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A B S T R A C T

The Patagonian Sea in the SW Atlantic is one of the most productive marine ecosystems worldwide. Besides its
economic relevance, this shelf sea serves as a major sink for atmospheric CO2 and thus plays a major role in
global climate. Despite that, the marine climate dynamics in that region remain barely known. Instrumental
records only cover the last 30 years or so and high-resolution climate archives are currently not available. Here,
we explore the possibility to obtain seasonally to inter-annually resolved paleotemperature data from shells of
the bivalve mollusk, Leukoma antiqua collected alive from the shallow subtidal zone of the San Jorge Gulf.
Results demonstrate that this species grows during summer and – at least at slow rate – during winter at this
locality and records nearly the full seasonal temperature amplitude (monthly averages) in the form of δ18Oshell.
Furthermore, isotope-based climate reconstructions will be limited to the first 15 years of life, because growth
rates are sharply reduced afterward which aggravates sampling. The oldest studied specimen attained an age of
34 years. Annual, fortnightly and lunar daily increments can potentially be used to determine the timing and rate
of seasonal shell growth and help placing the shell record into precise temporal context. However, due to in-
terferences with the shell microstructure, sub-annual growth patterns were only occasionally well developed. In
this study, the temporal alignment of the growth record was therefore largely achieved by forcing Tδ18O to match
the shape of the instrumental temperature curve. In some years it was possible to validate such temporal
alignments with fortnight increments. Shell growth rate is strongly linked to primary production which attains a
maximum in spring. For yet unexplained reasons, shell formation occurs with an offset of almost −1‰
(−0.9 ± 0.3‰) from expected oxygen isotopic equilibrium with the ambient water. When this offset is adjusted
for, δ18Oshell can be used to compute past water temperature. Given the individual variability regarding δ18Oshell,
it is advised to study a sufficient number coeval specimens to obtain more reliable information on the seasonal
temperature range. Presumably, the overall life history and the isotopic offset is similar for L. antiqua specimens
at other localities in southern South America. Since L. antiqua not only dominates modern nearshore benthic
assemblages, but also occurs abundantly in Quaternary deposits along the Argentine Patagonian coast, this
species can significantly contribute to a better understanding of natural baseline conditions and past climate
dynamics in southern South America.

1. Introduction

The Patagonian Sea in the SW Atlantic Ocean is one of the most
productive marine ecosystems and one of the largest continental shelves
(e.g., Longhurst et al., 1995; Carreto et al., 2007; Fernández et al.,
2007; Dogliotti et al., 2014; Paparazzo et al., 2017; Fig. 1). Besides its

economic relevance, this region serves as a major sink for atmospheric
CO2 with one of the highest uptake rates (Bianchi et al., 2005, 2009;
Kahl et al., 2017; Orselli et al., 2018). Primary production in the Pa-
tagonian Sea is particularly strong near the numerous oceanic fronts at
which water masses of different properties meet (Acha et al., 2004).
From West to East, Carreto et al. (1995) distinguishes (1) the coastal
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regime (comprising the upper 30 to 50m) that is well mixed throughout
the year by strong semidiurnal macrotides and westerly winds, (2) the
tidal front, (3) the subantarctic shelf waters system which is stratified
between spring and fall, and (4) the thermohaline shelf-break front that
separates the shelf waters from the cooler, more saline and nutrient-rich
Malvinas/Falkland Current (Kahl et al., 2017). Patagonian shelf waters
mainly derive from the Cape Horn Current (Bianchi et al., 2005, Fig. 1),
i.e., subantarctic waters that move around the southern tip of South
America in eastward direction largely driven by the Westerlies. The
West Wind Drift belt, in turn, is meridionally modulated by the
Southern Annual Mode (also known as Antarctic Oscillation) which
exhibits a statistically significant quasi-decadal variability of 8 to
16 years (Yuan and Yonekura, 2011). A poleward shift (= positive
Southern Annual Mode) of the West Wind Drift belt results in increased
poleward heat transport and increased kinetic energy of the ocean
currents. In addition, deeper waters of the Malvinas Current upwell
through the Le Maire Strait onto the Patagonian shelf and are then
advected northward by westerly winds (Matano et al., 2010; Fig. 1).
Relatively fresh waters enter the Patagonian Shelf from the Magellan
Straits (Bogazzi et al., 2005; Lucas et al., 2005; Palma and Matano,
2012). The extension of the so-called Magellan Plume (Fig. 1) can be
traced as far north as 42°S. However, near the southern tip of the San
Jorge Gulf (ca. 47°S) the lower salinity waters are deflected offshore
and separated from subantarctic waters by the Southern Patagonian
Frontal System (Bogazzi et al., 2005). Therefore, the majority of the San
Jorge Gulf (Fig. 1) and coastal areas further north are dominated today
by subantarctic waters with a fairly stable salinity.

Knowledge of the complex oceanography of the Patagonian Shelf
has benefitted a lot from remote sensing, direct measurements of water
properties during research cruises, data collected at meteorological
stations, and numerical simulations. However, the seasonal to inter-
annual marine climate variability prior to the short instrumental era
(30 years; Garreaud et al., 2013) remains largely unknown, because
high-resolution marine proxy data are currently not available. Such
data are required to constrain the natural baseline conditions, place
ongoing changes in the area into a broader historical context and pre-
dict possible future changes. Shells of bivalves and gastropods can po-
tentially provide respective paleoclimate data. However, only very few
sclerochronological studies were conducted in southern South America,
mainly along the coasts of Peru and Chile (Lazareth et al., 2006;

Thébault et al., 2008; Gosselin et al., 2013) and the Beagle Channel
(limpets: Colonese et al., 2012), but to our best knowledge only once on
the Patagonian Shelf (Yan et al., 2012).

