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The relative sea-level variation curve, obtained by dating and leveling vermetid shells from northern Santa
Catarina State (26.3°S), presents fall trend during all the last 4.0 cal ka BP, which matches previous results based
on the same kind of indicator for the Brazilian coast between 3°S and 28°S. Chemical and isotopic analyses of 50
vermetid bioconstructions from distinct localities of south-southeastern Brazilian coast indicate possible changes
in the coastal water temperature. These changes may have been caused by oscillations in the strength of

Brazilian Coastal Current, which carries La Plata Plume northward, being therefore responsible for the pene-
tration of cold and less saline water masses in the study area. This is a reasonable explanation for the scarcity of
vermetid biolithites around 3.4-2.6 cal ka BP and 0.5-0 cal ka BP.

1. Introduction

Colonial vermetids (Mollusca, Gastropoda, Vermetidae) are largely
used as paleo-sea level proxies in the Holocene (Angulo et al., 1999,
2006; Silenzi et al., 2004; Chemello and Silenzi, 2011; Spotorno-
Oliveira et al., 2016). The vermetid Petaloconchus varians (d'Orbigny,
1839) is considered a reliable indicator of marine paleo-sea level along
the Brazilian coast, due to the narrow vertical range of occurrence of its
living colonies (up to 0.5 m wide in Southeast Brazil), positioned in the
uppermost portion of infralittoral zone (Laborel, 1979, 1986). This
characteristic associated with the aragonite composition of its shell —
that allows detecting and avoiding possible contamination by sec-
ondary calcite — enable the construction of relative sea-level (RSL)
curves quite accurate (Laborel, 1979, 1986; Angulo et al., 1999, 2006).
Beyond that, the chemical-isotopic composition of vermetid shells, like
occurs in other biogenic carbonates, may be affected by water para-
meters (e.g. temperature, salinity, organic nutrients), which makes
their fossils potential paleoenvironmental indicators (Angulo et al.,
1999; Antonioli et al., 1999; Baker et al., 2001; Silenzi et al., 2004;
Gonzalez-Delgado et al., 2005; Chemello and Silenzi, 2011; Jacobson
et al., 2017; Shemesh et al., 2017; Areias et al., 2020).

Although Holocene P. varians biolithites are usually found along the
Brazilian coast — from the latitude 8°S, Santo Agostinho Cape,
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Pernambuco State (Van-Andel & Laborel 1964) to 28°S, Santa Marta
Cape, Santa Catarina State (Angulo et al., 1999) — the southernmost
record of living species remains unclear (Spotorno-Oliveira et al.,
2016). Present-day P. varians colonies are found from northeast (Ceara
to Bahia states) to the southeast of Brazil (Espirito Santo to Rio de Ja-
neiro states; Spotorno-Oliveira et al., 2012). Despite living individuals
have been registered in several locations along the Rio de Janeiro State
(RJ) (Spotorno-Oliveira et al., 2012), their populations disappeared or
decreased on rock coasts south of Cabo Frio (RJ) in the last few decades,
a fact supposedly caused by environmental factors as coastal water
cooling (Laborel, 1977, 1986; Laborel and Laborel-Deguen, 1996;
Breves et al., 2017). In fact, the global geographic distribution of living
vermetid reefs is suggestive of sensitivity to cold waters (Safriel, 1966;
Laborel, 1986; Antonioli et al., 1999; Gonzalez-Delgado et al., 2005),
with a minimum temperature threshold estimated to be around 14°-
15 °C (Laborel, 1986, p.286; Chemello and Silenzi, 2011; Donnarumma
et al., 2018). This issue enhances the interest and the significance of
studying vermetids and their relation with climatic / environmental
changes.

2. Study area and oceanographic settings

This work was carried out at Sdo Paulo Embayment, an arc-shaped
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Fig. 1. Location of the vermetid samples analyzed (full circles, squares, triangles and diamonds) or with previous §'°C data (rectangles) used here, and other places
cited in this paper (circles with contour line). The study sites are comprised in the white square, along the coast of Sdo Paulo (SP), Parana (PR) and Santa Catarina
(SC) states, the last one divided into northern, central and southern sectors. SMC: Santa Marta Cape, Laguna. BCC: Brazilian Coastal Current. BC: Brazil Current.

feature of the Brazilian coastline extending from Cabo Frio (23°S) to
Santa Marta Cape (28°S) (Butler, 1970). The study sites are located in
the states of Sao Paulo (SP; n = 4), Parana (PR; n = 14) and Santa
Catarina (SC; n = 32, being 23 from northern sector and nine from
central sector) (Fig. 1).

The main current along the Brazilian shelf margin south of 10°S is
the Brazil Current (BC) (Fig. 1), that flows southward, next to the 200 m
isobath, transporting the Tropical Waters (with temperatures above
20 °C and salinity greater than 36.000), until 37°S, approximately, and
with more intensity during austral summer (Silveira et al., 2000). The
studied coastal area is under the influence of the Brazilian Coastal
Current (BCC) (Fig. 1), which is propelled by SW winds, stronger in the
winter, when it reaches up to 25°S (Souza and Robinson, 2004). Around
35°S, the La Plata River mouth takes place, and it forms a shallow and
coastal body of water, called La Plata Plume (LPP), characterized by
temperatures between 11 °C and 23 °C and salinity lower than 33.500
(Piola et al., 2000; Moller et al., 2008). LPP is transported to the north
by BCC. The northward advance of LPP is the major responsible for
continental waters influence in the study area in a regional scale (Piola
et al., 2000, 2005). LPP influence is marked by a salinity and tem-
perature transition (Emilsson, 1961) which, in summer, is located
within the coast of Rio Grande do Sul (32°S), and in winter it usually
reaches the mid-south coast of Santa Catarina (28°-27°S) (Piola et al.,
2000, 2008; Piola and Romero, 2004; Campos et al., 2013).

