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ABSTRACT: Analyses of fossil records of molluscs, stable isotopes of carbon and oxygen, diatoms and
palynomorphs from alluvial deposits at Arroyo Claromecd, in the southern Pampa region of Argentina, provide an
integrated reconstruction of rapid Holocene environmental change related to marine and palaeoclimate influences.
The major events recorded include: (i) disturbances produced by marine influences in close proximity to the coast
before ca. 7700 cal a BP; (ii) a short-term decrease in salinity associated with freshwater influx between ca. 7700 and
7400 cal a BP in response to eustatic adjustment as sea level rose; (iii) an increasing input of marine water related to
the Holocene sea-level highstand and greater evaporative conditions between 7400 and 6450 cal a BP; and (iv)
evaporative processes linked to a pronounced climatic variability that triggered changes in water chemistry during
the last ca. 6000 cal a BP concurrently with the late Holocene sea-level fall. A comparison of coastal and continental
stable isotope records from the Pampa region reveals that evaporation and a negative precipitation/evaporation (P/E)
ratio balance strongly influenced water chemistry in the coastal region, and was as important an influence as marine
water during the period of maximum sea-level highstand. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Fossil-rich alluvial and littoral deposits along the southern
coast of the Pampa region house excellent multi-proxy
archives for reconstructing past environmental conditions.
Some of these alluvial deposits represent estuaries formed
after ca. 7000 '*C a BP (ca. 7700 cal a BP) during the
postglacial sea-level rise (Isla and Espinosa, 1998). Palae-
oenvironmental reconstructions using fossil assemblages and
lithostratigraphical studies from these estuarine deposits indi-
cate that relative sea-level (RSL) changes influenced the
sedimentary dynamics of rivers and streams flowing into the
south-western Atlantic Ocean and thereby conditioned the
structure and composition of plant communities, mollusc
populations and diatom assemblages inhabiting the estuaries
(De Francesco and Zarate, 1999; Espinosa et al., 2003, 2012;
Vilanova et al., 2006, 2010; Vilanova and Prieto, 2012).
Several Holocene RSL curves have been proposed for the
Pampa coastline. Although there are discrepancies among the
curves, all point to a maximum highstand ca. 6500-6000 '*C
a BP (ca. 7400-6800 cal a BP) followed by a regressive trend
to the present position (e.g. Isla and Espinosa, 1998; Cav-
alotto et al., 2004).

A few previous studies have addressed taphonomic influen-
ces on the fossil record (Aguirre and Farinati, 1999; De
Francesco and Zarate, 1999; Prieto et al., 2004), or isotopic
composition (Bonadonna et al, 1995, 1999; Aguirre
et al., 1998, 2002) of fossil mollusc shells which in this paper
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provide critical insights into interpretations of local and
regional palaeoenvironmental conditions. The stable isotopic
composition of fossil freshwater and brackish mollusc shells
can be used to infer water temperature, precipitation patterns,
evaporation, salinity, productivity and other important aspects
of the palaeoenvironment (e.g. Leng and Marshall, 2004; Mc
Connaughey and Gillikin, 2008).

An integrated view of palaeoecological conditions inter-
preted from several proxy indicators in the depositional
sequence associated with RSL may provide new insights into
the Holocene ecological and climatic history of the southern
coastal Pampa region. Here we present a multi-proxy record
from Arroyo Claromecé alluvial deposits that include mollusc
taphonomy, C and O stable isotope analyses of gastropod
shells, and diatom analyses. This study improves and comple-
ments a previous palaeoenvironmental framework derived
from palynological analysis (Vilanova et al., 2010). The study
site provides an archive of both local and regional environ-
mental changes during most of the Holocene, and due to its
proximity to the coast, it is likely to be sensitive to changes in
Holocene RSL, thereby allowing us to understand the process-
es that influence the salinity of coastal wetlands. Moreover,
the reconstructed environments and inferred processes, espe-
cially those during the Holocene sea-level highstand, could
be seen as an analogue of future scenarios produced by the
ongoing sea-level rise related to global warming.

Study area

The Arroyo Claromecd (AC) drainage basin (~3017 km?) and
the Quequén Grande (QG) and Quequén Salado (QS) river
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basins are situated in the Pampa interserrana (inter-range
Pampa) area in southern Buenos Aires Province, Argentina
(Fig. 1). AC is 60km long and flows southward in a valley
that varies in width between 500m and 2-3km (Carbone
et al., 2005). In its lower few kilometres AC flows through 1-
3-m high sand dunes of the Southern Barrier ‘Barrera
Medanosa Austral” (BMA), before reaching the south-western
Atlantic Ocean (Isla et al., 2001) (Fig. 1). At its mouth, AC is
an 88-m-wide and 1.5-m-deep coastal plain estuary (Bértola
et al., 2005).

The climate of the southern Pampa region varies from
humid-subhumid in the north-east to dry—subhumid in the
south-west (Carbone et al., 2004) with an incipient water
deficit south-westward across the region (Tonello and
Prieto, 2010). The region sits along the northern border of the
Southern Westerly Wind Belt (SWWB) and the north-easterly
trade winds associated with the South American Monsoon
System (SAMS) (Garreaud et al., 2009). As a consequence,
the climate is transitional oceanic temperate with marked
thermal seasonality, multi-decadal variations, and winds
predominantly from the north and north-west. Mean annual
temperature is 13.9°C and mean annual precipitation is
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693 mm (Carbone et al., 2004; Bértola et al., 2005). The
yearly mean rainfall oxygen isotopic composition (8'20)
varies from —4 to —6%o from north to south across the Pampa
region (Bonadonna et al., 1999). The isotopic composition of
river water and groundwater in the region (Fig. 1) is similar to
the average isotopic composition of the region’s rainfall
(Bonadonna et al., 1999; Quiroz Londono et al., 2008).