Here, we explore the possibility to obtain highly resolved tem-
perature data from a combined analysis of shell growth patterns and
stable oxygen isotope signatures of the shallow infaunal bivalve mol-
lusk, Leukoma antiqua (King, 1832), previously assigned to the now-
unaccepted genus Protothaca. L. antiqua not only dominates benthic
faunal assemblages of modern nearshore (intertidal and shallow sub-
tidal) environments in the Atlantic and Pacific Oceans (Carcelles, 1950;
Carcelles and Williamson, 1951; Clasing et al., 1994; Rios, 1994; Urban
and Tesch, 1996; Reid and Osorio, 2000); it also occurs abundantly in
sedimentary strata along the Argentine Patagonian coast that formed
during past warm intervals, in particular, the Mid-Holocene as well as
MIS 5, 7, 9 and 11 (Feruglio, 1950; Aguirre, 2003; Aguirre et al., 2008,
2009, 2011; Schellmann and Radtke, 2007, 2010; Schellmann et al.,
2008). In the present study, we conducted a detailed analysis of the
timing and rate of shell formation of L. antiqua and investigated how
faithfully the oxygen isotope data of its shell record changes of ambient
water temperature. Through the use of multiple coeval specimens, we
also addressed reproducibility aspects.

2. Material and methods

On 6 April 2013, several dozen specimens of L. antiqua were col-
lected alive at low tide by apnea diving in ca. 3 m water depth in the
shallow subtidal ESE of Caleta Olivia, Argentina (Golfo San Jorge;
46°29′23.10″S, 67°28′28.61″W; WGS84 datum; locality name: diving
school “Cadace”, Fig. 1). Bivalves were eviscerated immediately after
collection and rinsed with seawater. At the same site, water samples
were taken (in ca. 1 water depth) in 30ml glass vials for the analysis of
salinity (determined with a Schott handylab pH/LF12) and the stable
oxygen isotope value of the water (δ18Owater) (Table 1).

2.1. Shell collection and preparation

Seventeen bivalves were arbitrarily chosen for subsequent analysis
(Table 2). One valve of each specimen (again, arbitrarily left or right
valves were chosen) was mounted on a Plexiglas cube with fast-curing
plastic welder. To protect the shell during cutting, the inner and outer

Fig. 1. Map showing localities at which living spe-
cimens of Leukoma antiqua were collected for the
present study (A; sample ID= 2013-PAT3; see also
Fig. 2) and for a previous study by Schellmann and
Radtke (2007) (B). Major currents of the Patagonian
shelf (grey) largely derive from the Cape Horn Cur-
rent. The western boundary current (Malvinas/
Falkland Current), a branch of the Antarctic Cir-
cumpolar Current, is depicted in purple. Waters from
the latter flow as bottom currents (thin purple line)
onto the Patagonian shelf and upwell through the Le
Maire Strait. Fresher waters (Magellan Plume, green)
deriving from the Magellan Strait (MS) are diluted as
they move northward. At the southern tip of the San
Jorge Gulf, the remainders of these waters are de-
flected offshore and can be traced up to ca. 42°S
(references see Section 1). Origin of the map: gridded
bathymetry data (“GEBCO 30 arc-second global grid
of elevations”) from the website www.gebco.net.
Configuration of currents based on Matano et al.
(2010). (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)
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shell surface was covered with a ca. 1 cm broad stripe of epoxy resin
along the axis of maximum growth. Along that axis, two ca. 2 to 3mm-
broad slabs were cut with a low-speed precision saw (Buehler Isomet
1000). These thick-sections were mounted on glass slides with epoxy
resin, and the surface was ground with F800 and F1200 SiC grit powder
on glass plates and then polished with 1 μm Al2O3 powder on a Buehler
VerduTex cloth.

2.2. Growth pattern analysis

For growth pattern analysis, one polished cross-section was im-
mersed in Mutvei's solution for 25min (Schöne et al., 2005a). Stained
sections were studied under a Wild Heerbrugg M8 stereomicroscope
using sectoral dark field illumination (Schott VisiLED MC 1000; re-
flected light). Narrow growth patterns were investigated with a fluor-
escence light microscope (Zeiss AxioImager.A1m stereomicroscope,
HBO 100 mercury lamp producing UV light, Zeiss filter set 18 with
excitation and emission wavelengths of 390–420 nm (bandpass) and
450 nm (long pass), respectively; reflected light). Digital photographs
were taken with a Canon EOS 600D camera. Growth increment widths
(= distances between adjoining growth lines) were determined with an
in-house image processing software, Panopea (Peinl and Schöne).

2.3. Sampling for stable isotopes of the shells

For the analysis of stable oxygen and carbon isotope values of the
shells (δ18Oshell, δ13Cshell), a total of 255 powder samples were obtained
from the outer sublayer of the outer shell layer (oOSL; ventral margin
record; see Fig. 4A+B) of polished, unstained cross-sections of nine
specimens (Table 2). In seven additional specimens, one sample was
taken directly at the ventral margin to determine the isotopic compo-
sition of the last formed shell portion (Table 2). Note that in three of the
nine other shells, one sample also covered the shell portion formed
during ca. the last month of life.

According to XRD and Raman spectroscopic analyses of arbitrarily
selected shell portions, the shells consisted entirely of aragonite; this
information is relevant to choose the proper paleothermometry equa-
tion (see Section 2.4). Since the major goal of using stable isotope va-
lues was to determine whether the shells were precipitated in oxygen
isotopic equilibrium with ambient water, only the last few (on average,
five) years of growth were sampled. The ten so-called ‘ventral margin
samples’ (see above) were used to double-check these results (Table 2).

In the majority of annual increments, shell carbonate powder was
obtained by drilling holes in the oOSL with a conical SiC drill bit
(300 μm diameter at the tip; Komet/Gebr. Brasseler GmbH & Co. KG,
model no. H52 104 003). In slow-growing, ontogenetically older shell
portions, high-resolution micromilling was applied to the last 3 to 5mm
near the ventral margin using a cylindrical, diamond-coated burr (1mm
diameter; model no. 835 104 010; for a graphic representation of the
sampling technique see Fig. 12 in Schöne, 2008). Prior to sampling, the
ventral margin was physically cleaned with abrasive paper or a dental
burr to ensure that no contaminants were left. Then, shell powder was
micromilled from the oOSL, guided by the shape of the growth lines.
Each sample swath measured, on average, ca. 100 μm in width.

2.4. Stable isotope analysis

Stable oxygen isotopes of the water and shells were determined with
a Thermo Fisher MAT 253 continuous-flow – isotope ratio mass spec-
trometer coupled to a GasBench II at the Institute of Geosciences,
University of Mainz. For δ18Owater analysis, water samples were pro-
cessed using the equilibration method. For this purpose, 12ml bor-
osilicate exetainers were flushfilled with a mixture of 0.3 vol% CO2 in
He and loaded with 0.5 ml of water sample. Samples were equilibrated
at 25 °C for 24 h. V-GISP2, V-SMOW2 and V-SLAP2 were used for ca-
libration. Accuracy and average internal precision (Table 1) were better
than 0.10‰ and 0.04‰, respectively.

