocarbon and ESR ages, which, complemented 

with our morphologic and stratigraphic analyses, supported by a new set of complementary datings, 

allow to attempt a more general morphostratigraphic synthesis of the Camarones area.  

The work is based on a detailed geomorphological map of a tract of the coastal belt north of 

Camarones village (indicated as “focus area” in the paper, fig. 2), obtained through remote sensing 

analysis supported by fieldwork: in particular elevation data control along profiles and 

sedimentological and palaeontological deposit analyses in selected stratigraphic sections were 

carried out. This in order to display high-quality data to run conceptual models of coastline 

evolution. A further, smaller-scale geomorphological sketch map of the whole Camarones Gulf 

coastal belt is provided, including all the main landforms used as sea level markers . Also in this 

case first-hand elevation and chronological data complement the existing data set.   

An innovative approach is proposed in the interpretation of  “raised beach ridges” as sea level 

markers. The chronological framework considered in this paper spans from the Holocene up to MIS 

11 (400 ka B.P.). An insight on the Holocene sea level fluctuations, though, is not necessary in this 

work. They have already been investigated by SCHELLMANN & RADTKE 2011 and ZANCHETTA et al. 

2012. We directly use the relative elevation of sea level markers at the moment of the innermost 

penetration of Holocene transgression, to compare sea levels obtained for the peaks of Pleistocene 

interglacials. This enabled us to obtain new, reliable values of the last 400 ka  uplift rates for this 

coastal tract and to compare them with those calculated by other authors, suggesting alternative 

ideas on factors driving coastal uplift. 
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Our results revisit the question of coastal landform evolution in the Camarones area 

providing new data from a specific insight from which regional palaeogeographic conditions can be 

inferred. 

 

2 Study area  

The research area stretches along the coast of Patagonia, from 44° 34’ to 44° 54’ of latitude. 

Camarones (Chubut Province) is together with Trelew and Rawson the only relevant settlement in 

the coastline tract between Puerto Madryn and Comodoro Rivadavia (fig. 1); it is located north of 

the northern edge of the San Jorge Gulf, where most works by previous authors on coastal evolution 

of Central Patagonia have been focused. An area as wide as 60 km, degrades from an elevation of 

about 400 m a.s.l., i.e. from the top tableland of complex genesis mantled by the Patagonian gravel 

formation known as “rodados patagonicos”, down to the sea (the “superificie superior” of auctt 

(MARTINEZ & CORONATO 2008). From a topographic point of view, the area is globally a lowland, 

gently degrading towards the coastline through a stepped profile, due partly to litho-structural 

control and partly to land shaping by river network evolution (FERUGLIO 1950); only the most 

seaward steps were recognized to be marine in origin.  

The bedrock around the Camarones Gulf (LEMA et al. 2001) is formed by a Jurassic volcanic 

complex (Complejo Marifil) overlapped by the Tertiary Formación Río Chico (Upper Paleocene) 

and Quaternary sedimentary terrains. The volcanic complex is lithologically formed by reddish 

rhyiolites, leucorhyolites and ignimbrites, whereas the Río Chico formation is made of mudstones, 

sandstones and conglomerates, often volcaniclastic.  

Climatic conditions (SCHELLMANN 1998, CORONATO et al. 2008) are typical of cold 

semiarid regions of mid-latitudes (BSk climate, according to Köppen climate classification). The 

Camarones meteo station records an annual average temperature of 12.6°C and a rainfall of 287 

mm. The thermal shift between January and July reaches 10°C and precipitations are clustered 

during the austral Summer (http://www.smn.gov.ar). Westerly air flows are dominant; the average 

wind speed in the region is from 5 to 10 m/s approximately at 10 m height but with strong guts of 

wind from 30 to 47 m/s during which wind changes direction of a few degrees (PALESE et al. 2000). 

A storm wave environment dominates the central Patagonia coast, a reflection of intense and 

persistent cyclonic activity and strong winds over the Southern ocean and adjacent parts 

(CORONATO et al. 2008). Tidal regimes display a semi-diurnal trend (DAVIES 1982; ISLA & 

BUJALEWSKY 2008), and a range shortly exceeding 5 m during spring tides. 

FERUGLIO (1950) recognized in the area four ridges raised with respect to present-day sea 

level, whose top increases progressively landward from about 10 to about 30 m a.s.l. Later 
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CODIGNOTTO (1983, 1988) and CODIGNOTTO et al. (1992) provided radiocarbon ages that enabled to 

differentiate the most seaward ridge, recognized as Holocene, from the others, in the framework of 

the general morphostratigraphy proposed by FERUGLIO (1950). SCHELLMANN (1998) provided first 

detailed mapping of extended coastal tracts in the Camarones Gulf (more maps can be found in 

SCHELLMANN & RADTKE, 2007), identifying twelve morphostratigraphic units in the coastal belt 

where Feruglio (1950) recognized four ridges; in fact on one hand SCHELLMANN (1998) recognized 

more (eight) levels of beach ridges, on the other hand he demonstrated that ridges displaying the 

same elevation provided different ages. SCHELLMANN & RADTKE (2000) used two case-studies from 

the Camarones area to highlight the problems that may arise in ESR dating of marine mollusks from 

coastal Patagonia. In particular they underlined that it is impossible to differentiate ridges formed 

during different substages of the same MIS, but it is possible to distinguish Penultimate Interglacial 

ridges from older ones. A focus on Holocene deposits was provided also by SCHELLMANN & 

RADTKE (2003, 2010), where it is stressed the reliability of mouth terraces as sea level markers in 

comparison with more problematic beach ridges. ROSTAMI et al. (2000) recognized in the 

Camarones area three terrace levels, not arranged in a staircase, at 5-6, 16-17, and 33-34 m a.s.l; 

they provide age constraints to respectively the Holocene (approximately 7 ka BP), MIS 5 and MIS 

9 or 11. Only three sections were sampled along the Gulf coastline and cross check useful for 

correlation is hardly possible. PEDOJA et al. (2011a) provided homogeneous information at a 

broader scale for the whole San Jorge Gulf, in which the Camarones Gulf is included. Five 

shoreline markers are recognized at 46±5, 35±2, 29±5, 17.5±1 and 8.5±1 m asl in the form of 

“shoreline angles” (i.e. marine terraces inner edges). Ages are were assigned based on previous 

authors’ dating and morphostratigraphic criteria. After the systematic work of FERUGLIO (1950),  

AGUIRRE et al. (2006, 2008) carried out systematic descriptions of molluscan taxa and suggested 

possible relationships between faunal content and climatic changes between different interglacials 

(Aguirre et al., 2011, 2013).  

The Camarones Gulf is thus peculiar because: 

• It forms a physiographic unit with clear boundaries, quite homogeneous for what 

regards its exposure to waves, its geological setting and the dynamic of the 

continental shelf it subtends 

• It displays consistent and rather continuous shoreline deposits, interpreted as beach 

ridges, recognised as belonging to possibly the last four interglacials  

• A number of stratigraphic and chronologic data are available for the area. 

Nevertheless some open questions still remain about the Quaternary evolution of the area, with 

particular regard to the local sea level curve trend and the causes of sea level displacement. 
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3 Methods and terminology 

Preliminary remote sensing analyses have been performed, based on spacecraft LANDSAT7 

images (acquisition dates 1999-2001), Quick Bird images (acquisition dates 2004, 2008, 2009) 

supported by digital elevation model SRTM (www.jpl.nase.gov/srtm). The preliminary 

geomorphological map worked out was improved by means of field surveys carried out in January 

2009 and February 2010. A network of way points (WP) was created to georeference all relevant 

sections or morphological elements. Coordinates and elevation data were inferred from the IGN of 

Argentina topographic maps (scale from 1:100,000) and from dedicated measurements carried out 

with a barometric altimeter associated to GPS device (Garmin 60CSx). Topographic profiles were 

performed using both tracks recorded by the digital altimeter associated to a GPS device and 

graduated stakes. In order to compare new data with previous authors we referred elevations to high 

tide (indicated as aht: above mean high tide level), while for a geodetic reference we checked our 

device on the  IGN elevation grid reference points.  

Altitude data used for correlation were all obtained through dedicated topographic surveys 

along selected profiles, in order to dispose of a self-consistent, homogeneous dataset with reference 

to the morphological marker of high tide sea level along the beach during the austral summer.  

