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ARTICLE INFO ABSTRACT

Keywords: Amiantis purpurata is a common warm-temperate water bivalve species distributed from southern Brazil to
Oxygen isotopes northern Patagonia, Argentina, which has a rich and well preserved fossil record in the San Matias Gulf (SMG)
Seasonality dating back to the late Quaternary. This study aims to establish A. purpurata shells as a new palaeoarchive of past
Holocene

Pleistocene
Palaeotemperatures

Palaeoarchives ; .
both sets of information, we calculated and reconstructed palacowater temperatures for the

marine conditions in South America. We compared the stable oxygen and carbon profiles (8'%0,heu; 8'3Cghcii) of
eleven specimens of A. purpurata from different geological times (modem, Late Holocene and interglacial Late
Pleistocene), and additionally present in situ oxygen isotope values of seawater within SMG (S80

Using

water)

Late Holocene and

compared them to modem water temperatures. Our findings indicate that A. purpurata records past environ-
mental parameters such as water temperatures on a seasonal scale and can therefore be considered a suitable

candidate for future palaeoenvironmental reconstructions in Northern Patagonia. This study

is the first step

towards further stable isotope analyses on fossil A. purpurata shells, which will show whether and if so, to what

extent, important global climate events such as the Neoglacial (Early Holocene), the
Holocene) and the Little Ice Age (Late Holocene) occurred in South America.

Hypsithermal  (Middle

1. Introduction knowledge of palaeoclimate and palaeoenvironmental variability, all

have spatial and temporal limitations. Carbonate shells of many bivalve

Knowledge of past climates, in particular the details of palaeocli- species are good archives because they provide temporally high-re-

matic variability, is crucial to validate well-constrained predictive nu- solution and well-constrained records of environmental change (Dutton

merical climate and ecosystem models (Schone and Gillikin, 2013). et al., 2002; Hippier et al., 2013). These archives that have been ex-
Although a variety of palaeoarchives are utilized to improve our perimentally calibrated provide information on modern and past
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Location map showing late Quaternary deposits in San Antonio Bay, San Matias Gulf (Argentina). Triangle, modern assemblages (1); circle, Holocene

assemblages (2, 3, 4, 5, 6, 7); square, Pleistocene assemblages (8, 9, 10, 11) (see Section 4.1 and Table 1). Star points the bottom water sample (closed to Punta
Villarino). SAO (San Antonio Oeste) is the main city in SMG. RP is a provincial road, RN is a national road.

environmental conditions (Elliot et al., 2009), such as water tempera-
ture (Chauvaud et al., 2005; Gillikin et al., 2005; Wanamaker et al.,
2006, 2008; Surge and Lohmann, 2008; Aubert et al., 2009), salinity
(Klein et al., 1996; Gillikin et al., 2006) or ocean circulation (Carre
etal., 2005). This is partially evidenced by the steady stream of special
issues on the subject (Schone and Surge, 2005; Grocke and Gillikin,
2008; Oschmann, 2009; Wanamaker et al., 2011; Schone and Gillikin,
2013; Black et al., 2017; Butler and Schone, 2017; Prendergast et al.,
2017; Butler et al., 2019; Gillikin et al., 2019 and that issue). However,
only a few studies were performed in the Southern Hemisphere and in
South America in particular (Carre et al., 2005; Yan et al., 2012;
Gordillo et al., 2011, 2015; Rubo et al., 2018; Aguirre et al., 2019).

Molluscan shell material represents the best preserved and the most
abundant fossil fauna in Quaternary marine sediments in Patagonia,
Argentina (Feruglio, 1950; Gordillo, 1998), particularly at San Matias
Gulf (SMG). The SMG (Fig. 1) is located at the northeastern coast of
Patagonia and features several different Quaternary mollusc deposits.
Throughout the late Quaternary, regional climate at SMG, as well as sea
levels, were subject to various changes (Codignotto et al., 1992; Ponce
etal., 2011; Fucks et al., 2012; Isla, 2013). The origin of the gulf itself is
related to ancient continental depressions, which were flooded by the
ocean (Mouzo et al., 1978; Cavallotto and Violante, 2003; Isla, 2013),
date back to at least 12,000 years (Ponce et al., 2011; Isla, 2013). The
SMG, especially San Antonio Bay, provides a rich molluscan fossil re-
cord of Pleistocene and Holocene deposits (Feruglio, 1950; Fucks et al.,
2005; Gordillo et al., 2014) with the aragonitic shells of the bivalve
Amiantis purpurata being the most abundant and best-preserved fossil
specimens in both deposits (Bayer and Gordillo, 2013; Bayer et al.,
2014). At present, A. purpurata lives in high densities in SMG (Morsan,
2003). The occurrence of modem and fossil specimens of the same
species at the same location makes the SMG an ideal location for a
palaeoenvironmental study.

Several biological aspects of A. purpurata have been studied, in-
cluding the ontogenetic age and shell growth (Morsan, 2003, 2007,
Pappalardo and Morsan, 2005; Morsan and Orensanz, 2004; Morsan
and Kroeck, 2005). Annual growth increments in this species can be
identified by alternating dark violet growth ring within the shell car-
bonate, which correspond to warmer seasons (i.e., summer) and lighter
pink growth ring corresponding to colder seasons (i.e., winter) (see
Fig. 2). The maximum recorded ontogenetic age of A. purpurata is

40 years (Morsan and Orensanz, 2004).