Shell aragonite samples (39–120 μg, n=293) were dissolved for 2 h
in water-free phosphoric acid at 72 °C in He-flushed borosilicate ex-
etainers. Data were calibrated against an in-house Carrara Marble
standard (δ18O=−1.91‰; δ13C=+2.01‰). Accuracy (external
precision) based on 421 blindly measured NBS-19 samples was better
than 0.04‰ and 0.03‰, for δ18O and δ13C, respectively. The average
internal precision of the samples (computed from eight injections per

Table 1
Stable oxygen isotope (average and 1 σ internal precision error) and salinity
data of water samples collected in the study area.

Locality ID Date Locality Lon/Lat δ18Owater (‰) Salinity
(PSU)

PAT3 26
January
2012

Cadace,
Caleta
Olivia

46°29′23.10″S,
67°28′28.61″W

−0.51 ± 0.08

PAT3 12
March
2012

Cadace,
Caleta
Olivia

46°24′25.75″S,
67°20′40.44″W

−0.41 ± 0.06,
−0.48 ± 0.07

PAT3 6 April
2013

Cadace,
Caleta
Olivia

46°29′23.10″S,
67°28′28.61″W

−0.57 ± 0.03,
−0.40 ± 0.02

33

PAT10 8 April
2013

Puerto
Deseado

47°45′23.69″S,
65°53′27.95″W

−0.69 ± 0.04,
−0.61 ± 0.03

32.6

PAT12 8 April
2013

Cañadon
del Indio
W Puerto
Deseado

47°44′47.06″S,
65°58′9.71″W

−0.59 ± 0.03,
−0.58 ± 0.03

32.9

PAT13 8 April
2013

Cañadon
del Indio

47°44′31.60″S,
65°58′21.44″W

−0.08 ± 0.04,
−0.12 ± 0.03

42.6

PAT14 9 April
2013

Rio
Deseado
at bridge

47°49′44.72″S,
66°35′36.50″W

−1.70 ± 0.05,
−1.62 ± 0.02

0.5

PAT15 9 April
2013

Ensenada
Ferrer

48°03′38.64″S,
65°57′38.92″W

−0.07 ± 0.08 33.1

PAT16 10 April
2013

Playa de
los
Caracoles

49°14′20.86″S,
67°40′02.73″W

−0.37 ± 0.06 32.5

The δ18Owater-salinity pairs were used along with selected GISS data to con-
struct the regional freshwater mixing line (Fig. 2) except for values influenced
by strong evaporation (PAT13 and PAT14). Coordinates are given in WGS
datum.

Table 2
List of shells of Leukoma antiqua used in this study.

Specimen ID:
2013-PAT3-…

Ontogenetic age
(yr)

# δ18Oshell Purpose δ18Oshell (‰) at vm

A1L 5 24 so
A2L 5 23 so
A3L 10
A4L 7 1 vm −0.64 ± 0.05
A9L 8 18 so
A13R 34 1 vm −0.38 ± 0.04
A14L 5 26 so, vm −0.86 ± 0.06
A15L 7 1 vm −0.41 ± 0.06
A19R 8 25 so, vm +0.30 ± 0.02
A20R 8 30 so
A21L 10 29 so, vm −0.81 ± 0.05
A26L 8 1 vm −0.81 ± 0.05
A29R 27 1 vm −0.69 ± 0.02
A33L 16 1 vm −0.37 ± 0.03
A34L 6 40 so
A35L 6 40 so
A36L 12 1 vm −0.68 ± 0.06

All specimens were collected alive on 6 April 2013. Column “Purpose” informs
about the use of the isotope samples: so= identify seasonal oscillations, and
determine timing and rate of shell growth as well as isotopic offset from ex-
pected equilibrium with seawater; vm=ventral margin samples (covering ca.
last month of shell growth) were used as a second approach to determine the
isotopic offset. δ18Oshell averages and 1 σ internal precision errors are provided.
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analysis) was better than 0.04‰ and 0.03‰, for δ18Oshell and δ13Cshell,
respectively. For stable carbon isotope data, the interested reader is
referred to the Supplementary Data. Oxygen isotope values of the shells
were not adjusted for differences in acid fractionation factors of ara-
gonite (shells) and calcite (the Carrara Marble standard). For details see
Füllenbach et al. (2015).

To reconstruct water temperatures from δ18Oshell values, the pa-
leothermometry equation by Grossman and Ku (1986) with a PDB-
SMOW scale correction of −0.27‰ (Dettman et al., 1999) was em-
ployed.

= − × − −T 20.34 4.34 (δ O (δ O 0.27))δ O shell water
1818

18 (1)

For samples collected on 6 April 2013 at Cadace, we used the
average δ18Owater value measured at that time (−0.48‰). Potential
temporal changes of the δ18Owater signature were evaluated from sea-
sonal and inter-annual salinity changes at the collection site and the
regional freshwater mixing line. To determine the latter, water samples
were also taken at several other localities and times along the Argentine
Patagonian coast (Table 1). In addition, published δ18Owater vs. salinity
(S) pairs have been extracted from the NOAA Global Seawater Oxygen-
18 Database (GISS data set, available at https://data.giss.nasa.gov/
o18data/; last accessed on 4 October 2017; 54–70°W, 45–61.05°S,
upper 35m) and data reported by Daley et al. (2012) for precipitation
in Puntas Arenas (Chile) and Ushuaia (Tierra del Fuego, Argentina) to
further constrain the regional freshwater mixing line (Fig. 2). The re-
spective equation is as follows.

= × −δ O 0.2757 S 9.65water
18 (2)

2.5. Instrumental data

Daily sea surface temperature (SST; Fig. 3) data were obtained from
NOAA/ESRL/PSD from their webpage at www.esrl.noaa.gov (NOAA OI
SST V2 High Resolution Dataset; 0.25° spatial resolution; center of data
grid: 46°25′S, 67°25′W; Reynolds et al., 2007). Weekly resolved net
primary production data (Fig. 3) data came from LP DAAC (AQUA/
MODIS; 500m spatial resolution) from their website at https://modis.
ornl.gov/(center of data grid: 46°25′S, 67°25′W). Monthly resolved sea
surface salinity data (UKMO dataset; 1° spatial resolution; center of data
grid: 47°S, 67°W; Fig. 3) were downloaded from http://www.metoffice.

gov.uk.