La Plata River discharge, as the precipitation in southeast South
America in general, is directly controlled by the intensity of the South

America Monsoon System (SAMS) (Vera et al., 2006; Garreaud et al.,
2009), which reached its Holocene maximum in the last 4 ka (Cruz
et al., 2005; Razik et al., 2013; Bernal et al., 2016). However, fresh-
water supply by La Plata River discharge has a much smaller influence
on the surface coastal water salinity and temperature than the seasonal
variation of LPP due to BCC. In this regard, Piola et al. (2000) estimate
that the effect of the La Plata River flow increase recorded during the
anomalous rainfall of the 1983 El Nino year was about five times lesser
than the average effect of LPP seasonal variation.

The influence of run-off by other rivers, beyond La Plata River, is
hindered in the study area, at the regional scale, due to its geomor-
phological configuration: the main drainages in this portion of south /
southeast Brazil are comprised in the Parand River Basin, which ulti-
mately flows to west into the La Plata River (Emilsson, 1956, 1961;
Almeida, 1964; Almeida and Carneiro, 1998; Villwock et al., 2005;
Dominguez, 2009). The majority of rivers that flow towards the sea on
the studied stretch of coast have small drainage areas (less than
1000 km?), and most of the few larger rivers (eg. Ribeira de Iguape
River, Tubarao River) flow into semi-enclosed lagoon-estuarine systems
(Santos, Cananeia-Iguape, Paranagud and Laguna: Fukumoto et al.,
2004, Giannini et al., 2009, Angulo et al., 2009 and Hesp et al., 2009,
respectively), where the freshwater supply to the sea in constrained by
waves and flood tide currents acting at the inlets. Despite this, the
register of lower values of salinity in shallow inner shelf waters around
Santos estuary and Paranagua and Cananeia-Iguape (Ribeira de Iguape
River mouth region) lagoonal-estuarine complexes (Freitas and
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Muelbert, 2004; Piola et al., 2000; Piola and Romero, 2004) allows to
suspect the influence of local freshwater on the coastal waters of these
regions. South of the Ribeira do Iguape River mouth (Iguape; Fig. 1),
the largest river in the study area is the Itajai-Acu, located in the north
of Santa Catarina (Itajaf; Fig. 1), whose plume has an average range of
less than 10 km, without directly affecting the waters closest to the
coastline (Schettini, 2002).

The outflow of local fresh water into the sea is larger during the
spring-summer, when the precipitation is higher (Cruz et al., 2005; Vera
et al., 2006) and swell waves from NE and E are prevalent, than during
the fall-winter, when, inversely, the fluvial supply diminishes and long
period waves from S and SE becomes dominant (Pianca et al., 2010;
Colonese et al., 2017).

Both the northernmost and the southernmost limit of the Sao Paulo
Embayment (Fig. 1) are localities subjected to coastal upwelling, re-
lated to abrupt changes in the coastline direction and the action of
winds from NE during summer (Campos et al., 2013; Mazzini and Barth,
2013). The upwelling in Cabo Frio is the strongest of Brazil, influencing
coastal waters along more than a hundred kilometers (Castelao and
Barth, 2006), but without affecting the vermetid sampling points of this
study, shown in Fig. 1 (Franchito et al., 2008; Palma and Matano,
2009). The influence of Santa Marta Cape upwelling, in counterpart, is
restricted to the vicinities of Laguna, in a radius of a few tens of kilo-
meters (Moller et al., 2008; Campos et al., 2013).

Although the lack of systematic isotopic analyses of water masses in
the study area, it is presumed, that, in a regional scale, by analogy with
other similar contexts (Mook and Tan, 1991; Chanton and Lewis, 1999;
Venancio et al., 2014; Benetti et al., 2017), the continental waters of
LPP are depleted in §'%0 and §'3C (in the dissolved inorganic carbon)
with respect to the evaporative and nutrient-poor surrounding Tropical
Waters. At Santa Marta Cape (28°S), it is also possible that the nutrient-
rich upwelling waters, being originated from less evaporative deep
waters, have lower 8'%0 and §'3C (Pierre et al. 1991, Venancio et al.,
2014, Benetti et al., 2017) in comparison to the Tropical Waters.

3. Materials and methods

35 samples of vermetid colonies collected along the coast of Sao
Paulo, Parana, and Santa Catarina States were analyzed in this work as
for geochronology (**C ages) and chemical-isotopic composition (§'%0,
8'3C and Sr/Ca). From these 35 samples, 18 were found in situ in Sao
Francisco do Sul (northern Santa Catarina State), so they also were
leveled during field trip using topographic equipment in order to de-
termine the paleo-sea level (this method is fully explained in the section
3.2).

Besides these 35 samples, this work also performed isotopic and Sr/
Ca analyzes in 11 samples from Sao Paulo, Parana and Santa Catarina
states, collected and dated by Angulo et al. (2006) and four samples
from Palhoca (central region of Santa Catarina State), collected and
dated by Angulo et al. (2020).

3.1. Paleo-sea level determination

According to Laborel (1986) to determine the paleo-sea level, the
altimetry difference between the top of the in situ fossil vermetid and
the top of the living vermetids must be measured, using topographic
equipment, in the same cross section of the littoral (which ensures that
surf conditions are nearly the same in both fossil and living vermetids).
This method has been largely used to obtain very reliable and consistent
paleo-sea level curves for the last six thousand years in the Brazilian
coast (Angulo et al., 1999, 2006, 2015).

Because no living vermetids were found in the study area, the es-
timating of RSL from the fossil samples in this work required the use of
another living organism, able to indicate the level that vermetids would
occupy today. The species we used as reference was Phragmatopoma
caudata Krgyer in Morch, 1863, a polychaeta that builds its colonies by
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agglutination of sand and granules (Angulo et al., 1999). Using this
reference, height measurements of the 18 vermetid colonies found in
Sao Francisco do Sul (SC) were made and then collected samples from
each one.