Stratigraphic context

The valley of AC is carved into a lower to upper Pliocene
silty clay to sandy silt fluvial succession (Zarate, 2005), which
is exposed discontinuously along the Arroyo bank. Late
Pleistocene and Holocene alluvial deposits fill the present
valley. From the Late Pleistocene to ca. 3500 '*C a BP (ca.
3700 cal a BP) the water table was high and evidence for
channel incision is absent. In contrast, between ca. 3500 and
2500 '"*C a BP (ca. 3700 and 3200 cal a BP) channel incision
occurred with a consequent fall of the local water table. This
late Holocene incision was probably in response to a fall in
RSL (Vilanova et al., 2010). In recent times, headward
entrenchment and channel straightening in the lower reaches

Figure 1. Location map showing the localities discussed in the text. Study area of Arroyo Claromecd. Numbers 1-4 refer to localities selected for
stable isotope analyses comparison (Bonadonna et al., 1999). SB, MCh, PV and SAO refer to localities where isotope data of modern Heleobia
australis have been obtained (Aguirre et al., 2002), and QR and QS refer to localities where stable isotope data of modern Heleobia parchappii
have been obtained (Bonadonna et al., 1995, 1999). This figure is available in colour online at wileyonlinelibrary.com.

Copyright © 2014 John Wiley & Sons, Ltd.
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of the valley isolated deposits of the late Holocene channel
area and preserved them in an abandoned channel. The
relatively rapid incision of the modern channel allowed
preservation outside the incision zone of an extensive suite of
multi-aged pre-incision deposits that record a detailed history
of Holocene aggradation episodes. The stratigraphic relation-
ships between the alluvial units at AC and radiocarbon dating
have been published in detail by Vilanova et al. (2010). Five
stratigraphic units have been documented in the area (Ta-
ble 1); only four of them are present in the sequence selected
for this study (Profile 1, Fig. 2).

Materials and methods

We studied a 493-cm-thick sedimentary sequence (Profile 1)
situated 2 km from the coastline in the lower reaches of AC
(Fig. 1). Sampling was carried out along a steep cutbank that
exposes a thick section of floodplain deposits. Before sam-
pling, the outermost 50 cm of the exposure was removed. The
profile was sampled continuously at selected intervals (1-
10cm) according to lithological and stratigraphic changes
(Fig. 2). Subsamples were collected for malacological, stable
isotope and diatom analyses and for a previously reported
palynological analysis (Vilanova et al., 2010). A chronology
was established using 13 conventional and accelerator mass
spectrometry (AMS) radiocarbon analyses (Fig. 2; Table 2).

Malacological analysis

Ninety-two levels were sampled; each sample was sub-
sampled into 50-cm® subsamples. Subsamples were carefully
washed and sieved using a 0.71-mm mesh (25 ASTM). Shells
per sample were identified, counted and measured under a
Nikon stereoscopic microscope.

All molluscs were identified to species level: Heleobia
parchappii d’Orbigny, H. australis d'Orbigny, Biomphalaria
peregrina d’Orbigny and Succinea meridionalis d’'Orbigny
(Gaillard and de Castellanos, 1976; Landoni, 1992). Frag-
ments of Mytilidae were also recognized. Some specimens of

Table 1. Stratigraphic description of the Arroyo Claromecé (AC) sequences.

Heleobia that varied in their general shell shape from H.
australis (e.g. less slender shells with more inflated whorls
and deeper sutures) are reported as Heleobia spp. Very small
shells with 1-1.5 whorls, including the apex, were reported
as indeterminable shells. Density (individualscm™?) for each
species was calculated and tabulated.

Taphonomic analysis

The taphonomic analysis was restricted to H. parchappii and
H. australis. Both are benthic gastropods of similar size and
represent the dominant species in the sequence. Taphonomic
attributes included (i) fragmentation, (ii) abrasion and (iii)
presence or absence of calcium carbonate precipitation on
the shell. Complete shells were separated from the shell
fragments and any fragment that included the apex was
considered a complete specimen (Kowalewski et al., 1994).
Total shell length was estimated only for those specimens
where the apex and the last whorl were present.

Fragmentation and abrasion of the specimens was de-
scribed using semi-quantitative taphonomic grades (Flessa
et al,, 1993) and presented using ternary taphograms. Three
taphonomic grades were used: good (grade 0= best preserva-
tion), fair (grade 1 =intermediate) and poor (grade 2 = poor-
est) (Kowalewski et al., 1994, 1995). Shell preservation was
characterized as good when <5% of a sample’s specimens
were affected by each attribute, intermediate between 5 and
30%, and poor when >30% of the specimens were affected.
Similarly, total shell fragmentation was measured using whole
specimens and fragments of both species, except for those
samples that contained only one species (6.5%). Taphonomic
attribute analyses were adapted from Parsons and Brett (1991)
and Kowalewski et al. (1994). The average taphonomic grade
for each attribute was calculated for each sample to evaluate
the variation of the combined attributes through the strati-
graphic sequence and to determine what attribute contributed
most to the taphonomic condition of each sample (Meldahl
et al., 1997). The total taphonomic grade was determined as
the arithmetic sum of average taphonomic grade.

Stratigraphic unit: age ('*C a BP/cal a BP) and description

Unit 5: ca. 1600/1450 to present

Composed of aeolian sediments from the third generation of sand dunes of the BMA that mantles the top of the alluvial sequence along the west
side of AC from the coastline up to 2 km inland. The sediments represent dune remobilization, which was significantly affected locally by human

activities during modern times (Isla et al., 2001).
Unit 4: ca. 3400 to ca. 500/3600-500

Alluvial sediments of the upper parts of the banks, next to the channel. A fining-upward unit mainly composed of fine sand deposited sporadically
and intermittently during high flow events. Approximately contemporaneous with the palaeochannel infilling.

Unit 3: ca. 2500 to ca. 500/3200-500

Sediments infilling a palaeochannel which incised ca. 3500-2500 '*C a BP. This unit is not represented in the sedimentary profile studied in this
work. The palynological (Vilanova et al., 2010) and diatom (Hassan et al., 2004) records from this unit were included in the discussion.

Unit 2
(Subunit 2d): ca. 5300-3500-2500/5900-3700-3200

Calcareous silty fine sand and clayey silt with thin interbeds of clay and tufa.

(Subunit 2¢): 6200 to ca. 5300/7200-5900

Planar bedded dark grey and light brown clayey silt and black finely laminated clay, carbonate nodules and soft masses.

(Subunit 2b): 6540 to ca. 6200/7300-7200

Laminated clayey silts with fine stratification and intercalations of clay laminae.