Seasonal and environmental variability can be recorded in a shell by
variations in the stable oxygen isotope (3180) composition of the shell
carbonate. This approach may provide information about the environ-
mental conditions during the time interval of shell growth (Urey et al.,
1951; O'Neil et al., 1969; Schone, 2008). The 8"Ogheii values depend on
the composition of the seawater (8'0,.) and changes in water
temperature. Measurements of carbon isotopes (813C) within the shell
carbonate, however, are still less well understood but are seen as a
potential future proxy, e.g. for productivity (Schone et al., 2005z;
Goman et al., 2008; McConnaughey and Gillikin, 2008; Beime et al.,
2012; Reynolds et al., 2017). Therefore, we report 813C data here but do
not discuss them in a palaeoenvironmental context.

The main goal of this study is to evaluate whether A. purpurata
qualifies as a potential new palaeoarchive of past marine conditions in
South America. For this purpose, the 880, n values in different geo-
logically dated specimens of A. purpurata were compared during time
periods in the last 200,000 years.

2. Regional setting

The SMG is the largest gulf in Patagonia, a semiarid to arid climate
region with a low rate of precipitation (mean annual land surface
precipitation is 275 + 108 mm, Servicio Meteorologico Nacional
1980-2000), as well as a high evaporation rate with absence of natural
freshwater input (Rivas and Beier, 1990). The gulf is a semi-enclosed
basin (maximum depth: 180 m in the centre) delimited with a shallow
sill in the East (60 m) that limits water exchange with the open sea (Mar
Argentino). From spring to fall, an intense thermohaline front divides
the water into two masses with different oceanographic conditions:
relatively cold and less saline waters -similar to open shelf waters
(33.7-33.8 ppm)- occur south of the front, whereas warm and saline
waters occur north of the front (34.0-35 ppm, Fernandez, 1987; Scasso
and Piola, 1988; Gagliardini and Rivas, 2004). The difference in tem-
perature can reach 3 °C during the main part of the year. In the water
mass placed northern of the front, seawater temperatures range, on
average, from 10 °C in winter (August) to 18.2 °C in summer (January)
at depth of 20 m. The average tidal amplitude is 7.62 m (maximum
9.2 m). The bottom sediment is mainly sand near the coastline and is
gradually mixed with shell fragments, gravel and mud (Morsan et al.,
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Fig. 2. Amiantis purpurata shell. A, shell exterior of A. purpurata. B, consecutive sampling from the outer shell layer in a cross-section of A. purpurata, using a 700 pm

mill bit. DOG: direction of growth.
2010).

2.1. San Antonio Bay

San Antonio Bay is located in the northwestern area of the SMG. It is
a tidal delta of ~80 km? (40°42', 40°50'S and 64°43', 65*07" (Fig. 1),
which has been flooded by marine transgressions on several occasions
in the geological past (Rutter et al., 1989; Ponce et al., 2011). Waters
from the NW and NE coasts at both sides of the bay do not mix. Coastal
current are driven by the tides and rotates clockwise oriented by long
sandy ridges around the mouth of the bay which restricts water inter-
change (Lanfredi and Pousa, 1988). Salinity ranges 34-35 ppm during
winter; in spring it rises progressively reaching 36 ppm by the end of
the summer (Fernandez, 1987).

2.2. Geological background in the SMG

The northern area of the SMG exhibits multiple geomorphological
features and littoral deposits assigned to two main Quaternary trans-
gressive episodes, which occurred during the late Pleistocene and
Holocene (Angulo et al., 1978; Martinez et al., 2001; Fucks et al., 2012).

The transgressive episode that occurred during the late Pleistocene
(MIS 7) formed both the spit bars flanking San Antonio Bay (Fucks
et al., 2012): Punta Delgado and Punta Villarino. The following trans-
gressive episode (MIS 5e) reached up to 15 m and covered the spit bars
and the littoral ridges in the most internal area of San Antonio Bay
(Fucks et al., 2012). The coast was an open sea environment subject to a
tidal regime (Fucks et al., 2012). From the early Holocene to the present
(MIS 1), the SMG has been protected from the open sea, although it has
been affected by low energy tidal currents (Favier Dubois et al., 2009;
Favier Dubois and Kokot, 2011; Ponce et al., 2011; Fucks et al., 2012)
(Fig. 3).

The fossil assemblages of the San Antonio Bay correspond to three
different geological ages. The oldest deposits belong to the Pleistocene
MIS5. The beach deposits at 10 m above sea level corresponding to the
last interglacial or Pleistocene MIS5e. The last interglacial levels are
Holocene (Rutter et al., 1989) and modem beaches. These deposits
were extensively studied and described by Angulo et al. (1978),
Martinez et al. (2001) and Fucks et al. (2012).

3. Autoecology of A. purpurata

Amiantis purpurata is a suspension feeder, which lives burrowed in
fine sandy or silty-sandy sediments. It is a euryhaline (> 30-35%0)
warm-temperate water species, inhabiting the intertidal zone up to
15 m water depth (Morsan, 2007). Its modem distribution extends from

SMG

Fig. 3. Different transgressive events in San Matias Gulf (SMG), especially in
San Antonio Bay. Grey silhouette represents the modem coast, whitish silhou-
ette represents a transgressive event. A, MIS 7 (Middle
Pleistocene, > 230,000 yr B.P., Rutter et al., 1990). B, MIS 5e (late Pleistocene,
107,000-42,500 yr B.P.; Rutter et al, 1990). C. MIS 1 (Late Holocene, <
4000 yr B.P.). Star symbol is the location of San Antonio Oeste (city, SAQO) over
time. Figure modified from Fucks et al. (2012).
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Espirito Santo (20°S, Brazil) to the northern SMG (41 °C, Argentina)
(Carcelles, 1944; Castellanos, 1967; Scarabino, 1977; Morsan and
Kroeck, 2005). It is one of the few survivors of the middle-late Miocene
faunal turnover, which was characterized by the appearance of new
taxa, most of them living now along the Argentinean coast (del Rio,
2000; del Rioet al., 2010). The oldest record of this species is from the
upper Miocene in Uruguay (del Rio and Martinez, 1998; del Rio, 2000;
Martinez and del Rio, 2005). Its southernmost known living population
is at Punta Villarino (SMG, Fig. 1), where the population occurs in high
densities reaching up to 10 kg/m? at some sites (Morsan, 2003).
Amiantis purpurata valves are mineralogically composed of aragonite
(Bayer and Gordillo, 2013); specimens from the SMG are slow-growing
and reportedly live for 40 years (Morsan, 2003; Morsan and Kroeck,
2005).