According to Laborel (1979, 1986) vermetid bioconstructions can
provide paleo-sea level reconstructions with precision ranging be-
tween = 0.1 to + 1.0 m depending on tidal range, wave exposition and
bedrock morphology. Precision of = 0.5 m was adopted here con-
sidering that: (a) Sao Francisco do Sul is under micro-tidal regime, that
diminish the width of vermetid constructions (Laborel, 1986); (b) the
reconstructions were performed using the main top-level of living P.
caudata (used as vermetid homologous) avoiding over elevated con-
structions by the wave run-up; (c) the present wave exposition of living
bioconstructions is similar to the one inferred for the fossil colonies; and
(d) the vermetid colonies were differentiate according bedrock mor-
phology. At tidal ponds and narrow vertical cavities, the vermetid
bioconstructions can be over elevated by the effect of wave run-up
(Delibrias and Laborel, 1969). To verify this effect at Sdo Francisco do
Sul, five vermetid colonies (F6.1 to F6.5) found in a vertical narrow
cavity and spreading across 1.89 m were collected, within the total of
18 samples at this place.

3.2. Preparation and analysis of vermetid samples

All samples (50 in total) were subjected to surface cleaning with a
brush under flowing water and then immersed in H,O, 30 vol for at
least 48 h to remove all organic matter that could generate con-
tamination and thus affect the chemical / isotopic and dating results.
After that, colonies were mechanically disaggregated, and fragments of
vermetid shells were selected under stereoscopic microscope. This
turned out to be the most efficient method to avoid contamination by
cements (mainly calcite and clay minerals) in the subsequent analysis.

Each sample was then dried, powdered and homogenized in an
agate mortar. An aliquot from each one was pulled out for X-ray
Diffraction (XRD) in order to verify if in any sample there would be
significant amounts (> 5%) of calcite and clay minerals that could alter
the results of dating or chemical / isotopic composition. 13 of the
samples were submitted to petrographic analysis, and among these, two
samples were examined by SEM/EDS analysis to verify that the per-
centages of other types of carbonate (not the vermetid shell) and clay
minerals were really low.

From each powdered sample, three aliquots were withdrawn for: 1.
AMS '¥C dating in the Poznan Radiocarbon Laboratory, Adam
Mickiewicz University, Poland. 2. 8'3C and 8'®0 quantification by
isotope-ratio mass spectrometry in the Stable Isotope Laboratory (LIE)
at the Instituto de Geociéncias of Universidade de Sao Paulo (USP),
Brazil. For each measurement, ~200 pg of powder was drilled from the
sample and analyzed with an online, automated, Gas Bench system
linked to a Finnigan Delta Plus Advantage mass spectrometer. Ratios
were determined on evolved CO, gas released from carbonate minerals
by reaction with orthophosphoric acid at 72 °C. Accuracy of the analysis
was + 0.02%o for 8'80 and + 0.03%o for 8'3C. 3. Sr/Ca obtainment by
inductively coupled plasma optical emission spectrometry (ICP-OES)
with the standard solution 111,355 - ICP Certipur® 1000 mg/1, per-
formed in a Spectro Arcos® equipment at the Central Analitica of
Instituto de Quimica of USP, Brazil. Samples were dissolved with con-
centrated HCI and 100 °C heating. Analyses were taken after dilution in
50 ml of distillated water, with applied power of 1400 W.

The AMS '*C dating results were converted into calibrated years
before present (cal a BP), with error of two standard deviations (20),
using in the CALIB REV7.0.1 program the calibration curve Marine 13
(available in http://radiocarbon.pa.qub.ac.uk/calib). The Sr/Ca ratios
are expressed in 102 mol/mol (mmol/mol) and the §'3C and §'80
values are referred to Vienna Pee Dee Belemnite standard value (V-
PDB) and expressed in parts per mille (%o). For the linear trends, the
correlation coefficient (r) and the significance level (p-value) calculated
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Fig. 2. Scatterplots of all the paleo-sea level, §'%0, §'>C and Sr/Ca data of the vermetid samples analyzed in this work. A: RSL variation (forth degree polynomial)
curve from Sao Francisco do Sul (SC) based on 18 vermetids data (vertical error of = 0.5 m); B: Sr/Ca values with linear trends, correlation coeficient (r) and the
significance level (p); C: 8*80 values; D: 8'3C values. B, C and D are based on the 50 vermetid samples from the Sao Paulo (SP), Paran4 (PR) and Santa Catarina (SC)

states listed in Table 1.

by the one-tailed Student's T score are presented in the graphs.
Following Dahiru (2008), the borderline p-value of 0.1 was adopted as
a criterion for representing or not the regression lines in these graphs.

4. Results

The 18 paleo-sea level data from the samples found in situ in Sao
Francisco do Sul, the geochronological and chemical-isotopic data from
the 35 samples collected in this study (including the Sao Francisco do
Sul ones) and the chemical-isotopic data from the 11 samples collected
by Angulo et al. (2006) and the four samples collected by Angulo et al.
(2020)) are summarized in Table 1 and Fig. 2.