Regional geology was inferred from the IGN of Argentina geological maps, scale 1:250,000 (LEMA 

et al. 2001). 

In the simplified geomorphological map (fig. 2) polygonal symbols were chosen to indicate 

depositional landforms; erosional landforms are hinted using point features, and linear symbols are 

limited to elements of current drainage network. Where available, geomorphological work is 

completed with geological sections; points of sample collection for radiocarbon and U/Th dating 

were indicated. To avoid sampling reworked material well preserved shells and with joint valves 

were selected (SCHELLMANN 1998). For details on Holocene samples radiocarbon dating strategies 

see RIBOLINI et al. (2011) and ZANCHETTA et al. (2012). 

Information on the molluscan  content of marine deposits in the area was available from 

previous collections and faunal lists (Aguirre 2006, 2008). New records were addressed in the 

framework of 2009 and 2010 field campaigns in order to determine specific faunal assemblages in 

each of  the investigated deposits.  

The procedures used for U/Th dating are summarized in the following. It is well known that 

U/Th dating on marine shells often give unreliable results (e.g. BROEKER 1963; KAUFMAN et al. 

1971; MCLAREN & ROWE 1996), owing to low initial uranium content and U incorporation during 
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early diagenesis. U/Th dating on bulk shell samples from Patagonia has yielded unreliable results as 

reported by SHELLMANN & RADKE (2003) even if, according to ROSTAMI et al. (2000) “sequential 

leaching” and one-step dissolution” procedures yielded relatively accurate results. The procedure 

illustrated by ROSTAMI et al. (2000) was adopted to remove the contamination in the external layers 

and to collect the most pristine innermost portion of the shell. However, sequential leaching may 

originate differential removal of U and Th. Accordingly, one well preserved shell of Prothotaca 

antiqua was selected, sectioned, carefully cleaned using a dental drill from the layer showing 

possible alteration (as shown by thin section investigation) and used for U/Th dating. XRD showed 

that, if present, calcite was below the detection limit (>0.5% as determined by using different 

standard with known amount of Calcite/Aragonite ratio). Because living shells in the area show 

usually low U content (CONSOLONI & ZANCHETTA, unpublished data) sample showing the lowest U 

content were then selected, presumably having preserved their U content not enriched by secondary 

processes. The U-Th age was determined using multi-collector inductively coupled plasma mass 

spectrometry (MC-ICP-MS) at the School of Earth Sciences at the University of Melbourne 

(HELLSTROM 2003). Briefly, sub-samples of ca. 25 mg were dissolved and spiked with a mixed 

229Th/233U tracer before removal of the carbonate matrix using Eichrom TRU-Spec ion-exchange 

resin. The purified uranium and thorium fraction was introduced in dilute nitric acid to a Nu 

Instruments MC-ICP-MS, where 230Th/238U and 234U/238U activity ratios were measured 

simultaneously using a parallel ion-counting procedure that allows for full internal standardization 

of ion-counter gain, elemental fractionation and mass bias. Full details of the analytical procedure 

are provided in HELLSTROM (2003). Results of the U-Th dating are presented in table 1.  

Information on faunal content of marine deposits in the area is available from previous collections 

and faunal lists (AGUIRRE 2006, 2008). New records were addressed in the framework of 2009 and 

2010 field campaigns in order to determine specific faunal assemblages in each of  the investigated 

deposits.  

Terminology about beach ridges is complex and somewhat contradictory. In this paper we 

try to adopt a basic terminology, consistent with that employed by most Authors. A beach ridge 

represents a morphostratigraphic unit which is a single, self-consistent landform, differentiated from 

others on geometric basis. It may be double crested as a result of secondary erosion (e.g. stream 

incision). Beach ridges may be grouped in systems or sets (TANNER 1995), or complexes (WELLS 

1996) in which each ridge crest displays the same elevation as the other ones. A beach ridge system 

is differentiated from others primarily on altitudinal basis. Nevertheless each system displays an 

uniform pattern concerning geometry of the ridge(s) constituting it (e.g. ridge(s)cross profile, type 

of stream network affecting ridge(s) slopes, spacing between ridges. A strandplain may be formed 
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by different ridges with the crest elevation increasing landward or by differently elevated ridge 

systems, each comprising a number of individual beach ridges. A pond, a marsh or a swale may 

separate ridges or ridge systems or may be enclosed by them, according to how closely ridges are 

spaced. The boundary between systems may or may not be an unconformity. 

Based on our field observations and elevation measurements, we address  that assessing a 

beach ridge elevation is not easy. In fact long profiles (fig. 3) performed along ridges crests  (i.e. 

parellel to the coastline) highlight that their geometry is triangular in both sections perpendicular 

and parallel to the coast line, peaking in the middle of the landform. This is evident especially for 

those beach ridges that are older than the Holocene. Recognizing a ridge system and assessing its 

elevation, in this framework, is particularly tricky and requires a careful topographic survey. In our 

work we used the maximum altitude we measured of a longitudinally contiguous beach ridge as 

representative of its original elevation, in order to group morphostratigraphic units into beach ridge 

systems and to perform spatial correlations. In figures and here after  H indicates the Holocene 

morphostratigraphic system, T indicates Pleistocene morphostratigraphic units, numbered 

progressively landward. The subscript number indicates the marine isotope stage number to which 

the unit was dated. If dating are not available the number is replaced by a letter (x, y, z) ordered 

from sea landward. 

 

4 Results  

4.1 The focus area 

In the focus area five morphostratigraphic units  of raised beach ridges were recognized 

from present-day coastline inland (fig. 2). The modern beach is represented by a moderately 

pronounced storm berm reaching the maximum elevation of ca. 4 m aht behind the high tide step.  

A poorly vegetated narrow coastal fringe backs the modern beach. It is represented by 1-up 

to 3 morphostratigraphic units (beach ridges). The setting of these ridges and their ages  in the 

southern tract of the focus area are examined by ZANCHETTA et al. (2012). In our paper the 

Holocene system is not investigated in detail and its components are not differentiated; in fig. 2 they 

are all indicated with H, corresponding to H0, H1 and H2 of ZANCHETTA et al. (2012). The 

Holocene coastal fringe is spatially connected to a narrow inter-ridge swale (locally named 

“salitral” figg. 4b and 5b).  

“Salitrales” are widespread in the study area and more generally along the coast of 

Patagonia. They are narrow depressions flanking a temporary riverbed where most of streams 

discharge flows during their seasonal activity, in winter times. Very shallow ephemeral lakes (with 

large seasonal salinity changes) can be present. They are usually limited towards the sea by the 
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beach ridge closest to the coastline or, in the tracts where it is missing, by the active storm berm 

which obstructs the river outlet. This implies that the persistence of salitrales is regulated by the 

combined action of storm and river activity which control the obstruction of the river outlet. Active 

salitrales form close to the base level (i.e. mean sea level), as observed in the area. Here in fact the 

active part of the swale (i.e. at the elevation of the active riverbed) is in a steady state with the 

current sea level at -1 m aht (fig. 5b). This inter-ridge depression, though, is filled with a 

multistored deposit (fig. 6) made of a succession (from bottom to top fig 6c) of marine, fluvial and 

evaporitic units (see ZANCHETTA et al. 2012).  

The top of the salitral fill backing the Holocene system in the focus area is as high as 1.5 m 

a.h.t, and the stream carves it down to -1 m aht This suggests that the infilling top is higher than 

current sea level, which is represented by the minimum elevation reached by the active stream 

carving it. The salitral top is thus the morphological expression of sea level at the time of formation 

of the most prominent ridge of the Holocene fringe. The top of inter ridge swale fills, thus, can be 

considered a more accurate sea level marker than beach ridge crests (ZANCHETTA et al. 2012).  

In the south-western edge of the focus area a discontinuous ridge stands behind H, between 

it and the salitral (fig. 7). Its top reaches an elevation of 14 m aht (figg. 4a and 5a) and its maximum 

wideness is around 200 m. Morphological evidence suggests that this morphostratigraphic unit (T5) 

belongs to the backing beach ridge system, already recognized and dated by SCHELLMANN (1998) to 

MIS 5. The system is formed by two ridges only in a small tract, being double crested due to 

secondary stream incision. In general it is represented by a single ridge, which stretches almost 

continuously along all the coastal fringe, being interrupted only in connection with two wide 

outwash plains; in these two tracts the continuity of Pleistocene ridges is interrupted and the salitral 

spans between the Holocene ridge system and the outwash plain (fig.2).  