(Subunit 2a): 6950-6540/7700-7300
Finely laminated dark brownish sandy silts.
Unit 1: Before 7000/7700

Fine-grained alluvial sediments, characterized by greenish grey, brown to yellowish brown sandy silts, with ferruginous mottles, carbonate
concretions and root traces with oxidation haloes. In some part of the exposure the unit is reduced to grey, dark greyish brown and blue grey
sandy silts. Only the upper 50 cm of this unit is exposed in the studied sequence. A palaeosol is developed in the upper part of this unit. Bulk
organic matter samples from this soil yielded ages of 6080 '*C a BP from the Ab horizon and 7240 '*C a BP from the underlying Bw horizon
(Fig. 2), providing age estimates for the length of pedogenesis and the time of burial.

Copyright © 2014 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 29(4) 329-342 (2014)
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Figure 2. Generalized cross-section of the late Pleistocene and Holocene stratigraphy from Arroyo Claromecé and stratigraphic unit correlations
among profile 1 (P1) and the other sections at the site (Vilanova et al., 2010; see Table 1 for stratigraphic unit descriptions). This figure is available in

colour online at wileyonlinelibrary.com.

Calcium carbonate precipitation was observed macroscop-
ically on some H. parchappii shells. The ratio of specimens
with this precipitate to total shells was calculated for each level.

A nested design analysis of variance (ANOVA) was applied
to the H. parchappii record to identify size differences
between mollusc zones. Diagnostic plots were created to
check for departures from the ANOVA model assumptions.
Multiple comparisons were established with the Tukey test
(Zar, 1999).

Stable isotope analysis

Carbon and oxygen stable isotope ratios (3'*C and &'%0)
were determined for 84 gastropod shells (17 replicates)
corresponding to the 54 stratigraphic levels in which H.
parchappii and H. australis shells were ubiquitous, dominant
and well preserved. H. parchappii occurred in almost all
samples and was selected for the analysis from those levels
where shells did not show a greatly shifted taphonomic
condition. H. parchappii stratigraphically overlapped with

Table 2.
performed using CALIB 5.0.1 (Stuiver et al., 2005).

H. australis between 394 and 342cm, which allowed
comparison of the isotopic signatures of these species through
this interval. Stable isotope analyses were also performed on
shells of S. meridionalis in two levels from the bottom and
top of the sequence. All shells were cleaned by sonicating in
alcohol, and sampled by breaking off a portion of the
aperture, pulverized, homogenized and sub-sampled for
analysis.

Stable carbon isotope analyses were conducted at the Paul
H. Nelson Stable Isotope Laboratory at the University of
lowa, Department of Earth and Environmental Sciences, and
at the Keck Stable Isotope Laboratory at the University of
Kansas. After being dried and pulverized with a mortar and
pestle to ensure homogenization, the samples were dried
overnight at 50°C. Samples were digested using a Kiel Il
device interfaced with a Finnigan-MAT 252 isotope ratio
mass spectrometer at lowa and at Kansas interfaced with a
Thermo Finnegan MAT 253 mass spectrometer. Samples were
run with various internal and NIST standards and random in-
house and inter-lab replicates confirmed a precision typically

Radiocarbon dates and calibrated ages from the Profile 1 sequence at Arroyo Claromecé (Vilanova et al., 2010). Calibration was

Age ('*C a BP) Calibrated age (cal a BP) (£29) Median probability Depth (cm) Material Technique/laboratory no.
3440440 3479-3723 3628 69-74 H. parchappii AMS/Beta-242311
435060 4789-5044 4868 121-127 Organic matter Conventional/Beta-183023
5260 £40 5893-6031 5964 176-182 H. parchappii AMS/Beta-180656

6540 £ 60 7320-7439 7387 394-396 Charcoal AMS/Beta-180654

6950 £ 60 7610-7859 7733 430-435 Organic matter Conventional/Beta-175780

Copyright © 2014 John Wiley & Sons, Ltd.
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better than 0.2%o. Stable carbon isotope values are reported
relative to the V-PDB standard.

Diatom analysis

Twenty-one subsamples were selected for diatom analysis
from the interval dating between 6950 and ca. 6200 '*C a BP
(7700 and ca. 7000 cal a BP) (430 and 340 cm) to investigate
palaeoenvironmental conditions during the Holocene sea-
level highstand. Samples were prepared following standard
techniques. From each diatom-bearing interval, a minimum
of 300 diatom valves were counted under oil immersion
(1000 x). The identification of species was based on the local
and standard diatom taxonomic literature. Diatom species
were grouped in relation to salinity tolerances and life form,
following the ecological classification of Vos and de Wolf
(1988, 1993), Denys (1991/1992) and Hassan et al. (2009).

STATISTICA 6.0 (StatSoft, 2001), TILIA and TILIAGRAPH
5.0 software packages (Grimm, 2004) were employed for
statistical analysis and plotting of the malacological, diatom
and palynological data. Linear interpolation using TILIA was
carried out to estimate age limits of the different zones as
well as for the top and bottom age limits in the profile.

Results

Malacological and isotopic records

Seven mollusc assemblage zones are defined based on both
the CONISS cluster analysis of mollusc density and the

taphonomic condition of H. parchappii and H. australis
(Figs 3 and 4; Supporting information, Table S1). The
variation in fragmentation and abrasion for H. parchappii and
H. australis are presented as ternary taphograms (Fig. 5). The
external surfaces of 0.34-20% of the H. parchappii shells
were encrusted with calcium carbonate in the interval
between 280 and 130cm (Fig. 3). Throughout the sequence,
the sizes of both Heleobia species were 4 mm or less, except
for two levels (Fig. 4). The size of H. parchappii shells varied
significantly among mollusc zones (nested design ANOVA,
F=34.37; P<0.001).

H. parchappii isotopic data encompass the sequence from
ca. 7700 '*C a BP (8200 cal a BP) to present and H. australis
isotopic data cover the period from 6540 to ca. 6200 '*C a
BP (7400-7000 cal a BP). Throughout the sequence, 3'*C
values range between —7.46 and 1.71%. and 3'%0 between
-3.18 and 4.54%. (supporting Table S1). Both stable isotope
ratios illustrate similar trends (Fig. 3) and are summarized for
each mollusc zone (supporting Table S1).