The fossil bioconstructions found in situ on rocky shores of Sao

Francisco do Sul (Fig. 3A), when analyzed in thin sections under the
petrographic microscope, consist mainly of vermetid shells, primary
porosity and siliciclastic grains in similar amounts (Fig. 3B). The ver-
metid shells present the diagnostic features of P. varians (Keen, 1961;
Laborel, 1986) like reticulated external ornamentation and internal
columellar lamellae (Fig. 4A-C). In section the shells have about 1.2 mm
of internal diameter and the wall is about 0.2 mm thick and composed
by several layers of radially arranged aragonite crystals (Fig. 4D). The
paleo-sea level obtained in fieldwork, as well as the chemical and iso-
topic data of vermetid shells (Table 1) are detailed next.
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4.1. Sea-level variation curve

The vermetid P. varians leveling and dating data from Sao Francisco
do Sul allowed the construction of a forth degree polynomial curve
(intercepted in (0,0)) which reveals smooth decreasing trend (Fig. 2A)
along the last 4.0 cal ka BP, with maximum elevation of +2.9 m around
4.0 cal ka BP (oldest sample), minimum of +0.5 m at 0.9 cal ka BP
(youngest sample) and average sea level falling velocity of 6.6 cm per
century. In this data set it is also possible to notice two time ranges
without samples: between 0.9 and 0 cal ka BP and from 3.5 to 2.4 cal ka
BP, approximately (Fig. 2A).

The paleo-sea level of the vermetid colonies collected at a vertical
narrow cavity in Sao Francisco do Sul (samples F6.1 to F6.5) ranges
from +2.45 to +0.56 m (Fig. 5) and the dated samples give ages from
3378 to 3554 to 917-1075 cal a BP. The age deceased with altitude,
except for the sample at +2.05 m (F6.2), which presents similar age of
the sample at +0.71 m (F6.4).

Marine Geology 428 (2020) 106281

Fig. 3. Petaloconchus varians from Sao Francisco do
Sul (Santa Catarina State). A: fossil colony inlaying
granitoid rock at Morro do Forte — Itaguacgu; B: thin
section of a sample (F6.1(2.5)) containing large
amounts of siliciclastic grains (~25% in area) and
primary porosity (~30% in area); photomicrography
under petrographic microscope with uncrossed po-
larizers.

4.2. Geochemical analysis

The scatterplots of all the geochemical and '*C data set of vermetids
from Santa Catarina to Sao Paulo (Fig. 2B, C and D) reveals a period of
samples absence between approximately 3.3 and 2.7 cal ka BP. This
period is longer (3.4 to 2.6 cal ka BP) when considering only the
southernmost (Santa Catarina) samples. In this same region, there is
also a period of shortage of vermetid samples after 0.5 cal ka BP. Linear
trends were calculated to three time intervals (Fig. 2B, C and D): before
the beginning of vermetid absence period; between the end of absence
period and the beginning of period of shortage in Santa Catarina; and
during the period of shortage.

The scatterplots of all §'%0 and 8'3C (Fig. 2C and D) values as
function of age show large data dispersion. In the time interval with the
highest concentration of data (33 from the total of 50), between 2.7 and
0.7 ka BP, linear variation trends have low r and confidence level
(r = 0.11 and p = .28 for §'80) or high confidence level but not so
much high r (r = 0.26 and p = .07 for 8!°C). In the time range older
than 3.3 ka BP, with lower number of samples (ten), the linear trends
have p-value > .1 (r = 0.34 and p = .16, for 8'3C;r = 0.24 andp = .25

Fig. 4. Petaloconchus varians shells in detail. A: re-
ticulated external ornamentation (sample SB-01, Sao
Sebastido, Sao Paulo State); B: regularly coiled spe-
cimen showing columella (sample F6.6(0.7), Sao
Francisco do Sul, Santa Catarina State); C: internal
columellar lamellae projecting from the columellar
wall of the tube (sample GX-16061, Florianépolis,
Santa Catarina State); D: vermetid shell wall re-
vealing structure of concentric layers of radially
disposed aragonite crystals (sample CENA 141,
Caiobd, Parand State); on the upper right, micrite
calcite fills the tube. A and B: photomicrographs
under stereoscopic magnifying glass; C: photo-
micrographs under the petrographic microscope with
uncrossed polarizers; D: SEM image, using back-
scattered electrons detector.
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mainland«——»sea

F6.1 5-2.45m /3378 — 3554 cal a BP

F6.2 5 2.05 m /1315 - 1498 cal a BP

F6.35-0.94 m/ 1553 — 1752 cal a BP

F6.4"— 0.71 m/ 1303 — 1485 cal a BP
F6.5~-0.56 m /917 — 1075 cal a BP

Petaloconchus varians remains

Living Phragmatopoma caudata

Fig. 5. Schematic section representing the space-time distribution of five ver-
metid colonies found on a same vertical narrow cavity at Sao Francisco do Sul.

for 8'%0), but clearly there is an outlier in 880 data. Eliminated this
outlier, ie, considered only the nine oldest samples, the linear trend to
elevation over time of §'®0 becomes statistically more significant
(r = 0.77 and p = .006). The most significant linear trend found over
time (r 0.51 and p = .001) is the decreasing Sr/Ca from 2.7 to
0.7 cal ka AP (Fig. 2B). Before and after this time interval, Sr/Ca values
show linear trends to increase over time, with lower significance levels
due to the reduced number of samples (Fig. 2B).

5. Discussion
5.1. Sea-level variation

The RSL variation curve of Sao Francisco do Sul (SC) shows smooth
fall trend from 2.9 *= 0.5 m at 4.0 cal ka BP until the modern sea level
(zero), which is in accordance with the paleo-sea level data obtained
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from vermetids and compiled by Angulo et al. (2006) for the Brazilian
coastal region between 3°S and 28°S (Fig. 6). However, in a more de-
tailed approach, it is noticeable that in the last 2.5 ka BP the RSL
variation curve of Sao Francisco do Sul (26.3°S) is about 0.5 and 0.8 m
below that from Pernambuco (3°S) to Parané (25.5°S) states, and is very
similar to the curve from southern Santa Catarina state (28°S). In fact,
Angulo et al. (2006) already noticed the difference among RSL variation
curves from 28°S and the further northern locations.