The basal part of T5 unit is well exposed along the western bank of the stream flowing 

inside the salitral and its top is further exposed by a small quarry (fig. 5b) . Overall it is composed 

by sets and cosets of relatively well sorted gravels with coarse sandy matrix alternate with more 

sorted beds. The beds gently dip toward east but 3D view is not possible, so no detail on attitude 

can be given. Within this unit an angular unconformity is probably present as already observed by 

SHELLMAN & RADTKE (2000) and supported by ZANCHETTA et al. (2012) observations. On the basal 

part a layer containing shells with closed valves of Protothaca antiqua is present (fig. 7b), 

corresponding to layers dated by SCHELLMANN & RADTKE (2000) at ca. 135-117 ka. Some appear in 

possible living position with the hinge positioned laterally and only partly filled with sediments. A 

sample selected for U/Th dating and prepared as described in the methods section yielded an age of 

130 ± 2.5 ka (sample 1 from WP 65, table 1), in perfect agreement with ESR dating. The top part 
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exposed in the quarry along the road is composed by decimetric sets and coset of strata similar to 

those of the lower part, with low angle (tangential) cross stratification (up to 1 m). Disarticulated 

and/or closed valve specimens (never in possible living position) of Protothaca antiqua occur. They 

represent the accumulation of storm activity and possibly also of following reworking. According to 

the scheme reported in SCHELLMANN & RADTKE (2000), this quarry is slightly above the layers they 

ESR dated to ca. 115-92 ka. Our Protothaca sample from the upper unit yielded an U/Th age 

correctly younger than the one from the lower unit (121±0.9 ka; sample A/3 from WP 64 table 1,) 

but constrained within the MIS 5.5 highstand. In the prosecution of this ridge towards SW, 250 m 

beyond the focus area an ESR dating on Protothaca antiqua shells was available from 

SCHELLMANN (1998) and yielded an age of 122± 18 ka. 

Along the boundary of the southern outwash plain at 4 m ca. aht (WP 70), a bedrock 

platform outcrops (sp in fig. 8), carved in Rìo Chico sandstones, which shows a surface gently 

dipping towards the sea. A spot of marine deposit can be observed on top of it, displaying no sharp 

morphological evidence. The section, in the trench of a small quarry, shows a sandy deposit with 

sorted gravels and abundant shells (mostly Protothaca antiqua). A thick pedogenic crust caps the 

marine deposit. The outcropping bedrock displays a morphology consistent with that of a shore 

platform exhumed by stream erosion. An individual of Protothaca antiqua with jointed valves was 

U/Th dated and yielded an age of 127±12 ka (sample B from WP 70, table 1). This evidence 

suggests that during MIS 5 the coastline was forming a gulf in this tract.  

A further age constraint was obtained for the central tract of the ridge (WP68, fig. 4b), on a 

shell of Protothaca antiqua with jointed valves (age: 131±11 ka BP, sample 1 from WP 68, table 1), 

from a deposit displaying poor morphological evidence but good lateral continuity towards NE. The 

facies deposit was the same as the one described at WP65.  

T5 is backed by another unit: Tx. It is a narrow beach ridge which displays a sharp 

morphological evidence in the north-eastern tract of the marine deposits coastal fringe, reaching a 

maximum elevation of 19 m (fig. 9a). In the central and south-western part of the focus area (fig. 

4b) beach ridges are so closely spaced that  Tx is difficult to differentiate from the backing unit  

(Ty). The profiles of fig. 3b and 4a, though, intercept it showing that towards SW it becomes more 

and more closely spaced with T5.  

A single ridge represents the Ty unit, preserved as patches of the original sedimentary body 

separated from one another by actively eroded pediment cover and outwash deposits. Its crest is 

very smooth and reaches a maximum elevation of 34 m (fig. 4a). Its current morphology is probably 

very different from the original one, being its slopes dissected by a dense network of concave-

bottomed gullies normal to the ridge crest. Landward the Ty ridge bottom is actively eroded and 
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reaches an elevation of 17 m aht (figg. 4a, 9a); seaward it is discontinuously separated from the Tx 

unit by relict lagoonal deposits (former “salitrales”, forming a continuous surface at the elevation of 

10 m aht (figg. 4a and 9a). A patch of this surface can be observed also in the long profile of Fig. 

3b, as a residual landform flanking the outwash plain.  

Scattered patches of a deposit that can be virtually interconnected to form a deeply dissected 

ridge (unit Tz) can be found all over the area behind ridge Ty at elevation of ca. 40 m aht. 

 

4.2 Overview of the Camarones Gulf coastal deposits  

In fig. 10 a general sketch map of the Camarones Gulf coastal deposits is provided. In the 

sketch the linear pattern identifies the beach ridges crests. These were traced with a certain degree 

of approximation, as these landforms are very smooth and frequently flat topped. On the whole five 

beach ridge systems were differentiated. 

Data about age were partly inferred from previous authors (in particular SCHELLMANN, 

1998, 2007) and partly from our original dataset (fig. 10, table 1). Undated ridges were correlated to 

those of known age by means of their maximum elevation and morphological aspect.  For parts of 

the Camarones Gulf geomorphological sketch maps were already provided by SCHELLMANN & 

RADTKE (2003). Frame b in fig. 10 represents a sketch map of the coastal deposits of a tract broadly 

corresponding to that of the focus area (fig. 2). All the tract N of the focus area (fig. 10, frame a) 

had never been mapped before. Available data are sufficient to constrain chronologically all the 

mapped features by means of spatial and altitudinal correlation.  

The ridge system closest to the active beach,  indicated as the H system,  is rather continuous 

and displays from one up to three crests along most of the investigated coastal tract, from its 

northernmost edge (Bahia San Sebastian) to the southern edge of the focus area. The different tracts 

were correlated according to available elevation data, that indicate an altitude of the crest on 

average of 8±1 m aht. (figg. 4a, 5b, 9a), reaching a maximum value of 10±1 m aht in the 

northernmost and southernmost tracts (figg. 11a,b). From south of the focus area to the  village of 

Camarones a single flat topped landform represents this beach ridge system displaying in the profile 

of fig. 9b an elevation of 10±1 m aht. This system was dated in different tracts (SCHELLMANN & 

RADTKE 2010; ZANCHETTA et al.2012) and yielded Holocene ages (ca. 6,000 BP the innermost and 

ca. 2,000 BP the one closest to the shore).  

The MIS5 system can be recognized, although discontinuously, mostly as a single 

morphostratigraphic unit. In the focus area the MIS5 system is represented by the T5 unit. A relict 

salitral deposit (fig. 9a, 11a) whose top reaches an elevation of 4 ±1 m aht surrounds the ridge/s of 

this system when they are spaced from the ridges that bracket them. 
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Landward of the MIS 5 system a narrow ridge was mapped in the focus area (Tx, figg. 4a, b 

and 9a) which can be followed with moderate continuity towards NE up to Bahia San Sebastian 

(fig. 11a). Being bracketed by the MIS 5 and MIS 9 (see further on) systems it can be tentatively 

attributed to MIS 5. Its elevation is intermediate between that of the MIS 5 MIS9 ridges (fig. 3b), 

and reaches a maximum altitude N of the village of Camarones (23±1 m aht). In the coastal fringe 

south of the focus area (frames c and d in fig. 10) there is morphological evidence of only two 

morphostratigraphic units in backing the Holocene beach ridge system. The one located more 

seaward is represented by a quite continuous marine terrace up to 0.5 km wide and gently dipping 

seaward (figg. 11b,c), whose maximum elevation does not exceed ca. 20 m aht. fig. 11b provides a 

section where a sharp morphological sea level marker is detectable for stating the elevation of the 

shoreline accounted for by this landform, i.e. its inner margin, measured at 13±1 m aht. 