Diatoms

The diatom record is represented by 87 taxa. Only the 42
most common diatom taxa (>2% of the entire assemblage)
representing not <80% of the assemblage are illustrated
(Fig. 6). Two diatom zones were defined using CONISS
cluster analysis. The diatom ecological groups show that
marine/brackish aerophilous, epiphytes and epipelon were
dominant between 6950 and ca. 6800 '*C a BP (7700 and
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Figure 3. Mollusc densities, samples with calcium carbonate precipitation on shells, 3'>C and 8'20 values of Heleobia parchappii, H. australis and
S. meridionalis, and mollusc assemblage zones from profile P1.
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Figure 4. Average taphonomic grade and size variations of Heleobia parchappii and H. australis shells.

ca. 7600 cal a BP). Between ca. 6800 and ca. 6300 '*C a BP
(ca. 7600 and ca. 7300 cal a BP) peaks of marine/brackish
and brackish/freshwater tychoplankton occur. From ca. 6300
to ca. 6200 '*C a BP (ca. 7300 to ca. 7200 cal a BP) marine/
brackish and brackish/freshwater epiphytes and epipelon
dominate.

Discussion

Local and regional palaeoenvironmental
reconstruction

Five major periods of environmental change are suggested by
integrating interpretations from each proxy (Fig. 7):

1. Before ca. 7700 cal a BP (7000 "*C a BP) the absence or
low densities of H. parchappii with a variable taphonomic
grade suggests restrictive conditions, such as turbid water
or a lack of permanent aquatic environments that pre-
vented the development and maintenance of stable pop-
ulations. The presence of abraded shells suggests sporadic
transport by flowing water. The development of some
shallow freshwater-brackish water bodies along the flood-
plain is suggested by the expansion of halophytic vegeta-
tion and the substantial reduction of grasslands (Fig. 8).
This interpretation is also supported by the presence of
Succinea meridionalis, a terrestrial snail associated with
aquatic environments (Landoni, 1992) that has been found
living on Spartina densiflora in salt marshes in the Pampa
coastal area (Espinosa et al., 2003). S. meridionalis 8'3C

Copyright © 2014 John Wiley & Sons, Ltd.

and 3'%0 values are lower than those from modern snails
recovered from costal dunes (Bonadonna et al., 1999), a
difference that may be related to wetland habitat con-
ditions. During this period, average 8'°C and §'°0 are
higher than values of modern H. parchappii shells (Fig. 9a,
b) suggesting seawater intrusion may have modified the
isotope composition of both environmental waters and
mollusc shells. During this time RSL was similar to today
(Isla and Espinosa, 1998). Prior to ca. 8000 cal a BP
elsewhere along the southern Pampa coastline halophytic
salt marsh vegetation (Prieto et al., 2000) developed in a
brackish lagoon (Espinosa et al., 2012) in the lower
reaches of the QG river and an area prone to sporadic
supratidal flooding developed at the La Olla site (Blasi
et al., 2013) (Fig. 1). These records suggest that the lower
reaches of valleys along the pre-7700 cal a BP southern
Pampa coastline supported wetland halophytic vegetation
supported by elevated salinity and periodic incursion of
marine water.

. The period from ca. 7700 to 7400 cal a BP (7000-6500
'C a BP) is associated with an increase in the size and
depth of the water bodies, as evidenced by a relative
increase in abundance of H. parchappii and the disappear-
ance of S. meridionalis; the latter was forced to move to
the new littoral zone. The good taphonomic condition of
H. parchappii shells indicates a non-transported assem-
blage. The dominance of marine/brackish aerophilous
diatoms from supratidal environments (Vos and de
Wolf, 1993), accompanied by epiphytes and epipelon
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diatoms, suggests an irregularly flooded shallow coastal
environment with aquatic plants (Fig. 6). The high values
of Chenopodiaceae and occurrence of Limonium brasi-
liense suggest the development of upper salt marsh
vegetation (Vilanova and Prieto, 2012) (Figs 7 and 8). H.
parchappii 8'°C and 3'°0 values are relatively light during
this interval (supporting Table S1), reflecting the existence
of a more wet/humid and productive environment in
comparison with the rest of the Holocene record (Fig. 9a).
The higher than previous moisture conditions reflect
freshwater influx and a decrease in salinity that resulted as
the wetland transitioned from brackish to fresher condi-
tions. These conditions agree with the direction of envi-
ronmental change indicated by the diatom and
palynological records (Figs 6 and 8). Indeed, a peak of
brackish/freshwater tychoplankton diatoms (Fig. 6) at ca.
7500 cal a BP indicates more water depth and less salinity.
The change in the water depth and salinity coincide with
the replacement of salt marsh vegetation by a hydrophytic
community (Figs 7 and 8) in a brackish—freshwater marsh.
H. parchappii populations disappeared soon after 7600 cal
a BP, because of decreased dissolved oxygen content in
the waters, but reappeared ca. 7400 cal a BP when the
water body became more well-oxygenated (Tietze
et al., 2011). This shift in dissolved oxygen may be related
to an increase in authigenic organic matter trapped by
abundant sedges in these wetlands, as suggested by the
high pollen concentration in this zone (subunit 2a, Fig. 7).

Overall, the proxies reveal short-term shifts in environ-
mental conditions related to a salinity decrease produced
by freshwater influx. This shift could be a regional eustatic
adjustment to rising RSL as similar changes were found at
estuaries of Arroyo La Ballenera (Stutz et al., 2002) and the

Copyright © 2014 John Wiley & Sons, Ltd.

QG River (Prieto et al., 2000), and at the La Olla site (Blasi
et al., 2013) where brackish—freshwater marshes and
mixohaline marsh in the upper intertidal-lower supratidal
zone, respectively, developed about this time. The RSL
rise fostered the formation of barrier-bars that may have
occasioned local-scale damming at stream mouths, im-
poundment and expansion of freshwater-brackish wet-
lands progressively confined behind those barriers. These
barriers could be related to the first generation of littoral
dunes of the BMA that formed between ca. 8000 and
7400 cal a BP (Blasi et al., 2013). It is also possible that
the freshening conditions may reflect a regional climatic
shift that increased freshwater input, as the high amount of
Cyperaceae pollen in this zone may reflect higher freshwa-
ter input related to increased precipitation. Quantitative
pollen—climate relationships for the Pampa region show
that Cyperaceae pollen is positively correlated with
precipitation (Tonello and Prieto, 2008).