The distribution of the vermetid colonies (samples F6.1 — F6.5) and
bedrock morphology of the narrow cavity where they were found in
(Fig. 5) suggest that around 3378-3554 cal a BP paleo-sea level was
+2.45 m and the cavity was submerged. From 1553 to 1752 to
917-1075 cal a BP when paleo-sea level declined from 0.94 m to 0.56 m
the cavity remains above sea-level under the effect of wave run-up,
which allowed vermetid (sample F6.2) to live 1.34 m over his regular
living zone (F6.4). Considering the sea-level curve obtained at Sdo
Francisco do Sul (Fig. 2) is clear that sample F6.2 is over elevated,
which confirms the effect of wave run-up on narrow cavities as postu-
lated by Laborel (1979, 1986).

Description of bedrock morphology and hydrodynamic conditions,
therefore, are significant to estimate the precision of paleo-sea level
reconstructions. This approach may also be applied for other species
used as paleo-sea level indicators as Tetraclita stalactifera or Tesseropora
atlantica (Angulo and Souza, 2014) or for P. caudata, used as homo-
logous of vermetids where they are missing at present days (Angulo
et al., 1999 and this paper).

5.2. Palaeoceanographic conditions

The variation ranges of 8'3C and §'30 in the studied samples (2.4
and 2.0%o, respectively) is larger than those found by Gonzalez-Delgado
et al. (2005) in recent vermetid samples of a same locus and age (0.6%o
to both §'°C and 8'%0), what means that part of them can result from
environmental changes.

5.2.1. Spatial variation

The boxplot and dotplot graphs of §'3C values at each locality
(Fig. 7) show that the interquartile range and/or the median value in-
crease from Parana State to north (Sao Paulo State) as well to south
(southern sector of Santa Catarina State). The highest 8'3C values are
found in the southern Santa Catarina whose interquartile range is the
only one that does not overlap with any other.

Since continental waters present more depleted 8'°C values than
marine waters (Newton and Bottrell, 2007) and LPP is the most im-
portant source of continental waters in the study area in a regional scale
(Piola et al., 2000, 2005), the decreasing influence from south to north
of LPP (Piola et al., 2000, 2005) would imply an enrichment trend of

. . N <

2000 3000

4000 5000 6000 7000

Age (cal years BP)

Fig. 6. RSL variation curve from Brazilian coast based on 158 vermetid samples. Triangles and dashed line: data from the Brazilian coast between Pernambuco (3°S)
and Parana (25.5°S) (Angulo et al., 2006). Circles and green line: data from southern Santa Catarina State (28°S) (Angulo et al., 2006). Squares and orange line: Sao
Francisco do Sul (26.3°S) (this work). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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35 Fig. 7. Dotplot and boxplots of §'3C values for ver-
=95 metid samples from the South / Southeast Brazilian
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Fig. 8. Scatterplot between §'>C values and median calibrated age for 75 vermetid samples from the South / Southeast Brazilian coast (50 data from this work and
the 25 data from the southern section of Santa Catarina State from Angulo et al., 1999). Shaded areas delimit periods of scarcity of samples in the entire coast of Santa

Catarina State. SP: Sao Paulo State, PR: Parana State, SC: Santa Catarina State.

8'3C from Santa Catarina to Sao Paulo. However, when comparing 8'3C
data obtained in this work with the data presented by Angulo et al.
(1999) in Laguna-Imbituba region (southern Santa Catarina) (Fig. 8),
we can notice that these authors found higher mean values than those
obtained in this study, which is also evident in the boxplot-dotplot
graph of the 8'3C values at each region of the Sao Paulo Embayment
(Fig. 7). This graph shows an inversion trend, in relation to that pre-
dicted with basis only on the LPP influence, along Santa Catarina coast.
This regional 8'3C variation pattern could be hypothetically explained
by two types of influences superposing that of LPP: the local supply of
continental waters through lagoon-estuarine inlets; or the coastal up-
welling in the southern limit of the study area. The hypothesis of in-
fluence of local freshwater sources on coastal area can be tested by
examining previous seawater salinity data. Measurements made by
Freitas and Muelbert (2004) in 1995 (spring-summer-fall) in seawater
5 m deep off the inner shelf (up to the 100 m isobath) between Laguna
and Cabo Frio indicate lower salinities around the Paranagué (Parana
State) and Cananeia-Iguape lagoonal-estuarine complexes and the
Santos estuary (Sao Paulo State), with minimum values, recorded near
the coast, between 32.5 and 33.0. These values gradually increase up to
35.5 to 36.0 both towards SW (Santa Marta Cape, southern Santa
Catarina) and NE (Cabo Frio), as well as to offshore, implying a slight
augment of salinity along Santa Catarina coast from north to south.
Historical hydrographic data compiled by Piola et al. (2000) to the