SCHELLMANN (1998) provides some dating from marine deposits of this coastal fringe, that yield 

ages consistent with MIS 7 at 19 m aht. Based on this evidence Schellmann and Radtke (2003) infer 

that in the southern tract of the Camarones Gulf MIS 5 deposits are absent or buried underneath 

those of MIS 7. ROSTAMI et al. (2000) agree with this view. They dated a marine deposit in the 

southernmost tract of the gulf coast and obtained at similar elevations (20 m aht ) a MIS 5 age. A 

new stratigraphic analysis was carried out in the framework of our work from a section 2 km south 

of the Camarones village (WP97 in Fig. 10d); this gives some insight in the stratigraphic setting of 

this marine terrace.  The section (fig. 12) highlights two stratigraphic units separated by an 

unconformity. Both units display sorted beds of coarse sand and gravels and are rich in faunal 

content. From the upper unit Protothaca antiqua (with paired valves), Mytilus and Tegula atra were 

sampled. The lower unit contains Protothaca antiqua and well preserved individuals of Mytilus. 

Between the two units a centimetric layer of oxydized silty clay with gravels is present, which can 

be referred to a past salitral deposit. This may suggest that this body is polycyclic, being formed by 

at least two stratigraphic units separated by an unconformity. An U/Th dating was obtained from a 

Protothaca antiqua individual with paired valves collected in the upper unit that yielded an age of 

92±0.6 ka BP.  

More landwards another ridge system can be clearly differentiated on morphologic basis 

because it displays a thick network of concave-bottomed gullies normal to the ridge crest dissecting 

its slope and the crest is very smooth. In the focus area, where it is identified as  the 

morphostratigraphic unit Ty, it is single-crested (34±1 m aht, fig. 4a), but in the coastal tract N of 

the village it displays two crests of same elevation (32±1 and 30±1 m aht, fig. 9b), backed by a tract 

in which the ridge body is incised by a complicate channel network that lowers its surface down to 

23±1 m aht,. We were able to recognise this system along all the Camarones Bay according to 
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elevation and geometry. In fact the same channel network pattern affects its surface in all the 

preserved patches and it is not present in any other beach ridge system. In the tract intercepted by 

the profile of fig. 9a, though, the ridge top is remarkably lowered by stream erosion. This unit was 

chronologically constrained in different points (fig. 10, table 1) and can be considered as old as MIS 

9. 

Finally patches of an innermost and oldest ridge or terrace can be recognized, peaking at an 

elevation of about 44 m aht (SCHELLMANN 2003) (fig. 9b). Their morphology is the product of long-

lasting stream erosion and weathering. Most of the landward part of this unit has been destroyed by 

stream activity. Its age is thus borderline with what is known as the “forget time” for marine 

terraced-shaped coastal fringes (ANDERSON 1999). In the southern part of the study area we were 

able to date a deposit (WP 97, sample 1), landward of MIS9 ridge  which cannot be associated to a 

preserved landform due to quarrying activities; this yielded an age consistent with a deposition 

during MIS11 (414±16 ka BP, table 1). Unfortunately at the moment the elevation of this unit (ca. 

40 m) should be considered very cautiously. 

 

5. Assessment of local sea level highstands based on available sea level markers 

5.1 Background  

The construction of local relative sea-level curves poses different types of challenges, like 

the definition of clear markers of the past position of sea-level. The accuracy of the position of sea-

level at any time is intrinsically related to the quality of available sea-level markers (PIRAZZOLI 

2007) both of erosional (notches, relict shore platforms, sea caves ) and depositional type (marine 

terraces, trottoirs, speleothems). In particular beach ridges are considered problematic sea-level 

markers due to their nature of storm accumulations created in a general regressive framework 

(OXFORD et al. 1991; OTVOS 2000; SANJAUME & TOLGENSBAKK 2008).  

For the construction of local sea-level curves in Patagonia different approaches have been 

tried. The elevation of beach-ridges top combined with radiocarbon ages of the marine shells 

(CODIGNOTTO et al. 1992) has frequently been employed; in other cases the elevation of those shells 

preserved in living position in subtidal facieses (and dated) was preferred (ROSTAMI et al. 2000). As 

discussed by RUTTER et al. (1989) and SCHELLMAN & RADKE (2003) sea-level reconstruction based 

on such methods are often unreliable. In fact shells in beach ridges can never be found in their 

“living position”, as they are cast on the beach by the swash; moreover, disarticulated single shells 

in high-energy beach gravel deposits are subject to potential reworking from older deposits. To 

solve this serious problem SCHELLMAN & RADKE (2003, 2010) suggested to use articulate shells for 

dating and terraces (that they call “mouth terraces”) located at the mouth of dry valleys with 
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periodical runoff (locally called " cañadónes ") as the best indicator of past sea level, even if they 

report only few Holocene cases of estimation of sea level with this approach. They highlight that 

sea level elevation stated using beach ridge crests overestimates that obtained through mouth 

terraces of about 3 m. On the other hand molluscan assemblages in beach ridges are rather 

monotonous and thus they do not provide significant bathymetric evidence, as they are transported 

on the storm berm  (e.g. AGUIRRE 2003). ZANCHETTA et al. (2012) demonstrate that in the 

Camarones Gulf (focus area) the top of the hypersaline lagoon/marsh deposit backing the Holocene 

beach ridges represents sea level elevation at time of the formation of those beach ridges. Recently, 

erosional markers have been re-evaluated. PEDOJA et al. (2011a) state the elevation of Pleistocene 

shorelines in Patagonia based on the altitude of notches and shoreline angles (e.g. intersection of 

relict shore platform with cliff). Their field evidence, though, is often conflicting with that of 

previous authors as well as with ours: in fact marine terraces with a clear inner edge and notches are 

not so extensively found landforms, in particular in the Camarones Bay. RIBOLINI et al. (2011) have 

used for the Cabo Raso area (ca 80 km north of the focus area) the inner margin of rocky terraces 

for constraining the elevation of the Middle Holocene highstand; this proved to be lower than that 

previously obtained for this area with different sea level markers.  

 

5.2 Markers selection and assessment of their quality and accuracy  

In this work geomorphological mapping provided evidence of the presence of different types of sea 

level markers in the study area. Measurements along selected profiles enabled us to assess their 

elevation and thus to get  reliable and chronologically constrained shorelines for the last four 

interglacials and the Holocene. In table 2 are summarized the results of a combination of elevation 

and age data, inferred for the sea level markers recognized in the study area, that constrain former 

interglacial sea levels. Four types of sea level markers were used; one of them, relict shore platform, 

though, which is the best-quality one, was  unfortunately detected only in one case. 

Geomorphological evidence obtained in this work have been used also to evaluate the quality and 

the accuracy of the selected sea-level markers. In doing this the  general criteria illustrated below 

were followed: 

 

Beach ridge crest. In the Camarones Bay beach ridges this is the most widespread landform 

that can be employed as a marker, especially for Pleistocene sea level reconstruction. The beach 

ridge crest is considered a poor quality marker. These landforms rise well over their associated high 

spring tide sea level, depending mainly on wave energy (CARTER & OXFORD 1984). Their bodies 
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are permanently emplaced above high tide level and they resist backwash erosion especially when 

they are pebble-armoured and/or shell-rich. When they are surmounted by foredunes, sea level 

elevation marker should be identified at the interface between the wave built and the overlaying 

aeolian part of the deposit (FULTON 1989). Anyway our observations in the study area demonstrate  

that if correctly managed and combined with that of other markers, the elevation of beach ridges 

can contribute to former sea level assessment.  We measured the maximum elevation of beach ridge 

crests for each system throughout the bay. Current beach ridge crest elevation should be considered 

a minimum value for the original crest elevation. In fact elevation of ridges of the same age proved 

to be different in different profiles along the bay. SCHELLMANN & RADTKE (2003) suggest that in 

the area ridges of the same age sometimes display the same elevation. Our idea is that original crest 

elevation is preserved only in scattered tracts. Those tracts where the beach ridge crest appeared to 

be best preserved were selected and cross profiles were placed to cross them. In the other tracts 

present-day elevation, in fact, is the result of long-lasting erosive processes that have acted 

differently in space in function of stream pattern and evolution. Present-day maximum crest 

elevation, for each system, should closely approximate its original height. This evidence is 

supported by the fact that the same maximum crest elevation value is recurrent in different tracts of 

the Gulf coastline. If we assess the beach ridge crest elevation for each system following the 

procedure illustrated above, we can notice (table 2) that the difference in elevation between crest 

and slope bottom is very similar for beach ridges belonging to successive interglacials (10 m), and 

apparently slightly increases with age (up to 12 m). This value  approximates the difference 

between modern storm berms crest and present day mean sea level, i.e. ca. 9 m (figg. 9a and 11b). 