3. Results

3.1. Shell growth patterns

In the outer shell layer of polished and Mutvei-immersed cross-
sections, major growth lines were observed (Fig. 4A–E), which com-
pared well to such reported by Lazareth et al. (2006). In ontogenetically
younger shell portions, these growth lines were often preceded by a
succession of sub-annual bundles of growth lines that merged into a
growth band which could easily be traced from the outer shell surface
to the myostracum (Fig. 4A). However, during later years of life, the
major growth lines became more and more distinct and were accom-
panied by a constriction on the outer shell surface (e.g., Fig. 4C+D).
Some less distinct growth lines sometimes occurred ca. half-way be-
tween such major growth lines; but they could not easily be traced from
the oOSL to the myostracum (see Fig. 4A). If the assumption holds true
that the distinct lines formed on an annual basis as in many other bi-
valve species, studied specimens were between 5 and 34 years old
(Table 2; Fig. 5). Note that the first (incomplete) annual increment at
the umbo (= portion between the beak and the first annual growth
line) was counted as year one, but the portion after the last annual
increment was not considered as a year (see also Fig. 5).

The distance between these major growth lines (= annual growth
increments) decreased exponentially (Figs. 4A and 5). At age 13 (2013-
PAT3-A13L; Fig. 4B and E) or 15 (2013-PAT3-A29), the direction of
shell growth changed abruptly by ca. 90° associated with a sharp de-
cline of the growth rate. Instead of growing in height, the shells con-
tinued to grow in thickness by adding narrow, ca. 50 to 200 μm broad
laminae forming a bulge at the ventral margin (Figs. 4B, E and 5).

In the oOSL of selected shell portions of a few specimens it was also
possible to observe higher order growth patterns (Fig. 4F–H). Appar-
ently, such shells were cut at an appropriate angle at which the shell
microstructure (nondenticular composite prismatic) did not cover mi-
crometer-scale growth patterns. Microgrowth increments reached
widths of up to ca. 85 μm. About half way between adjacent micro-
growth lines, a faint growth line was visible (Fig. 4G). Such growth
patterns are often observed in intertidal bivalves exposed to semi-
diurnal tides. Tentatively, these microgrowth patterns are thus referred

Fig. 2. Regional freshwater mixing line based on data (open circles) extracted from the GISS data set (spatial coverage: 45–61.05°S, 54–70°W, upper 35m), water
samples collected in this study (map with sample locality IDs; Table 1; excluding PAT13 and 14), and precipitation data reported in Daley et al. (2012). The
remainder of the GISS data set (worldwide coverage) is depicted in grey for comparison.
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to as ‘lunar daily increments’. The lunar daily increments were arranged
in bundles of alternating distinctness (Fig. 4F and H). Up to 22 of such
bundles were visible within the second annual increment in few spe-
cimens. The number of microgrowth increments in these bundles, i.e.,
14 to 15 (Fig. 4H), further supports the hypothesis that the micro-
growth increments represent lunar days and the bundles represent
fortnights. In general, the distance between the presumed fortnight
bundles gradually increased from about 200 μm immediately after the
major growth lines, abruptly reached a maximum of ca. 750 μm about
2/3 way after the growth line and then decreased sharply close to the
following major growth line. For later comparison with daily instru-
mental temperature data, we have exemplarily computed the average
(lunar) daily shell rate per fortnight cycle of the second year of growth
of specimen 2013-PAT3-A1L (Fig. 6). For this purpose, each fortnight
increment width was divided by 14.

3.2. Shell stable isotope data

Shell oxygen isotope profiles showed saw-tooth shaped variations
with an amplitude of up to 1.88‰ (specimen 2013-PAT3-A2L; Fig. 7).
Within one cycle and in the direction of growth, in the majority of
sampled shells, δ18Oshell values became gradually more negative,
reached a minimum and then changed quickly to more positive values
(Fig. 7). Major growth lines were typically located shortly after the most
negative δ18Oshell value of a cycle (Fig. 7) suggesting that these lines
formed on a periodic basis in late summer/early fall. This assumption is
further corroborated by the presence of a fully developed major growth
line followed by a fraction of a new annual increment directly at the
ventral margin of fast-growing, young individuals collected in early
April (Fig. 4A, C and D). The timing of the growth line formation can
therefore be narrowed down to approximately February/March. The
δ18Oshell values of powder samples taken from the last formed shell
portion (representing ca. the last month prior to death) of ten specimens
(Table 2) equaled, on average, −0.43 ± 0.40‰. The remaining 255
isotope samples, covering ca. the last five years, returned an average
δ18Oshell value of 0.17 ± 0.48‰ (1σ), and extreme values of −1.06‰

and 1.32‰.

3.3. Water temperature estimated from δ18Oshell and temporal alignment of
the growth record

At the time of collection (6 April 2013), the water at Cadace (lo-
cality ID 2013-PAT3) measured ca. 13 °C, had a salinity of ca. 33, and
δ18Owater value equaled, on average, −0.48 ± 0.16‰. This value is
based on two separate measurements of the same water sample
(Table 1). The propagated 1 σ error considers the accuracy of the mass
spectrometer for δ18Owater (± 0.10‰), the internal precision of the
water measurements (± 0.03‰ and±0.02‰, respectively; Table 1),
and the 1 σ variance of the mean of two measurements of the same
water sample (± 0.12‰). Water samples taken at the same locality in
January and March 2012 returned nearly identical values (Table 1).
Furthermore, as indicated by remotely sensed data, between
2008–April 2013 (= shell portions deposited during that time interval
were isotopically sampled in this study) salinity (and hence δ18Owater)
fluctuated only in a very narrow range of 33.06 and 33.72 (arithmetic
mean ± 1 σ=33.35 ± 0.16) (Fig. 3). Using the regional freshwater
mixing line (Fig. 2; Eq. (2)), this translates into an average δ18Owater

signature of −0.46 ± 0.04‰ and extreme values of −0.54 and
−0.35‰. These data also compare well to the modeled long-term
δ18Owater value in the study area (LeGrande and Schmidt, 2006). To
compute temperatures from the δ18Oshell values of the samples collected
at Cadace, we used the average δ18Owater value measured on 6 April
2013 and include the 1 σ variance of the δ18Owater values reconstructed
from salinity data (0.04‰) in the propagated 1 σ error, hence
−0.48 ± 0.17‰.