South America shelf and coastal area between 20° S and 40° S (see also
Piola and Romero, 2004) had already demonstrated that salinities
lower than 33.0 sometimes registered in this same coastal sector
(around latitude 25° S) are more typical of winter, what allowed the
authors interpret a northward penetration of low surface temperature
waters with substantial contributions of La Plata River. Regardless of
the origin of these lower salinity values at latitude 25° S, the fact is that
they help to explain the 8'3C results found (Fig. 7), since there is a
corresponding 8'°C drop in this sector of the coast (Sio Paulo and
Parana states). By these reasons, the hypothesis of influence of local
freshwater supply on our results (Fig. 7) furnishes a valid explanation
for the observed spatial variation pattern of 8'C. The second hypoth-
esis, the influence of coastal upwelling around Santa Marta Cape
(Castelao and Barth, 2006), is compatible with the highest vermetids
8'3C values in southern Santa Catarina coast. Higher §'3C values often
found in carbonate shells of upwelling waters can be attributed to two
different mechanisms: the first is the enrichment of §'3C of the in-
organic carbon dissolved (DIC) in the water mass and, consequently, of
813C of the CaCO; formed therein, by the increase in primary pro-
ductivity induced by the upwelling (Ravelo and Hillaire-Marcel, 2007;
Sadler et al., 2012; Areias et al., 2020). Regional variations of 83¢
records in vermetids (Dendropoma petraeum) detected by Shemesh et al.
(2017) between different basins of the Mediterranean Sea were analo-
gously attributed to contrasts of DIC and to the primary productivity of
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the surface water. The second mechanism is the chemical effect of the
lower temperature and/or [CO527] of upwelling seawater, which af-
fects the §'°Cgyyey in an opposite sense and often with a larger magni-
tude, than the change related to tipically lower 813Cpyc of this seawater
(Peeters et al., 2002; Sadler et al., 2012). In conclusion, the found 8'3C
variation pattern (Fig. 7) can be explained not only by the decreasing
influence northward of the LPP, but also by the upwelling in southern
Santa Catarina and, maybe, by the local continental supply in Sdo Paulo
and Parané lagoon-estuarine systems.

5.2.2. Variation over time

The period of samples absence on Santa Catarina coast between
approximately 3.4 and 2.6 cal ka BP and a period of shortage of ver-
metid samples in the same region after 0.5 cal ka BP (Fig. 2) had al-
ready been identified by Baker et al. (2001) as vermetid population
decline associated with water cooling in southern Santa Catarina, based
on the data of Angulo et al. (1999). Indeed, the grouping of our data
with those of Angulo et al. (1999), shown in Fig. 8, evidences that these
two periods of vermetid population decline occurred along the entire
coast of Santa Catarina. Besides, the first of these two periods, more
precisely from 3.3 to 2.7 cal ka BP, can be considered of vermetid de-
cline throughout the Sao Paulo Embayment (Fig. 8).

The period of vermetid population decline between 3.3 and 2.7 ka
BP was preceded by Sr/Ca increasing trend from 5.6 to 3.3 ka BP
(p = .20) and followed by Sr/Ca decrease from 2.7 to 0.5 cal ka AP
(p = .001; Fig. 2B), which makes possible hypothesizing that there was
a Sr/Ca high in coastal waters over this population decline period.
Considering that in aragonite mollusks the increase of this elemental
ratio may be influenced by decreasing the sea water temperature
(Schone et al., 2011; Roger et al., 2018), a higher Sr/Ca between 3.3
and 2.7 cal ka BP would indicate that coastal water was cooler in this
time interval. The period from 5.6 to 3.3 ka BP shows also an increasing
trend of §'%0 (p = .006; Fig. 2C). §'%0 in marine mollusk carbonate is
of complex interpretation, even more under the influence of freshwater,
since it depends as much on the composition of DIC as on the tem-
perature and salinity of the water in which the mollusk have pre-
cipitated carbonate (Grossman and Ku, 1986; Ingram et al., 1996;
Dettman et al., 1999; Sadler et al., 2012). However, even if a conclusive
interpretation cannot be made, the increase of §'80 found in the ver-
metids over the period from 5.6 to 3.3 ka BP is compatible with the
thermodynamic effect of water decreasing temperature on the biogenic
carbonate precipitation and, therefore, coherent with the hypothesis of
water cooling, elaborated from the data of Sr/Ca. In the last 0.5 cal ka
BP, the Sr/Ca and 8'®0 values do not show much significant linear
trends (Fig. 2B and C) and more data are required to discuss if this most
recent period of vermetid population reduction was accompanied by
coastal water cooling.

The most parsimonious explanation for the decrease in water tem-
perature between 3.3 and 2.7 cal ka BP from Sao Paulo to Santa
Catarina coast is the increased influence of cold and fresh water of LPP.
The lower temperature and salinity as well as the assumed greater
turbidity of LPP can be evoked as possible explanations for the P. var-
ians population reduction in the study area. The reason why the periods
of vermetid decline were noticed preferentially (from 3.4 to 2.8 ka BP)
or only (over the last 0,5 ka BP) in Santa Catarina State may be that the
intensity of BCC (and consequently of LPP) decreases northward (Piola
et al., 2000, 2005; Sousa & Robinson 2004), being therefore higher in
that state than in Paran4 and Sao Paulo. The trend for §'%0 increase
during the supposed period of LPP intensification, if related to the
thermodynamic effect, indicates that the §'0 in the studied vermetids
carbonate was determined by the water temperature decrease, rather
than by water salinity decrease, imposed by LPP. A first reason for this
may be that the influence of LPP on coastal water parameters seems to
be much stronger in terms of temperature than of salinity. Indeed,
nowadays the salinity decrease imposed by LPP's seasonal northward
advance, outside the upwelling zone, is around 3.0, while the

Marine Geology 428 (2020) 106281

temperature decrease is about 8 °C (Piola et al., 2000, 2008; Piola and
Romero, 2004). Another reason is the great sensitivity of vermetid §'%0
to water temperature variations. According to Antonioli et al. (1999),
data obtained from vermetid (Dendropoma) specimens collected in Si-
cily suggest their §'®0 values as a valuable biological indicator of sea
surface temperature (SST) trends. For example, in different samples
from a same place and of the same species of Dendropoma who lived in
waters of the same salinity but with a temperature difference of 2 °C,
Gonzélez-Delgado et al. (2005) found a 8'®0 average variation of
0.38%o.