4. Materials and methods
4.1. Shell collection in the field

All shell collection sites consist of rich mollusc shell deposits. At the
field (40°42', 40°50'S and 64°43', 65°07'W), Pleistocene and Holocene
deposits present cliffs and exposed low tide sandbars, while modern
deposits can be found on beaches. Modern shell specimens were col-
lected by hand and taken from the intertidal zone (modem beach)
during low tide in summer (Site 1 in Fig. 1; Fig. 4F-G; Table 1). The
same sampling method has been conducted for Holocene beach ridges
(or sandbars) (Sites 2-4 in Fig. 1; Fig. 4E; Table 1), while volumetric
samples (approximately 100 cm3) were taken from all cliff deposits
(Holocene and Pleistocene) (Sites 5-11 in Fig. 1; Fig. 4D; Table 1). Four
shells from the Pleistocene and six shells from the Holocene deposits
were selected (cf., Table 1 for details). In addition, one modem shell
specimen (with ligament) has been selected from Site 1 (Fig. 1;
Table 1). After collection in the field, shells were washed with tap water
and stored at the CICTERRA repository (CEGH-UNC).

4.2. Shell preparation

Shell cross-sections were prepared at CIMAS (Centro de
Investigation Aplicada y Transferencia Tecnologica en Recursos
Marinos “Almirante Storni”) in San Antonio Oeste. Shells were cut
perpendicular to the growth lines and along the axis of maximum
growth from the umbo to the ventral margin using a low-speed preci-
sion saw and a 0.4 mm thick diamond-coated saw blade StruersMinitom
(1997). The sections were ground and polished using sandpaper of very
fine grain (4000 grit, grain size: 5 pm) on a rotating platform at variable
speeds. Cross-sections were prepared following the technique described
in Morsan and Orensanz (2004) for A. purpurata shells.

4.3. Shell dating

Radiocarbon dates were measured for shell material from sites with
appropriate ages for this method. After carefully mechanically re-
moving the periostracum and any adhering sediment from the outer
surface of the shells using ultrasonic and a hand drill device (Type
Proxxon Minimot 40/E), shells were radiocarbon dated by Liquid
Scintillation ~ Spectrometry (LSS) at Laboratorio de Tritio y
Radiocarbono (LATyR) in Argentina or by Accelerator Mass
Spectrometry (AMS) 1“C at the Poznan lab in Poland (cf., Table 1 for
details). Calibrated “C ages (cal. yr B.P.) were calculated using Calib
version 7.04 (Stuiver et al., 2020) based on the Marinel3 radiocarbon
calibration curve (Reimer et al., 2013) and a regional San Matias Gulf
(Holocene) marine reservoir effect of AR = 266 + 51 yr (Favier
Dubois, 2009). Pleistocene shell material has been dated based on the
associated deposit/outcrop, which means that the deposits here were
dated by Electro Spin Resonance (ESR) after Rutter et al. (1990)
(Table 1).

Palaeogeography, Palaeoclimatology, Palaeoecology 560 (2020) 110012

4.4. Shell preservation - Confocal Raman Microscopy

All fossil and modern shell specimens were checked for traces of
recrystallization, i.e., if the pristine aragonite shell has been preserved
(Beierlein et al., 2015a; von Leesen et al., 2017). This was achieved by
using a confocal Raman microscope (CRM; WITec alpha 300 R; cf.,
Nehrke et al., 2012), which was equipped with a diode laser (excitation
wavelength 488 nm) and a 20 x Zeiss objective. Instrumental settings
and procedure follow Nehrke et al. (2012). All shells chosen for stable
oxygen isotope analysis were checked either by CRM scans or single
spot measurements.

4.5. Micro-milling and stable isotope analysis (S'80" ta °nd S**Cghen) in
shell carbonate

Stable isotope analysis was carried out on each of the eleven A.
purpurata shells described in this study. Due to growth increments be-
come narrower towards the ventral margin of the shell, only the first
four to five ontogenetic years were clearly visually distinguishable in
shell specimens (Crippa et al., 2016). In some of the specimens, how-
ever, up to eight or nine ontogenetic years were distinguishable (e.g.
specimens H362 or H613). Isotope sampling was conducted only in
shell areas where a clear distinction of annual growth lines was pos-
sible. It is an often observed effect that growth lines in fossil shells are
difficult to observe. This is mainly due to decaying organics in the
darker organic-rich growth lines (cf., Schone et al., 2005b; Beierlein
et al., 2015a). For the same reason, we could not reliably assign onto-
genetic years to the increments in our Pleistocene shells and isotope
data. In order to obtain samples of calcium carbonate powder at high
spatial resolution, each shell cross-section was sampled using the mil-
ling technique (Dettman and Lohmann, 1995). Consecutive samples
were taken from the outer shell layer using a 700 pm mill bit (Komet/
Gebr. Brasseler GmbH & Co. KG), which was mounted onto an in-
dustrial highprecision drill (Minimo C121; Minitor Co., Ltd) and at-
tached to a binocular microscope. Samples were taken parallel to the
growth rings (Fig. 2). Each of the samples yielded 15 to 60 pg of car-
bonate powder.