Using this δ18Owater value and Eq. (1), the seasonal δ18Oshell range of
1.88‰ (Section 3.2) translates into a temperature amplitude of
8.2 ± 0.7 °C (average ± 1 σ propagated error) which is nearly iden-
tical to the seasonal SSTinstr range between 2008 and 2013, i.e.,
7.8 ± 0.4 °C (average ± 1 σ error of the mean; based on monthly
data). Since, on average, ca. eight isotope samples were taken per an-
nual growth increment, comparison of Tδ18O with monthly SST is thus

Fig. 3. Remotely sensed environmental data at the sample locality. The temporal resolution is daily for sea surface temperature (SST), weekly (wk) for net primary
production and monthly for sea surface salinity. For details of the spatial coverages and data sources see Section 2.5.
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advised. Note that in Fig. 8, ca. monthly resolved Tδ18O were plotted on
top of the daily instrumental SST curve.

For the ten isotope samples from the ventral margin
(δ18Oshell =−0.53 ± 0.39‰; Table 2), we obtain a Tδ18O value of
19.7 ± 1.7 °C (average ± 1 σ propagated error: all errors listed earlier
in this section plus the precision errors of individual isotope measure-
ments and the 1 σ variance of the mean of the ten isotope samples). The
sampled shell portions presumably represent ca. the last month prior to
collection during which the average remotely sensed SST was
14.5 ± 0.7 °C (average ± 1 σ error of the mean; based on daily SST).
Hence, (ca. monthly) temperatures reconstructed from δ18Oshell values
at the ventral margin overestimated instrumental SST by 5.2 ± 1.7 °C
(average ± 1 σ propagated error). Note that the isotope data contains
one outlier. If this were removed, the Tδ18O value would be
20.0 ± 1.1 °C (δ18Oshell =−0.63 ± 0.26‰) and daily instrumental
SST would be overestimated by 5.5 ± 1.1 °C.

Temperatures were then computed from the remaining δ18Oshell

values (= those obtained by serial sampling), and the shell record
placed in temporal context (Fig. 8). To do so, the temperature proxy
data (Tδ18O) were so arranged that the shape of the daily instrumental
SST curve was best fitted. However, instrumental SST were consistently
overestimated by δ18Oshell-derived water temperatures by 3.8 ± 1.4 °C
(average ± 1 σ error of the mean). If shifted by this value, re-
constructed temperatures of the studied specimens agreed very well
with instrumental SST (Fig. 8). The majority of data points covered
spring and summer, fewer data occurred during the second half of the

year (Fig. 8).
Since the distance between the isotope samples is known (Fig. 7)

and the date of each sample can be obtained from the temporally
aligned Tδ18O (Fig. 8), it is also possible to compute daily growth rates
as an alternative approach to the microgrowth pattern analysis pre-
sented in Section 3.1 (Fig. 6). For this purpose, the distance between
sample spots was divided by the number of days that elapsed between
these sample spots. Exemplarily, Fig. 6 shows the reconstructed daily
growth curve of several years of growth for specimen 2013-PAT3-A2L.
Growth rates were slow (average daily increment width: 10–30 μm)
between April and September, increased sharply for about two months
(October and November, 65–85 μm/day) and then rapidly declined to
values between 5 and 10 μm per day (Fig. 6).

4. Discussion

In the study area, the San Jorge Gulf, this species L. antiqua grows
during summer and winter (Fig. 8) and can thus potentially provide
information on nearly the full seasonal temperature amplitude (at least
on the basis of monthly averages) and likely other environmental data.
However, some limitations occur. Firstly, due to reduced growth rates
in the cold season, sampling resolution needs to be sufficiently high in
respective shell portions to capture lowest winter temperatures. Sec-
ondly, the temporal alignment of the seasonal shell growth record can
be accomplished with fortnight increments, if the shells were cut
properly and microstructures do not interfere with growth patterns.

Fig. 4. Shell growth patterns of Leukoma antiqua. (A) Entire Mutvei-stained cross-section of specimen 2013-PAT3-A1L showing annual growth patterns. (B) Bulge at
ventral margin of specimen 2013-PAT3-A13R (immersed in Mutvei solution) resulting from inward growth. Note abrupt change in direction of growth (from growth
in height to growth in thickness). (C and D) At the time of collection on 6 April 2013, a fully developed annual growth line was present near the ventral margin and
some percent of a new annual growth increment (2013) had already formed. Polished sections of specimen 2013-PAT3-A35L and 2013-PAT3-A34L, respectively. (E)
Magnified portion of the ventral bulge of B. (F) Magnified portion of 2nd annual growth increment of specimen 2013-PAT3-A1L showing fortnightly growth patterns.
(G) Lunar daily increments in specimen 2013-PAT3-A1L. Presumably, the more distinct growth lines (black solid line) were deposited during low tide at daytime and
the faint lines (dashed) during low tide at night. (H) Fortnightly increments in an older shell portion of specimen 2013-PAT3-A13R. (A–F) reflected light, sectoral
dark-field illumination. (G and H) Mutvei-immersed sections studied under UV light; see Section 2.2 for details. Red circles= annual growth lines. Yellow cir-
cles= fortnightly increments (spring tides). Arrows=direction of growth. oOSL, iOSL= outer, inner portion of the outer shell layer; ISL= inner shell layer. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Sub-annual increments are only occasionally well developed. Thirdly,
isotope-based climate reconstructions will be limited to the first ca. 13
to 15 annual increments, because shell growth rate is sharply reduced
afterward (Figs. 4B+E and 5; bulge at the ventral margin, compare
Zolotarev, 1980) which greatly aggravates sampling. It is also not clear
if the timing and rate of seasonal shell growth remains the same after
this drop in growth rate and change in growth direction (from growth
in length to growth in thickness). Lastly, in contrast to the over-
whelming majority of other bivalves, this species does not form its shell

in oxygen isotopic equilibrium with the ambient water, but with a
negative offset of −0.9 ± 0.3‰. This deviation from expected equi-
librium exhibits some variability among specimens (resulting in a 1 σ
temperature error of± 1.4 °C), but remains fairly constant through
lifetime. Hence, with a sufficient number of specimens, this vital effect
can be mathematically eliminated from the isotope record (Fig. 8) and
paleotemperatures can be estimated from δ18Oshell of fossil specimens of
L. antiqua. The results of the present study (life history, isotopic offset)
are likely not limited to L. antiqua specimens in the San Jorge Gulf, but

Fig. 4. (continued)

Fig. 5. Cumulative growth curves of Leukoma antiqua. Also shown is the left valve (outer shell surface) of specimen 2013-PAT3-A4.
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would certainly also be valid for other populations of this species in the
Patagonian Sea and to fossil representatives of this species.