Given that the spatial variation of geochemical data (Fig. 7) may be
influenced not only by LPP but also by local continental runoff, the
possibility of this runoff influence must be also discussed over time. In
the study area, continental runoff are directly controlled by SAMS in-
tensity. It influences both the local freshwater and, albeit in a sub-
ordinate way, the LPP (Piola et al., 2000; Moller et al., 2008). However,
there is a series of reasons to discard the increase of precipitation and
continental runoff or SAMS intensification during the periods here in-
terpreted as of greater LPP influence. First, paleoprecipitation high
resolution geochemical-isotopic data from Santa Catarina speleothems
(Botuverd Cave, 27°S) show relative constancy, at high values, over the
last 4 ka (Cruz et al., 2005; Bernal et al., 2016); an intensification of the
SAMS, linked to augment of austral summer insolation, and, therefore,
an increase of precipitation in great part of southeast South America
(Cruz et al., 2005), including the catchment area of the La Plata basin, is
better characterized before this, from 7 to 4 ka ago (Bernal et al., 2016;
Fig. 9A); second, in another high-resolution reconstruction based on
speleothems in southeastern Brazil (Lapa Grande Cave, 14°S), Strikis
et al. (2011) detected low precipitation variations over the same period,
except by rapid short-lived increases coincident with Bond events
(Fig. 9B), interpreted by the authors as SAMS abrupt intensifications;
the period of vermetids decline between 3.3 and 2.7 ka BP occurs be-
tween two of these peaks of precipitation and SAMS intensity; third, the
period of vermetids population decline from 3.3 to 2.7 ka BP as well as
the period of vermetid absence in Santa Catarina State of the last
500 years, both here supposed as increased LPP, can be considered
periods of weakening of SAMS, according to data presented by Chiessi
et al. (2014) (Fig. 9C and D). These two periods coincide with BC
weakening hemicycles identified from the 8'0 of continental-ice-vo-
lume-corrected surface seawater (8'%0;ycssw); @ proxy for relative sea
surface salinity (SSS) derived from Globigerinoides ruber geochemical
data (Mg/Ca SST and 8'®0). According to those authors, periods of
weak BC would be, in turn, associated with strengthening of Atlantic
Meridional Overturning Circulation (AMOC). Additionally, Chiessi
et al. (2014) registered synchrony of periods of strong BC with periods
of negative SST anomalies in the high latitudes of the North Atlantic
and with positive precipitation anomalies over southeastern South
America (Fig. 9B-D).

Thus, precipitation and runoff increases promoted by SAMS
strengthening does not seem to be a likely hypothesis for the intensified
influence of LPP from 3.3 to 2.7 ka BP and over the last 500 years. The
BCC strengthening during the moments of weakened BC, and therefore
weakened NNE winds and strengthened AMOC (Chiessi et al., 2014), is
a more suitable interpretation.

Nagai et al. (2020) inferred the latitudinal SST gradient (BC
strength) in two piston-cores in Parana State offshore (25.5°S, 46.6°W,
89 m water depth, and 25.0°S, 45.6°W, 100 m water depth) based on
Mg/Ca data of G. ruber (pink) from 6 ka to 1 ka BP. The authors
compared the intensity of BC (Fig. 9E) with the intensity of BCC in-
dicated by Ti/Ca ratios obtained by Mahiques et al. (2009) from core
sediments of the Santa Catarina shelf (27°S, 60 m water depth; Fig. 9F).
This comparison shows that fluctuations of BCC and BC are inversely
related, mainly after circa 2.8 ka BP, when modern climatic conditions
regarding wind regime and precipitation would have been established
over southeast South America, favoring the LPP action over this portion
of Sao Paulo Embayment (Mahiques et al., 2009; Nagai et al., 2020).
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Fig. 9. Comparison between different proxies for paleoclimate in the continental and marine south/southeastern Brazil. A: Sr/Ca ratio and 8'®0 from stalagmite BT2
(Botuverd, Santa Catarina State), compared with austral summer (February) insolation at 30°S (Bernal et al., 2016); B: 880 from composite stalagmite LG3/LG11
collected in central-eastern Brazil at 14.42°S/44.37°W (Strikis et al., 2011); C: three-point running average of Globigerinoides ruber white 8'80 from marine sediment
core GeoB2107-5 collected in the western South Atlantic at 27.18°S/46.46°W (Chiessi et al., 2014); D: ice volume corrected (ivc) surface seawater (ssw) §'20 from
composite marine sediment core GeoB6211-1/2 collected in the western South Atlantic at 32.51°S/50.24°W (Chiessi et al., 2014); E: latitudinal SST gradient, north
less south (N-S), based on the Mg/Ca ratio of G. ruber (pink) from cores 7616, collected at 25.0°S, 45.6°W, and 7610, at 25.5°S, 46.6°W (Nagai et al., 2020); F. Ti/Ca
ratios, core 7606, 27°S (Nagai et al., 2020 with data from Mahiques et al., 2009). G: Sr/Ca values of 50 vermetid samples from Sao Paulo (SP), Parana (PR) and Santa
Catarina (SC) states (this work); H: abundance of dinoflagellate cysts from core GeoB2107-3 (27°S) (Portilho-Ramos et al., 2019 with data from Gu et al., 2017) and
austral winter (June) insolation at 60°S (Berger and Loutre, 1991). Gray bars represent the periods of vermetid scarcity between 3.3 and 2.7 cal ka BP (Sao Paulo
Embayment) and 0.5-0 cal ka BP (SC). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The first period of scarce vermetids, which occurred immediately be-
fore this supposed transition to modern conditions, is marked by three
successive peaks of BC weakening (in theory, strengthening of the BCC,
coherently with our interpretation to vermetids data; Fig. 9E and G),
but with low Ti/Ca (interpreted in Fig. 9F as weakening of LPP, dif-
ferently of our interpretation). The low Ti/Ca values in this period, on
the other hand, are consistent with the idea of BC weakening (Figs. 9C-
E), assuming the direct relationship of BC with intensification of SAMS,
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precipitation and terrigenous supply. In addition, they can be better
understood if other climatic-oceanographic mechanisms potentially
controlling BCC are considered.