Isotope ratio mass spectrometry (IRMS) was performed at the Alfred
Wegener Institute for Polar and Marine Research (Bremerhaven,
Germany) using a Thermo Finnigan MAT 253 coupled with an auto-
mated carbonate preparation device (Kiel 1V). Measurements were ca-
librated against international NBS-19 standard. Results were reported
in 8-notation and given as %o versus VPDB. The long-term precision
(lo) based on an internal laboratory standard (SHKBr2; 8180 = -4.28%0
and 8BC = -2.88%0) measured over a 1l-year period together with
samples was better than + 0.08%0 and 0.06%0 for 3180 and 8'3C, re-
spectively.

Because ice volume has changed over geological time and therefore
has affected marine 880y, values, it was necessary to correct 8180,
values with individual factors (based on their specific radiocarbon ages)
for each of the Holocene A. purpurata specimens by a maximum of
0.02%o0. Based on the work of Fairbanks (1989) and following Beierlein
et al. (2015b) this allows for comparability between fossil and modern
818Q|, ii derived measurements.

4.5.1. Absolute palaecowater temperatures

The reconstruction of palaeowater temperatures from fossil shell
material can only be undertaken when considering a number of parti-
cularities (i.e., ice volume effect over geological time scales (cf., Section
4.5), knowledge about the water chemistry (818Qy,,; cf.. Section 4.6)
preservation of shell material (cf., Section 4.2) and taking great care
with the interpretation of such results. After careful consideration of the
above-mentioned, palaeotemperatures were calculated using the pa-
laeothermometry equation by Grossman and Ku (1986) with a PDB-
SMOW scale correction of -0.27%0 (Dettman et al., 1999).

We considered it highly unlikely that we could find a good
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Fig. 4. Images of different study sites from San Matias Gulf. Refer to Fig. 1 for exact locations. A and B, Site 10, Pleistocene MIS 5e outcrop. C and D, Site 7, Holocene
outcrop. E, Site 3, Holocene beach ridge. F, Site 1 showing an articulated shell with periostracum. G, Site 1, modern beach (intertidal zone).

estimation for a Pleistocene 8'Osw value. Therefore, no absolute water 4.6. Stable oxygen isotope analysis in water samples (S0, )

temperatures for such samples are presented. However, in order to

compare seasonality signals recorded in each shell (A8'€0), we calcu- To estimate water temperatures based on the shell carbonate

lated the difference between the maximum (8180gh.n max) and minimum (88Qy,) it is essential to know about the water chemistry (8'%0,,) of

(8'80gheii min) oxygen isotope values consistent with the approach of the water the shell grew in. To our knowledge, no measured 80s,,

Wanamaker et al. (2011). values have been published for the SMG so far and can only be inferred
from gridded data sets (cf., Section 5.5). Therefore, divers collected

bottom water samples at Punta Villarino, NW of SMG (40°51'S,
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Table 1
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Information on the location coordinates and geological ages of the deposits of the study sites (cf.. Fig. 1). Oxygen and carbon isotope data from Pleistocene, Holocene
and modem shells of A. purpurata. ESR, Electron Spin Resonance. Ontogenetic ages for Pleistocene could not be assigned (cf.. Section 4.5).

Site  Geographic Shell code  Age (yr B.P.) Dating method Ontogenetic years S'80 (%0) 813C (%o0) ABISO (%0) AB83C (%0)
coordinates sampled

1 40°49'26.28"S M726 Modem 148 Ams 45 -1.10to 6.34t0+1.80  1.96 0.87
64'49'32.52°W +0.86

2 40049'41.64"S H311 451-328 14pAms 4 -0.49 to +0.66 t0 1.90 1.96
64951'12.30"W +141 +2.62

3 40°494531"S H534 959-820 14pams 7 -0.51to 118104235 149 0.73
64951'44.07"W +0.98

4 40°470.45"S H362 2286-2134 4. AMs 7-8 -0.63t0 +1.631t0 1.74 1.01
64°50'26.1"W +1.11 +2.80

7 40°47'13.20%S H688 2346-2092 s 7 -0.64to +1.191t0 1.85 1.43
6450'59.82"W +121 +2.60

6 40'49'19.18"S H438 2351-2182 14pAms 5 -0.29to +1.3410 1.45 1.23
64943'47.52"W +1.16 +3.19

5 40°47'45.24"S H613 3844-3555 14 s 8-9 -0.341t0 +14710 1.25 0.23
64°52'38.64~W +0.91 +2.45

8 40°49'36.47S P1143 40,000-27,000 ESR (Rutter et al. -1.99 to -353t0+1.86  2.26 3.39
64°42'1.9"W 1990) +0.27

9 404247.1"S P285 42,600-42,400 14 5 -0.56 to 127t0+1.71 168 0.70
64°50'56.8"W +1.12

10 40°48'08.67"S Pl 204 > 107,000-91,000 ESR (Rutter et al. -0.93to -1.02t0+1.90  1.47 2.92
6504'19.05"W 1990) +0.53

11 40°4231.1'S P80 >230,000-208,000  ESR (Rutter et al. -0.851t0 +0.811t0 1.84 1.09
64°51'56.1"W 1990) +0.99 +2.28

64°44.5'W, star symbol in Fig. 1) in summer, early autumn and winter
of 2017. Water samples (500 ml) were filtered with a 4> 20-25 pm
monofilament polyester mesh, closed hermetically and stored in dark
for a few months. The 850y, values were determined from 15 ml at the
Biogeochemistry Laboratory of the Universidad de Concepcion, Chile

(Pizarro ® Analyzer L2130-i, Vaporizer A0211 and Autosampler ALSG).