The beach ridge crest, thus, can be used as a sea level marker assigning it a wide error bar, 

that can cautiously be estimated as follows: 

SL = BRC +0/–12 

Where SL= sea level; BRC= beach ridge crest (elevation related to present day mean sea level); the 

palaeo sea level will be constrained within this interval at whatever stage the crest top lowering is. 

Beach ridge backshore slope. Beach ridges display a foreshore and backshore slope, limited by 

respectively a seaward and landward margin (i.e. the slope bottom).  The current elevation of a 

beach ridge backshore slope bottom can be considered a sea-level marker at the time of the beach 

ridge formation. OTVOS (2000) suggests that the ridge backshore slope margin is close to past sea-

level at the moment of the ridge formation; sea level elevation, thus, can be overestimated because 

of secondary accumulation of weathered material from the ridge slope in the inter-ridge space.  
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The ridge backshore slope margin can be considered moderate quality marker provided it is 

corrected as follows:  

SL = LM – IT  

Where SL= sea level, LM= beach ridge backshore slope margin elevation (related to present day 

mean sea level), IT=infill thickness.   

The ridge backshore slope bottom could not be measured in all the profiles because this 

landform is not easily preserved and can frequently be obliterated. Its occurrence is maximum in 

MIS5 system and decreases in older ones. It was not detected in the innermost system, where the 

ridge backshore slope is not preserved. Recurrence of the same elevation of this marker detected for 

the same beach ridge system in more profiles accounts for its moderate quality as a former sea level 

indicator, provided it is corrected for the infill thickness effect. Stating its accuracy, thus, requires 

that the maximum possible thickness of the deposit that may shelter it is known.  The error bar can 

be stated as follows: SL = LM +0/– 5, based on a precautionary estimate derived from profiles and 

sections analysis. 

 

Top of the inter-ridge swale (salitral). Coastal marsh or lagoon sediments approximate mean sea 

level elevation within a very narrow range in microtidal areas (VÖTT 2007), whereas for macrotidal 

environments there are not clear indications. ZANCHETTA et al. 2012 stated that in the Camarones 

area the salitral top is currently located 1 m below high tide sea level. Considering a tidal range of 5 

m we can state that former sea level should be 1.5 m  below the elevation of the salitral top. The 

inter-ridge swale top elevation, thus,  well approximates the former sea level of the stage in which 

the seaward ridge is formed. Virtually its elevation should be coincident with that of the backshore 

slope bottom (as observed for the Holocene by ZANCHETTA et al. 2012). Actually (table 2) it is 3-5 

m lower, due to the burial of the original backshore slope bottom underneath secondary slope 

deposits accumulated at the slope foot. The inter-ridge swale top elevation can be considered a good 

quality marker provided sea level is stated as follows:  

SL = ST – 1.5  

Where SL= sea level, ST= inter-ridge swale top elevation (related to present day mean sea 

level), and 1,5 derives from observations on the modern counterpart of this marker illustrated 

above. Considering that the original swale top may be sheltered or eroded by secondary process 

occurred during interglacials or intervening glacial stages, an error bar must be assigned to this 

marker based on the comparison between the backshore slope – swale elevation difference for the 
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different ridge systems: SL = ST +2/– 3.5. The inter-ridge swale forms simultaneously with the 

beach ridge located seaward of itself and thus its marks a sea level that can be chronologically 

constrained dating the seaward beach ridge. 

 

Relict shore platform. OTVOS (2000)  states that when a raised beach ridge system is found on top 

of a marine terrace the interface between the wave-cut terrace bedrock and the basal transgressive 

lag deposit may serve as a sea level marker. Best quality sea level marker should be considered only 

the boundary between a relict shore platform and the sedimentary complex overlapping it. This 

marker can be detected if incision has acted as deeply as to dissect  the beach ridge body and  its 

basal transgressive lag down to the relict shore platform. When associated to Holcene deposits this 

marker indicates the local  timing of the transgression, whereas only the innermost penetration point 

marks the highstand. Nevertheless this may be not relevant when associated to Pleistocene deposits, 

for which the dating method can include a long time shift within the age error bar.  

The top of the shore platform overlapped by the transgressive basal lag, although being 

virtually the best sea level marker, can be observed only once, for Pleistocene shorelines in the area 

(Fig, 8), and can be useful to constrain only the MIS 5 sea level elevation. It can also be used to 

check the accuracy assigned to the other markers of worse quality.   

 

In fig. 13 local sea level highstands elevation, as inferred from combined employment of all 

available markers, is plotted against their age.  The best-quality marker should be considered, in our 

case-study, the backing inter-ridge swale elevation. Its reliability is enforced, as shown in table 2, 

by the mutual consistency of results obtained with other markers, whose elevation differs from that 

of the selected marker of a constant value. In addition, the elevation range within which the sea 

level indicated by the inter-ridge swale is scattered, is enclosed within the one indicated by the other 

markers (fig. 13).  Based on these data palaeo-sea levels of four Pleistocene highstands were 

assessed (table 3). Considering that their chronological constraints (table 1) suggest that they 

indicate the MIS5 – 11 interglacial peaks, their displacement is calculated related to the MIS1 

highstand peak, recognized for this area at ca. 7ka BP which was measured at 2.5 ±1 m asl 

(SCHELLMANN & RADTKE 2010).   

 

5.3 Geodynamic implications for the study area 
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Pleistocene shorelines recognized along the coast of  Atlantic Patagonia have generally been 

considered raised. Different authors, though, have not agreed on the amplitude of raising and on its 

causes (see PEDOJA et al. 2011a for a review). The results of this work suggest that the elevations of 

the Pleistocene highstands at Camarones result higher than their supposed eustatic value.   

In table 3 our data allowed to infer the uplift rate with regard to the elevation of the 

Holocene highstand sea level peak recognized in the area at about 7 ka BP. For calculating 

Pleistocene shorelines displacement to the RSL, values from table 2 was were subtracted current 

elevation of the 7 ka shoreline and then the eustatic elevation of the corresponding MIS shoreline. It 

is acknowledged that estimations of eustatic interglacial sea levels are currently subject to a number 

of uncertainties (SIDDALL et al.,2006). This is mainly due to the impossibility to find an area in the 

world where observational data reflect merely the effect of the eustatic component. Consequently, it 

is necessary to rely on models, which incorporate observational data and disentangle an eustatic 

signal through an iterative procedure (MILNE & MITROVICA 2008). For the Holocene, estimates of 

the eustatic signal range from 3 to 0 mcontribution of ice melting since 7 ka, a time span when 

relative sea level (RSL) curves worldwide exhibit a trend definitely implying a reduction of the 

eustatic component. By contrast, in this paper we point to consider that for the study area sea level 

change since 7 ka is due to other than the eustatic component, in particular to the hydro isostatic 

component. Our interpretation agrees with whatsuggested by MILNE et al. 2005. The results 

obtained by these authors are considered particularly suitable to be incorporated in the discussion of 

our data as their modelling is based on observational evidence whose selection follows criteria very 

similar to those used to assess our sea level elevations (markers selection and assessment of 

accuracy).  

Finally, the eustatic elevation of each Pleistocene shoreline was selected among a number of 

estimates made by different authors and based on different data sources (see e.g. CAPUTO 2007 for a 

critical review on highstands elevation ranges). Although recent papers suggest convincing 

estimates based on modelling from a combinations of observational data sources (BINTANJA et al. 

2005, SIDDALL et al, 2006) we compiled in table 3 the values suggested by PEDOJA et al. 2011a (see 

for references), that are consistent with most other estimates; this allows a closer comparison of our 

data with those of the latter work which is focused on the same study area. Additionally, also the 

timing of the interglacial peaks was inferred from PEDOJA et al. 2011a. However, as shown in fig. 

14, they are consistent with the time ranges  (red horizontal bars) in which all the shorelines datings 

(from our study and available from bibliographic sources) are constrained for the study area. The 

resulting uplift rates are minimum, although not negligible, and evidently weakly increasing with 



 19 

time. This is consistent with what is considered typical for a passive margin (GUILLAUME et al. 