Among these other mechanisms, one of the most explicitly evoked in
the scarce previous studies about BCC (Campos et al., 1999, 2008;
Gyllencreutz et al., 2010) is the variability of El Nifio Southern Oscil-
lation (ENSO) at millennial timescales (Moy et al., 2002; Rein et al.,
2005; Jara et al., 2015, 2019; Mariani et al., 2017), including the onset
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of the modern ENSO in the beginning of Late Holocene. The coin-
cidence between high discharge events of the Parand River, the main
affluent of La Plata River, and equatorial Pacific SST anomalies typical
of ENSO events (Depetris et al., 1996) led Campos et al. (1999) to in-
terpret a relation between El Nifio events, precipitation over South
America and anomalies in the BCC. However, as El Nino events are
accompanied by winds from NNE, the maximum northward advances of
BCC, carrying the LPP, do not coincide with them but with the low
discharge regime typical of La Nifia events (Piola et al., 2005; Moller
et al., 2008). As effect, El Nino high discharge years are characterized
by offshore displacement and southwestward retreat of LPP, while La
Nina lower discharge years favor SSE winds and northward advance of
LPP (Campos et al., 2008). Thus, intensification moments of the BCC,
with expansion of the LPP reach to the north, could be associated with
strengthening of the ENSO amplitude under a La Nifia dominant con-
dition. Gyllencreutz et al. (2010), with base on sedimentary record of
three cores along south-southeast Brazilian margin proposed an event
of these, resulting in a net increase in northward transport up to at least
25°S, around 3-2 cal ka BP. Meanwhile, Barr et al. (2019) found si-
multaneous evidences in Galdpagos and eastern Australia sedimentary
records of a centennial-scale period of enhanced zonal SST gradient,
with a more La Nifa-like mean state around 3.5-3.0cal ka BP. This
period is nearly coincident with the time interval of decline of verme-
tids in south-southeast Brazilian coast here attributed to an intensified
BCC. Jara et al. (2015), based on paleofloristic records over New
Zealand, interpret more frequent El Nino states from 2.7 ka BP, coin-
ciding with the resumption of the vermetids on the Sao Paulo Embay-
ment coast.

Zular et al. (2013) proposed the intensification of the southerly
winds (responsible for transporting BCC) after 2 ka BP, based on
changes in the coastal morphodynamics and sedimentological prove-
nance at Sao Francisco do Sul (Santa Catarina State). This intensifica-
tion, according to them could result from a northbound shift of the
westerlies wind belt coupled with the intensification of ENSO events.

Another hypothesis to LPP variability is presented by Portilho-
Ramos et al. (2019), who recognized a close connection between di-
nocyst abundance and austral winter insolation (at 60°S) in a marine
core located at 27°S over the last 70 ka and interpreted that the periods
of increased insolation led to increase of the thermal gradient between
the high- and mid-latitudes in the Atlantic sector of the Southern Ocean,
and, consequently, to intensification of alongshore southwesterly wind
system and the northward incursion of LPP (Fig. 9H). Data obtained by
these authors are suggestive of an inhibiting of the northward intru-
sions of the LPP in the post-glacial. Despite this, and admitting the
relation proposed by them, it is possible to hypothesize that the end of
the decreasing trend of 60°S June insolation in the Early to Middle
Holocene (Fig. 9H) has promoted a climatic-oceanographic setting
more favorable to the BCC intensification. The scarcity of Holocene
data from Portilho-Ramos et al. (2019), however, does not allow ver-
ifying this hypothesis nor properly compare their results with the ones
presented in this work.

The inverse correlation of BCC with BC, the influence on BCC of the
millenary variability of ENSO and the intensification of BCC over the
last few millennia due to increasing trend of 60° S June insolation are
three hypotheses, not mutually exclusive, that can help to explain the
vermetids decline in Sao Paulo Embayment at some stages of Late
Holocene. The assessment of the feasibility of each of these hypotheses,
however, depends on further specific studies on BCC being carried out
in the future.

6. Conclusions

The RSL variation curve obtained for the northern coast of Santa
Catarina State reveals similar behavior with the curve presented by
previous works for the southern coast of the same state, that is smooth
trend of sea level fall along all the Late Holocene. The data present here
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also point to slight differences in the behavior of RSL variation curve
from Santa Catarina state to the further northern locations, although
more paleo-sea level measurements are required to understand the real
extension of latitudinal differences between sea level variation curves
along Brazilian coast and therefore allow the construction of more ac-
curate models of regional hydro-isostatic adjustments for the Late
Holocene.

The vermetid colony collected in the top of a vertical narrow cavity
presents higher altitude than the samples of similar age, meaning that
better descriptions of the bedrock morphology, wave exposure and
oceanographic conditions, as tidal and wave regime can improve the
precision of paleo-sea level reconstructions. It would be also necessary
to quantify the living vertical vermetid distribution under these dif-
ferent conditions and this approach may also be applied for other
species used as paleo-sea level indicators.

LPP alone is not sufficient to explain the spatial variation pattern of
average values of 8'3C. The larger supply of fresh water by estuarine-
lagoon systems (Santos, Iguape-Cananeia and Paranagud) is a possible
explanation to the lower average 8'3C values in Sao Paulo and Parana
states, whereas more enriched average values of 8'°C found in southern
Santa Catarina State may be related to the phenomenon of coastal
upwelling that occurs around Santa Marta Cape.

Sr/Ca and 8'®0 data suggest variations in the physicochemical
parameters of coastal water, at regional scale, which can be generated
by variation in the intensity of the BCC in the upper Holocene, whose
strengthening may have been responsible for the population decline of
P. varians in Sao Paulo Embayment at 3.3-2.7 cal ka BP and in Santa
Catarina over the last 0.5 cal ka BP.
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