. Between ca. 7400 and 6000 cal a BP (6500-5250 '*C a

BP) a series of short-term environmental changes (centen-

nial scale) are recorded.

3.1. Between ca. 7400 and 7200 cal a BP (6500-6200
"4C a BP) the highest densities of H. parchappii in the
sequence indicate favourable conditions for the
establishment of this opportunistic species, such as a
large and well-oxygenated water body with abundant
submerged vegetation. This scenario is also supported
by an increase of brackish/freshwater tychoplankton
and epiphyte diatoms (Fig. 6) plus the occurrence of
brackish aquatic Ruppia sp. and phytoplankton (Spi-
rogyra, Botryococcus and Peridinioideae) (Figs 7
and 8). A continuous record of intermediate and
larger shells of H. australis and H. parchappii with

J. Quaternary Sci., Vol. 29(4) 329-342 (2014)
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good taphonomic condition indicate autochthonous—
parautochthonous assemblages, similar to assemb-
lages of these species that occurred between ca.
7525 and 6100 cal a BP in the lower reaches of the
QG River (De Francesco and Zarate, 1999). The
alternating densities and variable sizes of H. parch-
appii (Figs 3 and 4) suggest salinity fluctuations and
mesohaline conditions (Cazzaniga, 1982). During
this period, a downstream deposit of intertidal and
neritic mollusc shells indicates estuarine conditions
at the Arroyo mouth, suggesting a much larger
estuary than today at the mid-Holocene sea-level
highstand (Vilanova et al,, 2010). The H. australis
record also indicates that the marine influence also
reached a greater distance upstream during this
interval. This species inhabits low-energy environ-
ments, such as estuarine and coastal lagoons (Car-
cedo and Fiori, 2012), or marine-influenced salt
marshes with limited freshwater input (Canepuccia
et al., 2007). The species’ abundance in estuaries
decreases with increasing salinity and tidal exposure
(De Francesco and Isla, 2003). Taking into account
that shells of H. australis have a lower relative density
(Fig. 3), it is possible that populations of this species
living near the inner boundary of their distribution in
the estuary were transported inland by tides or via a
buoyancy dispersal strategy (Cazzaniga and Fiori,
2006). The increase in Poaceae (Fig. 8), probably

Copyright © 2014 John Wiley & Sons, Ltd.

reflecting Spartina spp., may have provided a favour-
able habitat for mollusc populations (Canepuccia
et al., 2007). The good taphonomic condition of both
gastropod species along with an uneven degree of
preservation (Fig. 5) indicates minimal reworking and
local transport in a low-energy environment. The
coexistence of H. parchappii and H. australis suggests
that both species might have developed in the same
habitat given that H. parchappii is adapted to wide
salinity variations (Bonadonna et al., 1995) and/or
evaporative conditions. The latter is reflected in the
broad range of shell 8'80 values (Fig. 7). Coexisting
assemblages of H. parchappii and H. australis have
been recorded in other alluvial and littoral sequences
from the costal Pampa region dating to the period
between 8200 and ca. 2200 cal a BP (e.g. Bona-
donna et al., 1995; De Francesco and Zarate, 1999;
Aguirre et al., 2002; Vilanova and Prieto, 2012). The
presence, abundance and taphonomic conditions of
these assemblages seem to be related to the distance
of the sampled site from the contemporaneous
coastline. Furthermore, as in AC, diminutive Heleo-
bia species are also recorded at other localities where
H. parchappii was the most abundant mollusc spe-
cies in the assemblage. All these similarities suggest
that the AC record reflects a regional environmental
response to estuary development during the Holo-
cene sea-level highstand. The highstand caused

J. Quaternary Sci., Vol. 29(4) 329-342 (2014)
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taxa cited in the discussion are shown).

widespread inundation of the lower reaches of
valleys flowing to the sea that waterlogged and
buried soils (Table 1) on floodplains as natural levees
were overtopped (Vilanova et al., 2010).

At ca. 7200 cal a BP the system gradually became
more energetic, as suggested by an increase in
fragmentation of H. australis shells. The highest
densities of H. australis and H. parchappii occur at
ca. 7300 cal a BP. Specimens from this interval are
also the most diminutive in the sequence (Fig. 5),
probably because of an increase in the concentration
of bicarbonate which may be harmful to the
development of this species (Peretti, 2005). This
interpretation is consistent with the changing alkalini-
ty and salinity conditions in the water body inferred
from palynological spectra that show an abrupt
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palynomorphs are presented along a time scale (adapted from
Vilanova et al., 2010).
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decrease of freshwater taxa and increase in phyto-
plankton and acritarchs (Fig. 9). The diatom record
indicates fluctuations in water depth beginning with
an increase in marine input at 7300 cal a BP when
the marine/brackish Hyalodiscus subtilis dominates,
followed by marine/brackish and brackish/freshwater
epiphytes and epipelon as the environment shal-
lowed at ca. 7200 cal a BP.

During this period, H. parchappii 8'°C and §8'°0O
values exhibit a broad range and a dramatic shift,
increasing almost three-fold over previous values
(Figs 7 and 9a). The broad range in values reflects the
mixing of fresh and marine waters and probably also
the occurrence of evaporative processes, resulting in
a predominance of mixohaline/mesohaline water.
Because this is a marginal marine setting, the mixing
of fluvial and marine waters may have played a
greater role in affecting carbonate 3'®0 values than
did changes in the P/E ratio (Peros et al., 2007).
Seawater (3'%0=~0% VSMOW) is usually much
heavier than the local precipitation; therefore, the
incursion of seawater significantly shifts the 8'20 of
coastal wetlands to heavier values (Peros
et al., 2007). H. australis 8'>C and 8'®0 values
(Figs 3 and 9c¢) also range broadly in this interval,
probably reflecting the mixing of fresh and marine
waters. Such mixing events would produce synchro-
nous increases in both 3'’C and 8'°0 values.
Nevertheless, the fact that most '20 values from H.
australis shells in this interval are higher than values
from shells of living organisms from the Pampa region
suggests that increased evaporation probably influ-
enced the isotopic composition of the water body
(Fig. 9c). The positive trends in 8'>C and 5'20 values
of both H. parchappii and H. australis reflect a
salinity increase and the predominance of mixohaline
water. However, it is difficult to determine whether
the 8'®0 value increase in this interval resulted from
seawater incursion due to storm activity, RSL rise, a

J. Quaternary Sci., Vol. 29(4) 329-342 (2014)
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3.2

change in P/E ratio or some other factor (Peros
et al., 2007).