4.1. Oxygen isotopic disequilibrium in Leukoma

Multi-year temperature curves computed from δ18Oshell values of L.
antiqua overestimated instrumental temperatures by 3.8 °C. However,
as indicated by the 1 σ error (± 1.4 °C) of the mean, the oxygen iso-
topic offset from expected equilibrium with the ambient water differed
among specimens (Fig. 8). Microhabitat differences (i.e., changes in
salinity, δ18Owater etc.) can probably be excluded as an explanation,
because the specimens were collected at the same site (well-mixed
water column, relatively flat seabed) and within a limited area not

exceeding ca. 25m or so. The temporal alignment of the isotope data
could have contributed to the variability. Since sub-annual growth
patterns were challenging to study in this species, we have placed the
shell record into temporal context by aligning the isotope-derived
temperature data so that they matched the shape of the instrumental
temperature curve. Where available, the fortnight growth patterns were
used to validate this dating method, but in many annual increments, the
sub-annual growth patterns were not visible and thus, we could not
double-check the isotope-based dating method. Furthermore, it is pos-
sible that the isotopic offset is larger in some and smaller in other
specimens, i.e., individual differences occur.

According to the ventral margin samples of ten specimens (Table 2),
the isotopic offset was 1.4 °C larger than implied by the method above,

Fig. 6. Relation between lunar daily growth increment width (LDGI) of Leukoma antiqua and sea surface temperature (SST) and net primary production (NPP). SST
and NPP as in Fig. 3. Average LDGI per fortnight was independently computed from time elapsed between sample spots for shell oxygen isotopes (see Section 3.3;
blue curve; exemplarily, data from specimen 2013-PAT3-A1L are depicted; Fig. 8) and fortnightly increment widths (red curve; exemplarily, data from specimen
2013-PAT3-A2L are shown; Fig. 4F). Average LDGI per fortnight was computed from the time elapsed between sample spots for shell oxygen isotopes (blue curve;
specimen 2013-PAT3-A1L; Fig. 8) and fortnightly increment widths (red curve; specimen 2013-PAT3-A2L; Fig. 4F). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Stable isotope data of Leukoma antiqua. Y-axes reversed to facilitate comparison with other figures. (A) Specimen 2013-PAT3-A1L, (B) A2L, (C) A9L, (D) A14L,
(E) A19R, (F) A20R, (G) A21R, (H) A34L, (I) A35L. The propagated 1 σ error is± 0.06‰. Higher density of data points near the ventral margin results from higher
sampling resolution via milling instead of drilling. Direction of growth is to the right. Grey vertical bars denote annual growth lines.
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and likewise, the variance was higher, i.e., 5.2 ± 1.7 °C (and
5.5 ± 1.1 °C if the outlier were removed). Partly, this finding may be
explained be the lower number of samples (10 vs. 255), and therefore,
the offset value obtained by the multi-year method should be more
reliable. The large variance supports the interpretation that individual
differences exist regarding isotopic disequilibrium. In turn, the larger
offset value may result from different time-averaging. In some speci-
mens, the ventral margin samples may represent only a week or two of
growth, but more than a month in others. Due to the lack of well-de-
veloped daily increments in these shell portions, we are unable to
specify the time covered by these samples. Notably, during the last
month prior to death, daily instrumental SST fluctuated by 0.7 °C, and
this value further increases the more time is averaged.

Our study is not the first to report light stable isotope data of L.
antiqua (see Schellmann and Radtke, 2007), but we have presented the
first detailed sclerochronological calibration of this species and noticed
a significant shell oxygen isotope disequilibrium with seawater.
Schellmann and Radtke (2007) published oxygen isotope data of a L.
antiqua specimen collected alive at Bahía Vera N Camarones, ca.
200 km north of Caleta Olivia (Fig. 1). The δ18Oshell data given by these
authors ranged from −0.70 to +1.44‰ (N= 80) which is close to the
values obtained in the present study. Schellmann and Radtke (2007)
used the distinct seasonal δ18Oshell oscillations to estimate the ontoge-
netic age of the bivalve, but otherwise focused on the chronostrati-
graphy and geomorphology of the area. An interpretation of the stable
isotope data and comparison with environmental data or a description
of analytical details was therefore not provided. We can, however,
compute temperatures from their δ18Oshell data by considering the local
δ18Owater signature (−0.20 ± 0.06‰) at the study site of Schellmann
and Radtke (2007) which, in turn, can be inferred from monthly re-
solved remotely sensed sea surface salinity records (34.28 ± 0.05;
1980–2007; center of grid: 44°16′S, 65°13′W) and the freshwater
mixing line presented herein (Fig. 2; Eq. (2)). According to these cal-
culations, δ18Oshell-derived temperatures ranged between 12.1 °C and
21.4 °C and overestimated monthly instrumental SST (7.8 to 17.3 °C) by
4.3 °C and 4.1 °C, respectively, resulting in an average temperature
offset (4.2 °C) which is very near that identified in the present study
(3.8 ± 1.4 °C).

A negative offset from expected oxygen isotopic equilibrium with
seawater may be a common feature of the genus Leukoma. According to
Lazareth et al. (2005, 2008), L. thaca, a close relative of L. antiqua from
northern Chile and southern Peru likewise shows lower δ18Oshell values
than expected for equilibrium formation, and temperatures re-
constructed thereof consistently overestimated actual water tempera-
tures. These authors concluded that the shells were either not pre-
cipitated in oxygen isotopic equilibrium with the ambient water or the

seawater isotopic composition exhibited unrecognized local variations.
Note that the studies by Lazareth et al. (2005, 2008) were conference
contributions and no detailed information on the actual isotopic offset
was given.