Calibration and optimization of the instrument is performed following
van Geldern and Barth (2012). For calibration, three international
standards are analysed by quintupled and 10 times per vial (VSMOW 2,
SLAP, GIPS) in order to construct a calibration curve. Daily and while
the equipment is in use, calibrations are carried out with secondary or
internal standards, for this three is a stock of natural waters of different
origins with known isotopic composition values. Correction of raw data
for analytical effects (i.e., memory and drift) is done according to PI-
CARRO manual by a linear best-fit equation between the known cali-
bration values and the analyzer's reported values. Finally, an average
was calculated 8'8Qg,, in order to use it in the palaeothermometry
equation.

4.7. Environmental data

The shallow water masses of the SMG show a maximum sea surface
temperature of 21 °C in January (summer) and the lowest temperatures
of 7.8 °C in July (winter) (Morsan and Kroeck, 2005; Rivas, 2010)
(Fig. 4). Moreover, the waters of the northwestern area of the SMG
present a maximum salinity of 34.15 (Scasso and Piola, 1988; Rivas and
Beier, 1990; Gagliardini and Rivas, 2004; Lucas et al., 2005). Ad-
ditionally, the modem configuration of the gulf restricts the exchange
of its waters to the open sea. The mean sea surface temperature is high
since it is minimally exposed to the effects of the cold Malvinas Current
(Rivas, 2010), and heat transferred from the atmosphere is more effi-
ciently used by shelf waters to increase their sea surface temperature
(Krepper and Bianchi, 1982; Scasso and Piola, 1988; Rivas, 2010; Rivas
and Pisoni, 2010).

4.7.1. Insitu water temperature measurements

In order to obtain in situ water temperature measurements from the
northern area of SMG, average daily water temperature was recorded in
situ in the water column at El Sotano (40°57.3'S, 65°6.5'W), Northern
SMG (7 April 2016 through 28 April 2017) (Fig. 1). The data logger

(OpticStowAway-Tidbit (°C) OnSet + 0.20 °C) was set to six-hour in-
tervals and fixed to a submerged anchor at 4-13 m depths, depending
on the seawater level.

5. Results
5.1. Shell dating

Radiocarbon dates were performed with two different dating tech-
niques according to what was available: Liquid Scintillation
Spectrometry (LSS) and Accelerator Mass Spectrometry (AMS). The
studied shells corresponded all to Late Holocene and one from modem
times, less than 3900 years old (Table 1). In addition, we also analysed
shells from Late Pleistocene outcrops. Different species of bivalves from
these deposits have been dated by ESR (Rutter et al., 1990) (Section 4.3,
Table 1).

5.2. Shell preservation - Confocal Raman Microscopy

By means of the Raman microscopy, we were able to identify the
mineral composition of the A. purpurata shells studied. The Raman
spectra showed the characteristic peaks of aragonite (around 206 and
1085 cm L. Fig. 5) but no peaks for other carbonate types; i.e., shells
were composed of the original aragonite of the shells only without any
sign of re-crystallization of calcium carbonate induced by early diag-
enesis.

5.3. Stable oxygen isotope analysis (820, and 8°C,,,) in shell
carbonate

The 8180 ii profiles from all shells show a saw-tooth shape (Fig. 6).
This oscillating pattern is clearly visible in most of the ontogenetic
years sampled but has a different range of amplitude and periodicity,
depending also on the specific sampling resolution (per year and in
total), the number of ontogenetic years sampled and the stable isotope
ratio of the shell carbonate in each of the shells analysed (Table 1). The
modem shell, M726, shows a 8®0Ogheii value range from — 1.10%o to
+ 0.86%o0. The Holocene shells amplitudes vary from -0.64%0 to
+1.41%o0, while the Pleistocene 30| values range from - 1.99%o0 to
+ 1.12%o0 (Fig. 7) (Table 1, column 7).
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Fig. 5. A, Raman spectrum of the shell P285 showing the characteristic peaks of aragonite at around 206 cm " (highlighted by grey bar) and 1085 cm "1 B, CRM
scan of the umbonal area of P285 showing the annual growth pattern. C, CRM scan of shell aragonite towards the ventral margin (below) where both layers can be

seen.

The 8'80;heii oscillations coincide with the seasonal banding pattern
of the shell, where the highest values of 8180, correspond to light
rings or winter rings, while the lowest values of 8180 u correspond to
dark rings or summer rings. The seasonal amplitudes differ by geolo-
gical age (ANOVA p <0.0001; F =9.79).

The intra-annual range of S'®0 (A8'80) is quite variable among all
shells, with the widest delta observed in a Pleistocene shell (Pl 143)
(A880,,i4, = 2.26%0), followed by the modern shell (M726)
(A3®0,,726 =  1.96%0) and a Holocene shell (H311)

(AB80h3h = 1.93%0) (Table 1, column 9). The Holocene shell H613
shows the lowest seasonality (A8sOh613 = 1.25%0) (Table 1, column
9).

The 8%3C profiles show a smoother oscillating pattern. The modern
shell M726 shows a 89C value range from -6.34%o0 to +1.80%o.
Minimum and maximum S"C values are — 1.18%0 and + 3.19%o in
Holocene shells, and - 3.53%o0 to + 2.28%o in P leistocene shells (Figs. 6
and 7) (Table 1, column 8).