2009).  

Palaeo sea levels at the peak of the last four interglacials obtained from this work are 

remarkably lower than those obtained by other authors for this area. Although some of them have 

been very cautious in assessing palaeo sea levels based on beach ridges elevation (SCHELLMANN & 

RADTKE 2003), a MIS 5 relative sea level peak at 17 m asl was considered reliable for the area by 

second-hand users of previous data (e.g. GUILDERSON et al. 2000), based on evidence provided by 

ROSTAMI et al. (2000). PEDOJA et al. (2011a), indeed, placed the MIS 5 shoreline at about 17 m.  

Finally, our results are not inconsistent with the preliminary evidence on Pleistocene shorelines 

proposed by SCHELLMANN (1998), that underestimateds the MIS 5 peak of approximately 5 m with 

respect to what reported by later authors. 

It is interesting to point out that, while most authorshave calculated uplift rates ten times 

greater than ours and inferred a tectonic component in the relative sea level curve our results do not 

suport those arguments. PEDOJA et al. (2011b) stated that tectonic uplift of passive margins is a 

worldwide phenomenon, and that Patagonia is not an exception in this framework, displaying an 

uplift rate of 0.12-0.15 m/ka. They  apparently seemed to have considered the effect of tectonic 

uplift overwhelming that of glacio isostatic adjustment. ROSTAMI et al. (2000) infered the 

Pleistocene uplift history of the study area  plotting the elevation of each beach horizon above 

present sea-level against its radiometric age, obtaining a linear trend that represents a constant uplift 

rate for the last 300 ka. Based on a GIA model for the Holocene targeted for applied to different 

localities of Patagonia, they  suggested that it is the combined effect of hydro-isostatic adjustment 

and plate tectonic deformation that which have had a significant effect on the Patagonian observed 

sea-levels recorded. No GIA models are available, focused on southern South America, that can 

estimate Pleistocene shorelines displacements due to crustal response to repeated cyclic ice and 

water loading and unloading throughout the glacial-interglacial cycles episodes. On the other hand, 

global-scale models available (e.g. RAYMO & MITROVICA 2012) suggest a moderate isostatic crustal 

displacement in this far area from the Southern Hemisphere.  

It would be profitable, displaying a site-specific GIA model, to  investigate the very low 

uplift rate that we infer for this area, disentangling it from the eustatic and glacio-hydro- isostatic 

components, to unravel if a tectonic component is actually affecting this passive margin. This, 

though, is far beyond the scope of this paper. 
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6 Conclusions  

In summary, the data presented in this paper have the potential to make an innovative 

contribution to the problem of the age and genesis of the Pleistocene shorelines in the study area. In 

fact in our work we: 

• recognise, on morphological basis, five systems of beach ridges, developed from present-

day coastline up to 2 km inland, formed in interglacial conditions, in a regressive 

framework. 

• provide some chronological constraints for their genesis. In addition to dating by 

SCHELLMANN (1998), they permit to correlate  the first ridge system with respect to the 

coastline to the Holocene, the second to MIS 5, confirming Schellmann’s chronology, and to 

attempt ages for the innermost terraces which match  MIS 7, 9 and 11 highstands. 

• interpret morphological evidence in terms of reliable and well chronologically constrained 

sea level markers (beach ridge backshore slope bottom,  top of the inter-ridge swale and 

relict shore platform).  

• provide a new estimate of the amplitude of the maximum sea level curve peak for each of 

the last 400 ka interglacials . 

• Infer from all the previous data an uplift trend, that can be broadly quantified combining a 

number of sea-level markers.  

Our results are not inconsistent with field evidence provided by Schellmann, 1998, but bring 

these data in a more comprehensive conceptual model of landscape evolution. They are instead 

conflicting with data from those authors that provide uplift rate estimates up to ten times greater 

than ours, which probably derive from a spotty field work. Our work suggests that extending this 

methodology to other sectors of coastal Patagonia seems promising in order to provide an insight on 

the geodynamics of the atlantic coast of South America since the Middle Pleistocene. 

 

Acknowledgements 

 

This work was made possible thanks to the funding of the University of Pisa (Progetto Ateneo 

2007, Leader G. Zanchetta) and MIUR (PRIN2008, Leader G. Zanchetta). We thank J. Cause and 

the CADACE no-profit organization for the logistic support in the field campaign.  

 

References 

AGUIRRE, M.L. (2003): Late Pleistocene and Holocene palaeoenvironments in Golfo San Jorge, 

Patagonia: molluscan evidence. – Mar. Geol. 194: 3-30. 



 21 

AGUIRRE, M.L., RICHIANO, S. & NEGRO SIRCH, Y. (2006): Palaeoenvironments and palaeoclimates 

of the Quaternary molluscan faunas from the coastal area of Bahía Vera-Camarones (Chubut, 

Patagonia). – Palaeogeogr. Palaeoclimatol. Palaeoecol. 229: 251–286. 

AGUIRRE, M. L., HLEBZSEBITCH, J., DELLATORRE, F. (2008): Late Cenozoic Invertebrate 

Paleontology, with emphasis on Mollusks. – In: Rabassa, J. (ed.): The Late Cenozoic of 

Patagonia and Tierra del Fuego – Developments in Quaternary Sciences 11: 285-325; 

Elsevier. 

AGUIRRE, M.L., RICHIANO, S., ÁLVAREZ, M.F. & EASTOE, C. (2009): Malacofauna Cuaternaria del 

litoral norte de Santa Cruz (Patagonia, Argentina). – Geobios 42: 411–434. 

AGUIRRE, M.L., DONATO, M., RICHIANO, S. & FARINATI, E.A. (2011): Pleistocene and Holocene 

interglacial molluscan assemblages from Patagonian and Bonaerensian littoral (Argentina, 

SW Atlantic): Palaeobiodiversity and palaeobiogeography. – Palaeogeogr. Palaeoclimatol. 

Palaeoecol. 308: 277-292. 

AGUIRRE, M.L., RICHIANO, S., DONATO, M., FARINATI, E.A. (2013): Tegula atra (Lesson, 1830) 

(Mollusca, Gastropoda) in the marine Quaternary of Patagonia (Argentina, SW Atlantic): 

biostratigraphical tool and palaeoclimate-palaeoceanographical signal. – Quat. Int., in press.  

ANDERSON, R.S., DENSMORE, A.L. & ELLIS, M.A. (1999): The generation and degradation of marine 

terraces. – Basin Res. 11: 7-19. 

BINTANJA, R., VAN DE WAL, R.S.W. & OERLEMANS, J. (2005): Modelled atmospheric temperatures 

and global sea levels over the past million years. – Nature 437: 125–128. 

BROECKER, W.S. (1963): A preliminary evaluation of uranium series inequilibrium as a tool for 

absolute age measurement on marine carbonates. – J. Geophys. Res. 68: 2817-2834. 

CAPUTO, R. (2007): Sea-level curves: Perplexities of an end-user in morphotectonic applications. – 

Global Planet. Change 57: 417–423. 

CARTER, R.W.G. & ORFORD, J.D. (1984): Coarse clastic barrier beaches: A discussion of the 

distinctive dynamic and morphosedimentary characteristics. – Mar. Geol. 60: 377-389. 

CAVALOTTO, J., VIOLANTE, R., HERNÁNDEZ MOLINA, F. (2011): Geological aspects and evolution of 

the Patagonian continental margin. Biological Journal of the Linnean Society 103, 346-362. 

CIONCHI, J.L. (1988): Geomorfología de la Bahía Bustamante y zonas adyacentes. Revista de la 

Asociación Geológica Argentina 43, 51-62. 

CODIGNOTTO, J.O. (1983): Depósitos elevados y/o acreción Pleistoceno–Holoceno en la costa 

Fueguino-Patagónica – Simp. Oscilaciones del Nivel del Mar el Ultima Hemiciclo Deglacial 

en la Argentina. CIC, Actas: 12–26; Mar del Plata. 

http://www.scopus.com/source/sourceInfo.url?sourceId=11400153303&origin=resultslist


 22 

CODIGNOTTO, J.O., MARCOMINI, S.C. & SANTILLANA, S. N. (1988): Terrazas marinas entre Puerto 

Deseado y Bahia Bustamante, Santa Cruz-Chubut. – Rev. Asoc. Geol. Argent. 43: 43-50. 