During this period, halophytic vegetation and
brackish water bodies were also developing at other
locations in the region, such as at Arroyo Las
Brusquitas (ALB) (Vilanova et al., 2006) and Arroyo
La Ballenera (Stutz et al., 2002). Moreover, increased
extension of other estuaries took place during this
period, such as in the QG River where the estuary
reached up to 12km inland from the present mouth
(Espinosa et al., 2012).

Between 7200 and 6450 cal a BP (6200-5750 *C a
BP), H. parchappii dominates the assemblage and
varies widely in abundance, while H. australis
disappears from the assemblage. This marks the
beginning of isolation from the sea and the develop-
ment of a shallow-water brackish environment with
highly variable salinity and chemical conditions as
RSL declined following the Holocene highstand. An
accompanying decrease in relative environmental
energy at this time is indicated by the good preserva-
tion of H. parchappii shells (Figs 4 and 5). About
6450 cal a BP the assemblage has equal proportions
of shells with fair, good and poor preservation,
suggesting a change to more energetic conditions. H.
parchappii '°C and 8'®0 values show a trend
towards less negative values before 6450 cal a BP
and positive values after that date (Fig. 7). The range
of 3"C values narrows but 3'°0 values remain
similar to those of the previous period that reflect
increasing salinity, consistent with brackish condi-

3.3.

tions indicated by high values of acritarchs and the
peak pollen values of the aquatic plant Ruppia sp.
(Figs 7 and 8). These salinity conditions may have
been a result of persistent tidal influence, given that
the specimens of Heleobia spp. in this interval could
be individuals of H. australis. Tidal influences as well
as climatic conditions that fostered an evaporative
environment could both be significant factors influ-
encing the shell isotopic record of this period.

In summary, between 7400 and 6450 cal a BP all
proxies suggest increasing marine water input and
physical-chemical changes related to an increase in
RSL, along with some evaporative effects. Regionally,
in Arroyo La Ballenera, the marine influence fostered
a halophytic community along with the maximum
records of Ruppia, a dominance of marine-brackish
benthic and epiphytic diatoms, and the greatest
abundance of H. australis (Stutz et al., 2002). Similar-
ly, in ALB brackish and epiphytic diatom assemblages
indicate a shallow brackish environment (lagoon) and
associated vegetation at this time (Vilanova
et al., 2006). Consequently, despite some temporal
offset, similar vegetation communities, mollusc pop-
ulations and diatom assemblages changed across the
region during this period as a consistent regional
response to marine influence and increased
evaporation.

From ca. 6450 to 6000 cal a BP (5750-5250 "*C a
BP) a significant change in the composition of
mollusc assemblages occurred. This change was
characterized by an abrupt decrease in the density of

Table 3. Localities used for H. parchappii and H. australis stable isotope data comparison and '“C and calibrated age ranges (Fig. 1 for location).

Sequence

Latitude/longitude

Age range (**C a BP)

Calibrated age range (cal a BP) (20)

References

Arroyo Chasicé
Quequén Salado River
Paso Otero

Arroyo Las Brusquitas

38°15'S, 62°45'W
38°45'S, 60°45'W
38°07'S, 59°00'W
38°14'S, 57°46'W

<10 230£70 to 2260+40
10 840 £ 380 to ca. 8500

8670 + 560/-520 to 5730+ 280

6380+ 60 to 2040+ 80

11 596-12 119 to 2117-2337

11 601-13 460 to ca. 9464-9541
8376-11 168 to 5893-7172
6710-6990 to 1830-2300

Bonadonna et al. (1999)
Bonadonna et al. (1999)
Bonadonna et al. (1999)
Bonadonna et al. (1995),

Vilanova et al. (2006)

Copyright © 2014 John Wiley & Sons, Ltd.
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H. parchappii and a scattered occurrence of frag-
mented marine Mytilidae shells, both of which reflect
the development of a water body with fluctuating
depth and salinity. Variable amounts of Poaceae,
halophytic vegetation and phytoplankton (Figs 7
and 8) indicate that salinity and other water chemistry
conditions were highly variable (Vilanova et al.,
2010). In ALB, abundant H. parchappii shells and the
absence of H. australis indicate reduced tidal influ-
ence (Vilanova et al.,, 2006). The trend towards
heavier 3'*C values and positive 3'%0 values estab-
lished in the previous period continued. The §'3C
attained the highest Holocene values (1.7%.) and
8'80 reached almost 4%.. However, about 6200 cal
a BP the oscillating values of both stable isotope
ratios coincide with the appearance of tufa deposits.
This suggests changes in water chemistry probably
related to a negative balance in the P/E ratio. The
presence of carbonate precipitate on H. parchappii
shells during this period (Fig. 3) may similarly reflect
climatic influences, such as high evaporation rates,
CO; loss due to high surface water temperature, or a
reduction of rainfall and post-depositional carbonate
enrichment. The heavy 8'3C values in this interval
probably reflect changes in catchment vegetation
cover and water body productivity, which in turn
control dissolved inorganic carbon (DIC) incorporated
in mollusc shells. The more positive 8'20 values
reflect increased evaporative effects probably related
to dry/semi-arid climatic conditions. Likewise, in ALB,
3'3C and 3'®0 values are relatively high in this
period, in particular 8'%0 (2.5%0), indicating the
establishment of a lagoonal environment and isotopic
enrichment due to evaporation (Bonadonna et al.,
1995; Vilanova et al., 2006). Overall, the primary
factor causing the broader range of isotopic values
was most likely evaporative processes and consequent
changes in water chemistry at a regional scale.