The intra-annual range values of 813C (A8'3C) are variable among
all shells, where the widest delta is observed also in the Pleistocene
shell Pl 143 (A83Cpn43 = 3.39%o0), followed by another Pleistocene
shell (P1204) (A8'Cp,,04 = 2.92%0) (Table 1, column 10). Again, the
Holocene shell H613 shows the lowest intra-annual delta values of 813C
of the Quaternary (A8%3C,,, = 0.23%o0) (Table 1, column 10).

5.4. Stable oxygen isotope analysis (30,,) in water samples

The 88Qy,, values (vs. VSMOW) of the bottom water samples from
Punta Villarino (40°51'S, 64°44.5'W, star symbol in Fig. 1) varied be-
tween + 0.23%0 and + 0.27%o0 with a mean value of +0.25%0. The
water sample taken on summer (February) gave a value of
3180, = +0.27%o0, the one taken on early autumn (March) gave a
value of 880, = +0.23%o0, and the sample taken on winter (August)
gave a value of 880, = +0.24%o0. These values are the first mea-
surements of 3'8Qy,, from bottom waters of the San Matias Gulf, NW
Patagonia Argentina.

5.5. Water chemistry data (S'®0,,) by the global gridded data set

We obtained seawater 8'Qg,, data from the global gridded data set
of LeGrande and Schmidt (2006) by using the software Panoply v.4.2.0
(Schmunk, 2017) in order to evaluate the precision of the values ob-
tained by both methods: in situ water sampling (Section 4.6;
a%0gw = + 0.25%0) and using software Panoply (Section 4.7.2). The
global gridded data set shows that the regional 880, /salinity slope is
— 0.4%0 psu — 1, see also the corresponding NASA website, n.d.
(http://data.qgiss.nasa.gov/ol8data;Schmidt et al., 1999). This value
should be taken as hypothetical since SMG has special water dynamics
(Section 2). Moreover, there are no actual measurements published
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before for this area of Patagonia Argentina.

5.6. Absolute palaecowater temperatures

Water temperatures inferred from 8'80;heii differ significantly be-
tween Holocene and Modern times (ANOVA p < 0.0001; F = 9.556).
Tukey's pairwise comparisons showed that Modern reconstructed pa-
laeotemperature variance was significantly different from the Holocene
ones except for H688 (2346-2092 yr B.P.). However, shell H688
showed differences with H438 (2351-2182 yr B.P.; p = 0.017) and
H362 (2286-2134 yr B.P.; p = 0.001) (Fig. 8). These comparisons are
only valid if the oxygen isotopic composition of seawater remained
(relatively) unchanged.

In order to compare seasonality signals recorded in each shell from
the late Quaternary (A8!%Ogheii), we calculated the difference between

the maximum (880gh,ii max) and minimum (8O, min) oxygen iso-
tope values (Table 1).

5.7. In situ water temperature measurements

Average monthly water temperature was recorded in situ in the
water column at Northern SMG (40°57.3'S, 65°6.5'W) from early April
(2016) through late April (2017) (Fig. 9). Seawater temperature de-
scribed an annual cycle with a minimum value of 10.3 °C registered at
the end of July and a maximum value of 21.1 °C registered on late
February.

6. Discussion

The main aim of this study is to establish whether A. purpurata



S. Bayer, et al.

A

20 P1143 (>83200 yr B.P.)

_dg S0 _LoQq

M

& VW Vyzwwlw\ 45

20 P1204 (>1070000- 910%0 yrB.P)

(%o VPDB)
(4, o

-20 samples

Palaeogeography, Palaeoclimatology, Palaeoecology 560 (2020) 110012

B
e P285 (42500 +/- 100 yr B.P)

150 Q 00-Q PO T
o Q e S "o,a

-0.5

-1.0 samples
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Open circles correspond to carbon isotope values.

qualifies as a reliable new palaeoarchive of past (Holocene) marine
conditions in South America. For this purpose, a total of eleven shell
specimens from different geological times (covering the Pleistocene to
modem times) were geochemically (80, n) analysed if seasonal en-
vironmental signals are preserved within the shell carbonate of this
species. The seasonal colouration pattern within the shell carbonate,
the reconstruction of past water temperatures from the shell carbonate
as well as future applications for A. purpurata shells are discussed
below. However, we will refrain from discussing the carbon isotope
profiles/data (813Csh,n)> # carbon isotopes in bivalve shell carbonates
are hardly understood and have not been calibrated successfully in any
species so far.

6.1. Seasonal periodicities within modem and fossil shell carbonates of A.
purpurata

As observed by Morsan and Orensanz (2004), the external part of
the shell of the modem specimen (M726) showed an alternation of dark
purple and light pink bands. By using thin- and cross-sections of the
modem specimen, an alternation of dark and light bands within the
shell carbonate can be observed. Morsan and Orensanz (2004) con-
cluded that these external growth rings corresponded with the internal
banding and that external and internal patterns matched in their peri-
odicity. Our S"®Ogheii profiles prove that the periodicity is annual and
corresponds to the seasonal variations in water temperature at the SMG
(Morsan and Orensanz, 2004). In this study, we also show that also the
oxygen isotope profile of the modern specimen (M726) exhibits a well-
defined oscillation pattern (cf., Fig. 6). Here, highest values of 8'sOgheii
correspond to light rings and lowest values to dark rings. We therefore,
conclude that in A. purpurata the light rings correspond to winter rings
and dark rings to summer rings. Assessment of accretion frequencies is a
required step in age and growth studies (Beamish and McFarlane, 1983;
Campana, 2001). This finding is of utmost importance when studying
the fossil shells in which shell colouration (which is usually bound to
organics within the shell carbonate) is not preserved. Purple and pink
rings on the outside of the shell are no longer visible in fossil shells.
Instead, the dark and light rings seen in thin- and cross-sections helped
to distinguish between summer and winter (carbonate) portions of the

shell.