CODIGNOTTO, J.O., KOKOT, R.R. & MARCOMINI, S.C. (1992): Neotectonism and sea-level changes 

in the coastal zone of Argentina. – J. Coastal Res. 8: 125-133. 

CORONATO, A.M.J., CORONATO, F., – In: RABASSA, J. (ed.): The Late Cenozoic of Patagonia and 

Tierra del Fuego – Developments in Quaternary Sciences 11: 13-55; Elsevier. 

FERRANTI, L., ANTONIOLI, F., MAUZ, B., AMOROSI, A., DAI PRA, G., MASTRONUZZI, G., MONACO, 

C., ORRÙ, P., PAPPALARDO, M., RADTKE, U., RENDA, P., ROMANO, P., SANSÒ, P. & VERRUBBI, 

V. (2006): Markers of the last interglacial sea-level high stand along the coast of Italy: 

Tectonic implications. –  Quatern. Int. 145–146: 30–54. 

FERUGLIO, E. (1950):  Descripción geológica de la Patagonia. – Dirección General de Yacimentos 

Petrolíferos Fiscales, Buenos Aires, Tomo 3: 74-197.  

FULTON, R.J. (1989): Quaternary geology of Canada and Greenland– Geological Survey of Canada. 

Canadian Government Publishing Centre, Ottawa, Canada, 839 pp. 

GUILLAUME, B., MARTINOD, J., HUSSON, L., RODDAZ, M. & RIQUELME, R. (2009): Neogene uplift of 

central eastern Patagonia: Dynamic response to active spreading ridge subduction? – 

Tectonics 28(2). 

HELLSTROM, J. (2003): Rapid and accurate U/Th dating using parallel ion-counting multi-collector 

ICP-MS. – J. Anal. Atom. Spectrom. 18: 1346-1351. 

ISLA, F.I. & BUJALESKY, G.G. (2008): Coastal Geology and Geomorphology of Patagonia and the 

Fuegian Archipelago. – In: RABASSA, J. (ed.): The Late Cenozoic of Patagonia and Tierra del 

Fuego – Developments in Quaternary Sciences 11: 227-240; Elsevier. 

ISOLA, I., BINI, M., RIBOLINI, A., PAPPALARDO, M., CONSOLONI, I., FUCKS, E., BORETTO, G., 

RAGAINI, L. & ZANCHETTA, G. (2011): Geomorphologic map of northeastern sector of San 

Jorge Gulf (Chubut, Argentina). – Journal of Maps 7: 476-485. 

JARDINE, W. G. (1981): The determination of former shoreline positions in areas of large tidal 

range, with examples taken mainly from Scotland. – Bulletin de l'Association française pour 

l'étude du Quaternaire 18: 67-70. 

KAUFMAN, A., BROECKER, W.S., KU, T.L. & THURBER, D.L. (1971): The status of U-series methods 

of mollusc dating. – Geochim. Cosmochim. Acta 35: 1155-1183. 

LEMA, H., BUSTEROS, A. & FRANCHI, M. (2001): Hoja Geológica 4566-II y IV, Camarones 

(1:250.000) – Instituto de Geología y Recursos minerales. Boletín del Servicio Geológico 

Minero Argentino 261:1-44. 

http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6602113705&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603541007&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=11400153303&origin=resultslist
http://www.scopus.com/record/display.url?eid=2-s2.0-0024938883&origin=resultslist&sort=plf-f&src=s&sid=DE4D218D7E4BA80A48105E9310D8504E.zQKnzAySRvJOZYcdfIziQ%3a130&sot=aut&sdt=a&sl=37&s=AU-ID%28%22Fulton%2c+Robert+J.%22+7201918394%29&relpos=6&relpos=6&searchTerm=AU-ID%28%5C%26quot%3BFulton%2C+Robert+J.%5C%26quot%3B+7201918394%29
http://www.scopus.com/source/sourceInfo.url?sourceId=11400153303&origin=resultslist


 23 

MARTINEZ, O.A. & CORONATO, A.M.J. (2008): The Late Cenozoic fluvial deposits of Argentine 

Patagonia. – In: RABASSA, J. (ed.): The Late Cenozoic of Patagonia and Tierra del Fuego – 

Developments in Quaternary Sciences 11: 205-226. 

MCLAREN, S.J. & ROWE, P.J. (1996): The reliability of uranium-series mollusc dates from the 

western mediterranean basin. – Quat. Sci. Rev. 15: 709-717. 

OTVOS, E.G. (2000): Beach ridges - definitions and significance. – Geomorphology 32: 83–108. 

ORFORD, J.D., CARTER, R.W.G. & JENNINGS, S.C. (1991): Coarse elastic barrier environments: 

evolution and implications for Quaternary sea-level interpretation.  – Quatern. Int. 9: 87-104.  

PEDOJA, K., REGARD, V., HUSSON, L., MARTINOD, J., GUILLAUME, B., FUCK, E., IGLESIAS, M. & 

WEILL, P. (2011a): Uplift of Quaternary shorelines in eastern Patagonia: Darwin revisited. –

Geomorphology 127: 121-142. 

PEDOJA, K., HUSSON, L., REGARD, V., COBBOLD, P.R., OSTANCIAUX, E., JOHNSON, M.E., KERSHAW, 

S.,  SAILLARD, M., MARTINOD, J., FURGEROT, L.,  & DELCAILLAU, B. (2011b): Relative sea-

level fall since the last interglacial stage: Are coasts uplifting worldwide? –  Earth Sci. Rev. 

108: 1-15. 

 PIRAZZOLI, P.A. (2007): Sea level studies: geomorphological indicators. – In: ELIAS, S.A. (ed.): 

Encyclopedia of Quaternary Science: 2974-2982; Elsevier. 

PONCE, J., RABASSA, J., CORONATO, A., BORROMEI, A. (2011): Palaeogeographical evolution of the 

Atlantic coast of Pampa and Patagonia from the last glacial maximum to the Middle 

Holocene. – Biological Journal of the Linnean Society 103: 363-379. 

RIBOLINI, A., AGUIRRE, M.L., BANESCHI, I., CONSOLONI, I., FUCKS, E., ISOLA, I., MAZZARINI, F., 

PAPPALARDO, M., ZANCHETTA, G. & BINI, M. (2011): Holocene beach ridges and coastal 

evolution in the Cabo Raso bay (Atlantic Patagonian coast, Argentina). – J. Coastal Res. 27: 

973–983. 

RAYMO, M.E & MITROVICA, J.X. (2012): Collapse of polar ice sheets during MIS11 interglacial. – 

Nature 483: 453-456. 

ROSTAMI, K., PELTIER, W.R. & 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 adjustment. – Quat. Sci. Rev 19: 1495-

1525. 

RUTTER, N., SCHNACK, E.J., DEL RIO, J., FASANO, J.L., ISLA, F.I. & RADTKE U. (1989): Correlation 

and dating of Quaternary littoral zones along the Patagonian coast, Argentina.  – Quat. Sci. 

Rev. 8: 213–234. 

http://www.scopus.com/source/sourceInfo.url?sourceId=11400153303&origin=resultslist
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603180422&zone=


 24 

RUTTER, N., RADTKE U. & SCHNACK EJ, (1990): Comparison of ESR and Amino Acid Data in 

correlating and dating Quaternary shorelines along the Patagonian Coast, Argentina. – J. 

Coastal Res.  6: 391-411. 

SANJAUME, E. & TOLGENSBAKK, J. (2009): Beach ridges from the Varanger Peninsula (Arctic 

Norwegian coast): characteristics and significance. – Geomorphology 104: 82–92. 

SCHELLMANN, G. (1998): Jungkänozoische Landschaftsgeschichte Patagoniens (Argentinien). 

Andine Vorlandvergletcherungen, Talentwicklung und marine Terrassen. – Essener 

Geographische Arbeiten, 29. Essen, Germany, 206 pp. 

SCHELLMANN, G. & RADTKE, U. (1997): Electron Spin Resonance (ESR) techniques applied to 

mollusk shells from South America (Chile, Argentina) and implications for the palaeo sea-

level curve.  – Quat. Sci. Rev.16: 465-475.  