For another close relative of L. antiqua, i.e., L. staminea from
northern California, Takesue and van Geen (2004) suggested shell
formation to occur in oxygen isotopic equilibrium. However, their in-
terpretation is not based on robust environmental data. Indeed, the
exact temperature and δ18Owater value at the site where the shells lived
was not available, but were merely inferred from salinity data. The
study locality, an intertidal flat, exhibited considerable seasonal and
inter-annual changes in salinity (25.8 to 36.7), and thus δ18Owater va-
lues computed thereof (−2.7 to +0.8‰). A more detailed analysis
would clearly be required to confirm their interpretation.

4.2. Oxygen isotopic offset in bivalves and possible explanations

The great majority of bivalves form their shells near oxygen isotopic
equilibrium with the ambient water which is an important prerequisite
for using bivalve shells as paleoclimate archives. In fact, the δ18Oshell

signal reproducibility among conspecific bivalves of the same popula-
tion is often better than 0.2‰ (Gillikin et al., 2005). However, excep-
tions have been reported from several taxa (e.g., Thébault et al., 2007).
In Arctica islandica, for example, the inner portion of the outer shell
layer (iOSL) was found to be enriched in 18O relative to equilibrium and
have 0.3‰ higher δ18Oshell values than contemporaneous shell portions
of the oOSL (Trofimova et al., 2018) (which presumably is deposited in
oxygen isotopic equilibrium). These differences were explained with
physical and chemical differences of the two shell layers visually ex-
pressed by different microstructures (oOSL=homogenous;
iOSL= crossed-acicular/crossed-lamellar microstructure). However,
the observed oxygen isotopic offset in L. antiqua is negative and more
than three times larger than in A. islandica, and the samples came ex-
clusively from the oOSL (nondenticular composite prismatic micro-
structure; Carter, 1990).

A large negative offset (ca. −1‰) from expected thermodynamic
equilibrium has previously been reported from Panopea abrupta from
Washington State (Hallmann et al., 2008) and Eurhomalea exalbida from
the Falkland Islands (Yan et al., 2012). Actual temperatures were
overestimated by δ18Oshell values of these bivalves by more than 3–4 °C.
This discrepancy may at least partly be explained by the lifestyle of
these bivalves and the specific environmental setting in which they
lived. Both species belong to the deep infauna, live deeply buried in the
sediment, and their soft body is exposed to pore water that presumably
is enriched in 16O due to submarine freshwater outflow. The shells of
both species have likely been formed from a mixture of seawater

Fig. 8. Shell (of Leukoma antiqua) oxygen isotope-derived temperatures (shifted by −4 °C) and daily instrumental sea surface temperature (SST). Grey vertical bars
denote annual growth lines. Exemplarily; Tδ18O of specimen 2013-PAT3-A2L are linked by a line for better comparison with instrumental SST curve. The 1 σ error of
the temperature estimates is± 1.4 °C.
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inhaled through the siphon and pore water that entered the body fluids
through the mantle epithelium. If that is the case and the lower
δ18Owater signature of the mixture of waters is not be considered in the
paleothermometry equation, the temperature reconstructed from
δ18Oshell values would return higher than actual values. Furthermore,
both studies found an increasing negative offset from expected equili-
brium with increasing ontogenetic age. This may reflect the increasing
burial depth of the two species and the use of an increasing proportion
of pore water to build the shell as they age.

For a variety of reasons, these explanations cannot be applied to L.
antiqua. Ontogenetic δ18Oshell trends were not observed in this species
(Fig. 7), but the isotopic offset remained invariant (Fig. 8). Besides that,
L. antiqua is a shallow infaunal bivalve that predominantly experiences
well-mixed (strong winds and tides) surface water throughout lifetime.
A significant change of the oxygen isotope signature of the surface
water through precipitation or riverine influx is highly unlikely. Ar-
gentine Patagonia including the study area is very arid because eva-
poration and evapotranspiration rates are large (2000mm per year;
Torres et al., 2018) and precipitation rate very low (233mm per year;
Glembocki et al., 2015), and no major rivers enter the San Jorge Gulf.

Theoretically, submarine freshwater discharge could serve as an
additional or alternative explanation for the observed isotopic offset in
the shells. Based on Radium and Radon isotope data, Torres et al.
(2018) showed that submarine freshwater discharge is a dominant
feature of the Patagonian coasts of the Chubut and Santa Cruz pro-
vinces. Such freshwater flows to the sea can be several times higher
than that of rivers (Kwon et al., 2014). It would hence be possible that
the bivalves were exposed to water near the sediment-water interface
with a lower δ18Owater signature. On the other hand, one would expect
seasonal and inter-annual variations in such submarine freshwater
discharges which would have been reflected in variations of the
δ18Oshell offset. The δ18Owater value of water samples from the fluffy
layer and the pore water determined during different seasons and years
would certainly shed more light on such aspects.

Kinetic effects can potentially also have resulted in disequilibrium
fractionation, but this should have affected both measured isotope
systems and resulted in a strong co-variance of δ18Oshell and δ13Cshell.
However, this is not the case here (R=0.41, R2= 0.17; δ13Cshell can be
found in the Supplements). Thus, the oxygen isotopic disequilibrium in
L. antiqua requires an alternative explanation. We suggest here that the
hypothesis brought forward by Thébault et al. (2007) for Comptopallium
radula and Yan et al. (2012) for Eurhomalea exalbida can also be applied
to L. antiqua (and, perhaps, other bivalves with this kind of offset), i.e.,
a different pH in the extrapallial fluid than typically present in bivalves.
For example, a higher pH value would favor the isotopically lighter
carbonate ions over the isotopically heavier bicarbonate ions. An ele-
vated pH at the site of shell formation could result from an enhanced
Ca2+-ATPase activity by which hydrogen ions are more effectively and
faster removed through transmembrane pumps. To test this hypothesis,
future studies should measure the pH in the extrapallial fluid.

4.3. Timing, rate and drivers of shell growth

Knowledge of the seasonal timing and rate of shell formation as well
as the forcings of shell growth is an essential prerequisite prior to using
bivalve shells for paleoclimate reconstructions. For example, an ar-
ithmetic mean of all δ18Oshell-derived temperature data from one ‘an-
nual’ increment will typically not reflect the annual mean temperature,
because barely any bivalve grows year-round and at the same rate
(Schöne, 2008). It is therefore necessary to determine how fast the shell
grew in each season and how much time is represented by each shell
portion. Amongst others, this can be achieved through the analysis of
periodic growth patterns.