Moreover, all ten fossil A. purpurata shells (Holocene and
Pleistocene) showed a periodic cyclicity in their 80, profiles
(Figs. 6 and 7). Highest values of 8180, correspond to light rings
whereas lowest values correspond to dark rings within the shell car-
bonate. We therefore conclude that a seasonal environmental signal is
preserved within the fossil A. purpurata shells from SMG.

6.2. Modem water temperatures and S0, profiles of A. purpurata

The NW coast of the SMG is not directly exposed to the cold
Malvinas Current, and therefore, the mean SST (15 °C) is distinguish-
ably higher than the SST of the open ocean (Rivas, 2010). In a nine-year
observational study by Morsan and Kroeck (2005), a clear and pro-
nounced seasonal cyclicity in SST was observed for the NW coast of the
SMG. Maximum water temperatures of 22.5 °C were recorded in mid-
summer (January) while, minimum water temperatures of 6.0 °C were
recorded in mid-winter (August). In situ measurements using a data
logger at the study area for the time from early April 2016 to late April
2017, measured in this study, showed that bottom water temperatures
vary between 9.5 and 21.0 °C (Section 5.7; Fig. 9) giving an amplitude
of 11.5 °C.

In comparison, the reconstructed water temperature amplitude from
the modem A. purpurata shell (9 °C) was smaller than the one measured
in situ by the data logger. Furthermore, reconstructed minimum (16 °C)
and maximum (25 °C) water temperatures both were considerably
higher (Fig. 8). Considering the comparison of modern water tem-
peratures (shell vs. water) as well as the reconstruction based on fossil
shells there is a list of issues which might play a role and have to be
taken into consideration: (1) it is possible, based on the available data
so far, that the 8'80,, .n values are slightly off equilibrium precipitation,
however, given the uncertainties we cannot fully exclude the possibility
that it is in equilibrium precipitation with the surrounding water.
Physiology is a factor that controls the mode of how environmental
changes are recorded in the shell (Schone, 2008). Chemical composi-
tion of the carbonate secreting fluid is modified by metabolic processes
and thus, the biogenic hard tissues. Although this has been observed in
some bivalve species (e.g., Epstein et al., 1953; Crippa et al., 2016;
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Fig. 8. Palaeowater-temperatures estimated by the paleotemperature equation for aragonite shells (Grossman and Ku, 1986) of one modern and six Holocene

specimens.

Rubo et al., 2018) it does not necessarily exclude A. purpurata from
being a suitable palaeoarchive in the future (Hickson et al., 1999;
Gordillo et al., 2015). (2) Due to very limited data, seasonal variations
in salinity, which have to be expected, could not be considered when
calculating water temperatures from shell carbonate. One average
value, based on our in situ measurements (Section 5.4) has been cal-
culated and used for all 380, values. It has to be expected that there
is a certain variability by this. (3) The in situ bottom water tempera-
tures cover a one-year period (Fig. 9) and due to the unknown precise
date of death in the modern shell (M726) we cannot say if the time
periods compared here coincide. Also, the location of the in situ water
measurements might not precisely represent the exact place the modern
shell specimen lived in and it might therefore have experienced a
slightly different temperature range. (4) Calcium carbonate of the shells
precipitates at higher rates during spring and summer. A consistent

10

sampling like the one we applied here (milling, cf., Section 4.5) will
have the effect that every shell sample taken will represent a slightly
different time interval (ranging approximately from days (fast shell
growth) to maybe even months (slow shell growth). T herefore, summer
temperatures might be over-represented, while the thinner shell portion
precipitated in winter (thin white rings, Fig. 2) is relatively under-re-
presented in the data. Following from this it should be stated that
samples representing summer values might have a much higher re-
solution (e.g., daily) than monthly (to which they are compared) and
which might explain the higher summer values observed. If daily in-
crements in A. purpurata were continuously visible throughout the inner
shell growth pattern it would be possible to correct for this temporal
shift (e.g., by following the method describe in Schone et al. (2005c) for
Arctica islandica). Unfortunately, this is to date and with the methods
available not possible yet. (5) The elevated minimum values within A.
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purpurata might very likely be explained by the fact that many shells do
not precipitate shell carbonate throughout the entire year. In autumn or
winter many bivalve species stop their growth e.g., due to reproduction,
food availability or cold temperatures. This has also been reported for
other species within the SMG, such as Panopea abbreviata and Ostrea
puelchana (Morsan et al., 2010; Doldan et al., 2018).

Finally, it is important to mention that an in situ 30, value for
the SMG was of great significance since this gulf has its own special
water dynamic, which differs from the open ocean (cf., Section 2) and
shows little variation throughout the year. Such a value (3'¥0,) had
not been reported before and therefore a reconstruction using stable
oxygen isotopes (3'80gheii) would have relied on an interpolated value
derived from the global gridded data set (cf., Section 5.5), which in this
example and location would have led to very differing values and re-
sults. Future studies should take this into consideration and try to
measure values over a longer time period (i.e., an entire year) at the
exact location the corresponding mollusc population was located.