4. Between 6000 and 4000 cal a BP (5250-3500 '*C a BP)
depth, pH and conductivity of the water body fluctuated
widely. The variable conditions explain the very low
densities of H. parchappii and the occurrence of a few
shells of S. meridionalis and B. peregrina around 4000 cal
a BP. A moderate energy setting is suggested by variations
in the taphonomic condition of H. parchappii, although
the average taphonomic grade indicates parautochthonous
assemblages (Fig. 5). The 8'°C and 3'%0 values have broad
ranges. High 8'°O values suggest evaporation and desicca-
tion processes that fostered brackish (saline/alkaline) con-
ditions. The palynological record indicates repeated
fluctuations between grassland and halophytic vegetation
in response to variations in water level and physical-
chemical conditions (Vilanova et al.,, 2010). Climatic
variability progressively became the main regional envi-
ronmental forcing, while marine effects decreased.

5. The period from ca. 4000 cal a BP (3500 '*C a BP) to the
present is characterized by a regional RSL fall and
concurrent hydrological variability producing alternating
flooding and desiccation events (Vilanova, 2005). During
this period, flooding events deposited sediment, including
fragmented and corroded H. parchappii shells on higher
parts of the floodplain. Average taphonomic grades for
both attributes and lower density values indicate that most
of these shells are transported and reworked (Figs 4
and 9). Shell concentrations are the lowest recorded in the
sequence, suggesting probable taphonomic biases in the
assemblage. The exclusive presence of H. parchappii may

Copyright © 2014 John Wiley & Sons, Ltd.

indicate mesohaline waters (Tietze and De Francesco,
2010). The decreasing number of phytoplankton together
with the presence of Cobricosphaeridium and the disap-
pearance of Typha and Ruppia suggest desiccation of the
wetland (Fig. 8). Over this interval, the pollen record
reveals the dominance of halophytic and psammophytic
vegetation (Fig. 8). These grassy communities occurred in
a narrow palaeochannel dated to ca. 3600-720 cal a BP
whose incision occurred sometime between ca. 3700 and
3200 cal a BP (Fig. 2). Diatom assemblages from the
palaeochannel deposits indicate a slightly brackish envi-
ronment with abundant aquatic vegetation and eutrophic
conditions lacking a marine connection. After ca. 720 cal
a BP the assemblage suggests an increase in desiccation in
relation to drier environmental conditions and/or palae-
ochannel infilling by the incursion of coastal dunes and
sand sheets (Hassan et al., 2004). The broad range of shell
isotope values from this interval reflects high environmen-
tal variability, although it must be kept in mind that shells
may have been redeposited from nearby locations during
infrequent flooding. Infrequent flooding is suggested by
sporadic and intermittent sediment deposition and incipi-
ent soil formation during this interval, which created gaps
in the record. Overall, isotope values support the exis-
tence of drier environmental conditions, as shown in the
8'2C versus 3'°0 plot (Fig. 9a). S. meridionalis 3'*C and
3'%0 isotope ratios are similar to modern values (Bona-
donna et al., 1999) and are slightly heavier with respect to
values during the period >8000-7400 cal a BP, all of
which suggest drier conditions than before. This interpre-
tation agrees with higher 8'®0 values in ALB at ca.
2200 cal a BP, which were interpreted as isotopic
enrichment due to evaporation (Bonadonna et al., 1995;
Vilanova et al., 2006). Sand dunes that constitute the
present landform configuration of the BMA encroached on
the site after ca. 500 cal a BP. These sand dunes formed
all along the south-eastern Pampa region, marking a
regional response to climate change and RSL fall to its
present position.

Regional comparison of Holocene climatic and
environmental conditions based on inland and
coastal isotope records of the Pampa region

To highlight the regional character of AC records and the
environmental evolution associated with eustatic and climatic
forcing factors we compare stable isotope records from inland
and coastal areas of the Pampa region. The AC records from
H. parchappii and H. australis fossil shells are compared with
both modern and fossil shells of these same species, the
former collected from modern estuaries and the latter
retrieved from outcrops along several rivers in the Pampa
region (Fig. 9b,c; Table 3). The shells were systematically
sampled following lithostratigraphic criteria and analysed
using similar laboratory methods, permitting a reliable com-
parison. The data allow us to establish differences and
similarities in the Holocene climate of inland and coastal
settings in the southern Pampa, which today has a semi-arid
to subhumid-humid climatic gradient (Fig. 1).

H. parchappii shells from AC and ALB have similar ranges
of 8'3C and 8'20 values, consistent with their location near
the coastline. Both valleys were subjected to marine influence
and evaporative effects during the period ca. 7400-2200 cal
a BP. In contrast, the 8'C and 8'®0 ranges at these two
localities are different from the ranges at QS River, Arroyo
Chasicé (ACh) and Paso Otero (PO). The latter sites share
similar ranges of values, consistent with the fact that all of
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them are in a more continental location and all but PO are
located to the west, an area with an incipient water deficit.
Shells of H. parchappii from PO have the lightest 8'°C and
5'80 values of all these sites, attributed to wetter conditions
and increasing rainfall around 9750 cal a BP (Bonadonna
et al, 1995, 1999). The 3'°Ccacos and 8'®Oc,cos of ACh
show the same trends, suggesting a climatic amelioration
with increasing temperature and precipitation during the early
Holocene (Zech et al., 2009).

H. australis 8'°0 values from AC and ALB are heavier than
modern values from Mar Chiquita (MCh) and Samborombdn
Bay (SB). This difference reveals the predominance of marine
influence and greater evaporative effects at AC and ALB with
respect to present conditions at MCh and SB. Most 8'3C
values at AC and ALB fall between modern values at MCh
and SB, possibly because of a mixture of fresh and marine
waters combined with a supply of lighter carbon in DIC of
continental origin. Some values (especially from AC) are near
0 and +1%o, which are similar to values from northern
Patagonia San Antonio Oeste (SAO) and southern Pampa
estuaries Peninsula Verde (PV), possibly suggesting a different
meteoric signal and/or exchange with atmospheric CO,. Both
SAO and PV are in an area where yearly rainfall is less than
at AC and the P/E ratio is negative (Tonello and Prieto, 2010).
Nevertheless, it is clear that both AC and ALB are affected by
evaporation processes that produced 8'2O enrichment.