Due to interferences with the shell microstructure, sub-annual
growth patterns of the studied L. antiqua were only occasionally well
developed (Fig. 4). None of the studied individuals showed distinct sub-

annual growth patterns near the ventral margin, so that it remained
impossible to directly test how much time is represented by these
growth patterns. However, several clues suggest that the microgrowth
patterns and their arrangement in bundles were controlled by the tides
and represent lunar daily increments and fortnight increments, re-
spectively. The alternating thick and thin microgrowth lines (Fig. 4) are
typical features of intertidal bivalves exposed to semidiurnal tides
(Ohno, 1989). The more distinct microgrowth lines are typically formed
during high tides at daytime, whereas the faint microgrowth lines are
deposited during high tides at night. During spring tides, the micro-
growth lines are typically more distinctly developed than during neap
tides (Hallmann et al., 2009). This should result in fortnightly bundles
of microgrowth patterns of alternating distinctness as observed in the
present study. The number of microgrowth increments within these
recurring bundles as well as the number of bundles in an annual in-
crement further supports the interpretation of tide-controlled growth
patterns. Given the strong tides in the study region, it is not surprising
to observe tide-controlled growth patterns even in bivalves living in the
shallow subtidal zone.

In the present study, we estimated seasonal shell growth rates with
two independent methods, i.e., by employing tide-controlled growth
patterns and temporally aligned δ18Oshell samples. Both methods re-
vealed similar results (Fig. 6) according to which fastest shell growth
occurred in austral spring (October and November), reduced growth
during the austral winter months (April–July), and annual growth line
formation between mid-February and mid-March, i.e., shortly after the
seasonal temperature maximum. The findings are largely in agreement
with two previous studies on L. antiqua from Chile based on mark-and-
recovery experiments and monthly collections, respectively (Clasing
et al., 1994; Stead et al., 1997). Previous studies further demonstrated
that the genus Leukoma is highly tolerant to large temperature shifts (6°
to 20 °C; Urban, 1994; Riascos et al., 2012) and, as in many other bi-
valves (Witbaard et al., 1997, Ansell, 1968 etc.), food availability is a
major factor controlling growth (Riascos et al., 2012). Likewise our
findings suggest a strong link between primary production and the
timing and rate of shell growth of L. antiqua, because the majority of the
annual increment was precipitated contemporaneously with the sea-
sonal primary production maximum, and slower shell growth was lar-
gely associated with lower primary production (Fig. 6).

However, two observations require a different interpretation.
Firstly, shell formation occurred even during times when no primary
production was detected (May–June) (Figs. 6 and 8). We assume that
the omnipresent strong vertical mixing of the water column by wind
and tides (Acha et al., 2004; Matano et al., 2010; Palma and Matano,
2012) assured that suspended particulate organic matter was available
as a food source at all times and represented the main energy source for
the bivalves in the cold winter months. Alternatively, the bivalves may
have used stored energy resources to continue shell formation while
primary production ceased. Secondly, the formation of the annual
growth line requires extremely slow and perhaps halted shell growth. It
occurred at a time when primary production was still at a high level
(Fig. 6). Scarcity of fresh food can thus be ruled out as a trigger for
growth line formation. Interestingly, the annual growth line always
formed shortly after the seasonal temperature maximum. Why L. an-
tiqua forms annual growth lines at this time of the year remains difficult
to understand. In some other species, spawning results in growth line
formation (Sato, 1995; Purroy et al., 2018). However, in juvenile, likely
premature specimens of L. antiqua, annual growth lines likewise formed
during mid-February and mid-March. Furthermore, the main spawning
period in this species occurs between November and February (Lozada
and Bustos, 1984; Stead et al., 1997) or during winter (Riascos et al.,
2012). We therefore suggest here that the annual growth line formation
is causally linked to declining temperatures after the summer tem-
perature maximum as previously reported for other species (e.g.,
Schöne et al., 2005b). Perhaps, the timing of annual growth line for-
mation is genetically determined and maintained by internal biological
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clocks that count the time that elapses after the seasonal temperature
maximum to 'ensure' that growth ceases when specific, currently un-
known environmental circumstances occur. At sub/tropical settings, L.
thaca and L. staminea reportedly form annual growth lines in summer as
a response to heat stress (Lazareth et al., 2005; Takesue and van Geen,
2004). More ecological research is clearly needed to identify the ulti-
mate cause for annual growth line formation in this species.

5. Conclusions

As revealed by the findings herein, Leukoma antiqua can potentially
serve as a high-resolution climate archive in the Patagonian Sea and
provide information on the seasonal and inter-annual paleotemperature
variability. It grows during summer and winter and thus records almost
the full seasonal temperature amplitude (at least on the basis of
monthly averages) provided that the sampling resolution is high en-
ough, particularly in shell portions deposited during the cold season.
Lunar daily and fortnightly growth patterns can best be observed in the
second year of growth and used to construct a seasonal growth model
that can be used to place the isotope data of each year into seasonal
temporal context. In the present study, we have applied fortnight
growth patterns to validate the oxygen isotope-based temporal align-
ment of the growth record. The majority of the annual increment forms
in spring/early summer contemporaneously with maximum primary
production. Shell formation is thus strongly positively coupled to the
availability of fresh phytoplankton. Future work should investigate if
changes in increment width can be used to assess past changes in pri-
mary production.

Shells of L. antiqua also grow at low rates in the dark, cold winter
(May and June) although phytoplankton growth is near zero at that
time. Presumably, the bivalves fall back on re-suspended organic matter
that is available as a result of omnipresent strong winds and tides.
Annual growth line formation representing extremely slow to halted
growth takes place in February/March although primary production is
still ongoing at moderate rates. Likely, declining temperatures after the
summer maximum trigger the slowdown of shell growth. The ultimate
reason for this remains unresolved and deserves further research.

The most peculiar finding is that the shells of L. antiqua are formed
−0.9 ± 0.3‰ away from expected equilibrium with the δ18Owater.
Since this offset is fairly invariant through lifetime, it can be mathe-
matically corrected for. Shell oxygen isotope-based paleotemperature
estimates are hence feasible, and the amassing number of fossil
(Quaternary) shells preserved along the coastal area or ancient beaches
of the Patagonian Sea can be put at work. However, such studies should
be based on more than one or two shells considering the oxygen iso-
topic variability (± 0.3‰) among coeval specimens.
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