6.3. Palaeowater temperatures

Palaeotemperature values calculated from Late Holocene shells
showed great variability within this geological period (Section 5.6,
Fig. 8). Assuming that the seawater oxygen isotope composition has
remained constant or with minor change over the Late Holocene, it was
possible to estimate seawater temperatures for the period
4000-400 yr B.P. (Fig. 8). The 8!8Qgheii profiles of the Late Holocene
shells resemble the cyclic pattern found in the modem shell but cor-
respond to different temperature ranges, i.e., maximum and minimum
temperatures recorded by the shells differ between epochs (Fig. 8). In
general, calculated temperatures for the Late Holocene showed sig-
nificant differences when compared to the modern shell, which showed
lower mean temperatures when compared to the modern shell
(—18-19 °C and — 21 °C, respectively). Even if those values coincide
with the cooler temperature pulses interpreted by other authors in
Patagonia during the Late Holocene (Schabitz, 1994; Villalba, 1994,
Meyer and Wagner, 2008; Boretto et al., 2013; Strelin et al., 2014) we
would be very careful to derive such an interpretation from single shell
specimens each representing a slice of a few years, within an interval of
a few hundred years. It however very much justifies future studies
focussing in more detail at specific time intervals in the past using A.
purpurata as an archive. When looking at a single specimen, re-
presenting an entire time interval within the Holocene it should also be
mentioned that, to some degree, the observed differences could also be
due to differences in the microhabitat (Hallmann et al., 2008). This is
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due to the fact that the SMG is characterized by a complex geomor-
phology and water dynamics, which also changed during the Late Ho-
locene (cf., Section 2.2).

The reconstruction of palacowater temperatures is subject to a list of
assumptions and limitations, which have, prior to such a calculation, to
be evaluated very carefully (cf., list of issues above). In lack of a robust
and trustworthy 30w value for that time period we did not calculate
absolute water temperatures for the Pleistocene specimens. However, it
is worth noting that 3'Q,,,, profiles of the Pleistocene shells also
showed a similar cyclic pattern (Fig. 7), as observed in the modern and
the Late Holocene shells. The Pleistocene shell Pl 143 showed the
widest intra-annual range observed in the late Pleistocene as well as in
the late Quaternary of the study area (A80p,,, = 2.26%0). We
therefore conclude, that the late Pleistocene shells showed a pro-
nounced seasonality pattern, but with lower minimum values.

6.4. Future perspectives

The northwestern coast of SMG, and San Antonio Bay in particular,
shows a complex dynamic. Depending on the exact location of a shell
specimen or a population, environmental parameters will vary not only
spatially but also seasonally (phytoplankton community structure,
pigment composition, coloured dissolved organic matter, among others;
Williams et al., 2013). The shells of A. purpurata might hold the key to
deciphering past environmental changes by studying and comparing
modem and fossil specimens as well as in situ environmental condi-
tions. We are confident that based on the findings of this study, A.
purpurata is a promising archive for (spatial and temporal) environ-
mental reconstructions. Future studies must consider a higher number
of specimens and in particular more stable isotope analyses (8'8Ogh,ii)
in modem shells from different microenvironments within SMG. Also,
evaporation might be an effect that needs to be taken into account in
future studies. However, more evaporation in summer would lead to
more positive 3'%Ogheii values and therefore colder reconstructed tem-
peratures, which is not what we see in our modem shell. Also, in the
fossil shells (Pleistocene and Holocene) we can identify the summer
rings (dark rings seen in thin- and cross-sections of the shell) and even
those recorded warmer temperatures. A more detailed look into the
stable isotope analyses in Holocene shells will then be needed in order
to distinguish if environmental changes are more likely to occur due to
local variations or global climate changes and which time scale these
changes occur. Some environmental events during the Late Holocene,
such as temperature variability, were reported for Patagonia: Neogla-
cial pulses, the Medieval Warm Period and the Little Ice Age (Schabitz,
1994; Villalba, 1994; Iriondo and Garcia, 1993; Cioccale, 1999;
Prevosti et al., 2004; Meyer and Wagner, 2008; Boretto et al., 2013;
Strelin et al., 2014; among others). All these climatic changes registered
by different archives (pollen, tree-rings, glacial records, aeolian de-
posits, fossil soils, biogeographic records, etc.) were interpreted as
variations in temperature, humidity as well as rainfall frequency.

7. Conclusions

We analysed a total of eleven A. purpurata shells from San Matfas
Gulf (SMG) for their potential as a new palaeoenvironmental archive
for the Southern Hemisphere. All shells have been dated (AMS, LSS and
ESR) demonstrating that they cover the range from the Late Pleistocene
to today. Before applying any oxygen isotope analysis (88Q|ii) all
shells were checked for diagenetic alterations using CRM prior to
oxygen isotope analysis.

« Shells from all epochs (Late Pleistocene, Late Holocene and modem)
show similar cyclic annual 8'®Qgheii patterns, which are caused by
varying seasonal environmental conditions.

+ Oxygen isotope values from in situ water samples (320,
lowed us to perform a calibration of the A. purpurata archive

) al-
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(comparison to the modern specimen) and the first careful re-
construction of palaeotemperatures, based on fossil A. purpurata
shells, for the SMG.

* The modem shell calibration showed similar temperature values to
not than the in situ water temperature measurements. The inter-
pretation of palacotemperatures is still challenging but could be
highly improved in future studies by looking at more shell speci-
mens for one particular time interval (i.e., enabling the reproduci-
bility of results and values).

Based on these findings, we propose that A. purpurata offers a new
palaeoarchive of past marine conditions for the northwestern coasts of
Patagonia, Argentina, one that deserves more attention in future stu-
dies. However, special care must be taken with assessments based on a
single specimen, especially if representing the conditions of broad time
intervals within the Holocene. Observed variations may potentially
reflect a variety of non/climatic differences such as microhabitats, and
the complex geomorphology and water dynamics in the SMG, which
themselves changed during the Holocene. Future studies with more
shell specimens per time interval will help to exclude some of these
uncertainties and improve our overall understanding of the region and
this new palaeoarchive.
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