Trends of 3'C and 8'®0 co-vary over time, suggesting that
carbon incorporated into the shells was not substantially
derived from metabolic carbon but from DIC in the water. This
agrees with the documented association of shell isotopic
composition with DIC in freshwater (fluvial) environments
(Bonadonna et al., 1999, and references therein). After ca.
6000 cal a BP, isotope data point to the dominance of dry air
masses and semi-arid conditions with infrequent flooding
events. This agrees with the trends of drier conditions during
the mid-Holocene and pronounced climatic instability and
higher evaporation at the beginning of the late Holocene
suggested by isotopic data from further north in the Pampa
(Bonadonna et al., 1999; Zech et al., 2009). Our interpretations
are also coherent with trends of precipitation decrease quanti-
tatively estimated for the late Holocene south-western Pampa
region (Tonello and Prieto, 2010) and drying suggested by
episodes of aeolian reactivation across the Pampa region
during the mid- and late Holocene (Zarate and Tripaldi, 2012).

Palaeoclimatic evolution in a regional and
extraregional context

Previous studies suggest a more arid climate during the mid-
Holocene and increased precipitation during the late Holo-
cene in comparison with the modern rainfall regime in the
Pampas, and the mid-latitude region on the leeside of the
Andes between 37 and 42°S (e.g. Grimm et al., 2001;
Schabitz, 2003; Mancini et al., 2005; Marcos et al., 2012;
Razik et al., 2013). North-eastern and central Patagonian
palynological records dating to the middle Holocene indicate
low precipitation values and arid climatic conditions, in
agreement with the general trends recorded at AC. These
conditions may reflect relatively abrupt shifts in the position
of the SWWB, superimposed on slower solar insolation
changes (Bentley et al., 2009). The SWWB shifted northward
during the mid-Holocene (Razik et al., 2013). This situation
produced more frequent incursions of dry south-westerly to
southerly air masses into the north-east extra-Andean
(Schabitz, 2003) and south-western Pampa regions. This
could have produced the semi-arid conditions and evapora-
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tive conditions that we interpret at AC, at least since ca.
6000 cal a BP. Maximum dry conditions developed at the
centre of the arid/semi-arid region (ASR) during this time and
the Arid Diagonal north of 42°S became established (Mancini
et al., 2005). Our data confirm the eastward displacement of
the ASR during the mid-Holocene proposed by Mancini
et al. (2005). More frequent incursions of southerly to south-
westerly winds along the coast of south-east South America
drove the Sub-antarctic Shelf Water (SSW) further north (Razik
et al., 2013). SSW flow was probably also intensified by a
broadening shelf as sea level rose to the Holocene maximum
between 7400 and 6450 cal a BP. Middle Holocene drying
extended into north-western Patagonia, where Iglesias et al.
(2012a, b) interpreted that the mid-Holocene precipitation
gradient was steep enough to preclude the eastward expan-
sion of Austrocedrus sp. Finally, Mancini et al. (2005) found
that the forest-steppe ecotone also lay west of its present
position, pointing to region-wide drying.

After about 4000 cal a BP the SAMS intensified over south-
east South America inducing more intense north-easterly
trade winds. El Nino Southern Oscillation (ENSO) variability
also increased significantly (Razik et al., 2013). Both changes
fostered climatic variability, including intensification of pre-
cipitation and variable hydrological conditions reflected in
the post-4370 cal a BP record at AC. In north-eastern
Patagonia most of the palynological records suggest a
weakening of westerly winds and the penetration of moist
Atlantic air from the north-east and greater local moisture
availability (Schabitz, 2003; Marcos et al.,, 2012). In north-
western Patagonia present-day mixed Nothofagus dombeyi
and Austrocedrus chilensis forests developed at ca. 4500-
3000 cal a BP, probably in response to increased effective
moisture. Greater moisture availability was probably related
to the continued northward shift and strengthening of the
SWWSB, as well as the intensification of ENSO-related climate
variability that caused short-term oscillations in humidity (e.g.
Iglesias et al., 2012a, b; Markgraf et al., 2013).

Conclusions

The consistency of changes in malacological, stable isotope,
diatom and palynomorph records contained in Pampean
alluvial sequences demonstrates that these proxies are sensi-
tive indicators of rapid Holocene environmental changes in
grassland landscapes. This study enhances our understanding
of the palaeoenvironmental framework of the AC area by
yielding new information on palaeosalinity, water depth,
geochemical conditions and palaeoenvironments with direct
relevance to regional marine influence and palaeoclimate
during the mid and late Holocene. This new information
reflects not only local-scale variations but also regional
response to forcing factors such as RSL variations as well as
drier and more variable climatic conditions with respect to
the modern climatic setting. This dual range of response is
also indicated by similar changes in the lower reaches of
valleys along the south and south-eastern coastal Pampa
region occurring almost concurrently. In particular, we found
that climatic variability recorded in AC is coherent with the
climatic history of both the Pampa region and the mid-
latitudes between 37 and 42°S on the leeside of the Andes.
The main events characterizing the palaeoecological re-
sponse include: (i) marine influence in close proximity to the
coast disturbing marginal environments before ca. 7700 cal a
BP; (i) a short-term decrease in salinity associated with
freshwater influx between ca. 7700 and 7400 cal a BP in
response to eustatic adjustment of the basins as sea level
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rose; (iii) an increasing input of marine water related to the
Holocene sea-level maximum coupled with greater evapora-
tive conditions between 7400 and 6450 cal a BP; and (iv)
evaporative processes linked to pronounced climatic variabil-
ity that triggered changes in water chemistry during the last
ca. 6000 cal a BP concurrent with RSL fall.

The 8'3C and 880 analyses of Heleobia parchappii and H.
australis shells informed us with regard to evaporative
processes and marine influence with more certainty than
previous studies, in particular related to the maximum
Holocene sea-level highstand. The regional comparison of
isotope records clearly shows that coastal settings have a
different isotopic signal than continental settings and revealed
that evaporation and the negative P/E ratio balance at AC
always influenced water chemistry to some degree, being as
important as marine water influence during the period of
maximum sea-level highstand. After ca. 6000 cal a BP the
isotope data support interpretations that dry events and semi-
arid conditions were dominant across the region.

Supporting Information

Additional supporting information can be found in the online
version of this article:

Table S1. Mollusc assemblage zones and associated stable
isotope ratios from Profile 1, Arroyo Claromecd.
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