SCHELLMANN, G. & RADTKE, U. (2000): ESR dating stratigraphically well-constrained marine 

terraces along the Patagonian Atlantic coast (Argentina). – Quat. Int. 68-71: 261-273. 

SCHELLMANN, G. & RADTKE, U. (2003): Coastal terraces and Holocene sea-level changes along the 

Patagonian Atlantic coast. – J. Coastal Res. 19: 983-996.  

SCHELLMANN, G. & RADTKE, U. (2007): Neue Befunde zur Verbreitung und 

chronostratigraphischen Gliederung holozäner Küsterterrassen an der mittel- und 

südpatagonischen Atlantikküste (Argentinien) – Zeugnisse holozäner 

Meeresspiegelveränderungen.  – Bamberger Geographische Schriften 22: 1-91. 

SCHELLMANN, G. & RADTKE, U. (2010): Timing and magnitude of Holocene sea-level changes 

along the middle and south Patagonian Atlantic coast derived from beach ridge systems, 

littoral terraces and valley-mouth terraces.  – Earth Sci. Rev. 103: 1–30. 

SIDDALL, M., CHAPPELL, J. & POTTER, E.-K. (2006): Eustatic sea level during past interglacials – In 

SIROCKO, F., LITT, T., CLAUSSEN, M. & SANCHEZ-GONI, M.F. (eds): The climate of past 

interglacials. – Developments in Quaternary Sciences 7: 75-92; Elsevier. 

TANNER, W.F. (1995): Origin of beach ridges and swales. – Mar. Geol. 129: 149-161. 

TAYLOR, M. & STONE, G.W. (1996): Beach-ridges: a review. – J. Coastal Res. 12: 612-621. 

WELLS, L.E. (1996): The Santa beach ridge complex: Sea-level and progradational history of an 

open gravel coast in central Peru. – J. Coastal Res. 12: 1-17.  

ZANCHETTA, G., CONSOLONI, I., ISOLA, I., PAPPALARDO, M., RIBOLINI A., AGUIRRE, M., FUCKS E., 

BANESCHI, I., BINI, M., MAZZARINI, F., RAGAINI, L. & TERRASI, F. (2012): New insight on the 

Holocene marine transgression in the Bahia Camarones (Chubut, Argentina) – Ital. J. Geosci. 

131: 19-31. 

 

http://www.scopus.com/source/sourceInfo.url?sourceId=11400153303&origin=resultslist


 25 

 

Addresses of the authors 

Marta Pappalardo, Monica Bini, Ilaria Consoloni, Luca Ragaini, Adriano Ribolini, Giovanni Zanchetta: 

Dipartimento di Scienze della Terra, University of Pisa, Via S. Maria 53, 56126 Pisa, Italy. 

Marina Aguirre, Enrique Fucks: Facultad de Ciencias Naturales y Museo, Universidad Nacional de La Plata, 

Edificio Cátedras, Institutos y Laboratorios, calle 63 No 3, 1900 La Plata, Argentina. 

John Hellstrom: School of Earth Sciences, The University of Melbourne, Parkville, Victoria 3010, Australia 

Ilaria Isola: Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Pisa, Via della Faggiola, 32, 56100 

Pisa, Italy. 

 

 

Figure captions 

 

Fig. 1 Location map of the tudy area . 

Fig. 2 Geomorphological sketch map of a particular tract of the coastal belt north of  Camarones 

village (“focus area” in the text). 

Fig. 3 a,b Interpretative long profiles of the morphostratigraphic units in the Camarones N area 

(with reference to Fig. 2).  

Fig. 4 a,b Interpretative cross profile of the morphostratigraphic units in the Camarones N area 

(with reference to Fig. 2).  

Fig. 5 a,b Interpretative cross profiles of the morphostratigraphic units in the camarones N area 

(with reference to Fig. 2).   

Fig. 6 (photo) Stratigraphic section of the “salitral” in the Camarones N area (section location 

indicated in Fig. 5). 

Fig. 7 (photo) Stratigraphic section of T5 ridge (section location is indicated as way point 65 in Fig. 

2). 

Fig. 8 (photo) Outcrop of MIS5 shore platform (sp) overlapped by the dated littoral deposit (md?) 

(section location indicated as way point 70  in Fig. 2). 

Fig. 9  a,b Interpretative cross profile of the morphostratigraphic units in the Camarones N area 

(with reference to Fig. 3). 

Fig. 10 General sketch map of the whole Camarones Gulf coastal belt.. Legend: 1)Dating point 

(numbers preceeded by “Pa”  indicate dating ponts after Schellmann, 1998, numbers, 

corresponding to GPS way points (WP), indicate our dating points); 2-6)Beach ridge crest 

aged: Holocene (2), MIS5 (3), MIS 7 (4), MIS 9 (5), MIS11 (6); 7)Location of profiles. 
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Fig. 11 a,b.c Interpretative cross profiles of the morphostratigraphic units in the Camarones S area 

(with reference to Fig. 3). 

Fig. 12 (photo) Stratigraphic section S of Camarones Village (WP92) (section location indicated in 

Fig. 3) 

Fig. 13 Local sea level highstands elevation, as inferred from combined employment of all available 

markers, plotted against their age. 

Fig. 14 Elevation and age of the sea level highstands recognized in the study area compared to 

eustatic sea level curves. Red horizontal bars represent the time lag including all the shorelines 

datings from the study area 

 

Table 1 Chronological constraints used in this work. Samples location can be seen in Figg. 2 and 

10. 

Table 2 Combination of elevation and age data, inferred for the sea level markers recognized along 

the Gulf of Camarones. 

Table 3 Uplift rates of the study area for the last four interglacials, based on data from table 2.  

 

 































Sample name species Method age kyr BP ± Reference  

WP64A(3) Protothaca antiqua  U/Th 121 0.9 our data 

WP65(1) Protothaca antiqua  U/Th 130 2.5 our data 

WP68(1) Protothaca antiqua  U/Th 131 1.1 our data 

WP70B Protothaca antiqua  U/Th 127 1.2 our data 

WP 92A(3) Protothaca antiqua  U/Th 92 0.6 our data 

WP 97(1) Protothaca antiqua  U/Th 414 16 our data 

Pa 47a Protothaca antiqua ESR 131 15 Schellmann, 1998 

Pa47c Protothaca antiqua ESR 104  15 Schellmann, 1998 

Pa35 Protothaca antiqua ESR 370 55 Schellmann, 1998 

Pa30 Protothaca antiqua ESR 122 18 Schellmann, 1998 

Pa31 Protothaca antiqua ESR 199 31 Schellmann, 1998 

 

 



      Sea level marker type   

Ridge/terrace 
system 

Chronology 
(MIS) 

Max crest 
elevation (±1 
m) [profile/s 
code] 

Backshore slope 
bottom elevation 
(±1 m) [profile 
code] 

Backing 
inter-ridge 
swale 
elevation (±1 
m) [profile 
code] 

Δ (crest-
bottom) 
elevation (m) 

H 1 10 [9b; 11a,b]   0 [7b] 10 

T5 5  15 [9b; 11a] 10 [6a,b;9b;11a] 5 [9a] (*) 10 

Tx 7 19 [9a,b; 11a; 
6a] 

11 [6a; 11a,b] 8 [3b] 11 

Ty 9 32 [6a, 9b] 25 [9b; 11b] 20 [6a] 12 

Tz 11 44       

Elevations are referred to present-day high tide sea level 



MIS Eust sl  
elev (m 
asl) 

Rel sl elev aht 
(m) 

Rel sl elev asl 
(m) 

Shoreline 
displacement 
compared  to  
7ka BP sl (m) 

age (kyr 
BP) 

uplift rate 
(m/ka) 

1 (7ka BP) 0  0 2.5   ±1 0 7±1 -  

5 3±1 5 +2/– 3.5 7.5 +2/– 3.5 2 122±6 0,016 

7 -1±1 8 +2/– 3.5 10.5 +2/– 3.5 9 210±20 0,042 

9 3±3 20 +2/– 3.5 22.5 +2/– 3.5 17 320±10 0,053 

11 3±3 30 (*) 32.5 (*) 27 400±20 0,067 

(*) estimate based on the difference between ridge crest elevation and sea level assessment for the other 
stages.  
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