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A B S T R A C T

Fissurella maxima is a keyhole limpet that is abundant and well preserved in archaeological shell midden sites
along the coast of Chile, making it an appropriate species to use for reconstructions of past sea surface tem-
perature (SST). In the present study we evaluate the potential of F. maxima shells as a proxy of SST by analysing
δ18O of modern shells collected alive from the Atacama desert (area of Taltal, 25°S) and archaeological shells
from two Early Holocene rockshelter sites: 224A and Paposo Norte 9. Reconstructed SST from modern F. maxima
shells were related to SST obtained from in situ thermometers, supporting the use of this mollusc species as a
paleotemperature archive. Mean SST reconstructed from Early Holocene archaeological shells (14.13 °C) was
2.86 °C cooler than mean temperature recorded in modern shells (16.99 °C). Mean SST reconstructed from
modern shells was ~1.04 °C warmer than the mean temperature of in situ thermometers (15.95°C). Hence the
paleo–SST data from archaeological sites 224A and Paposo Norte 9 enrich the Early Holocene nearshore pa-
leoceanographic scenario of the Pacific coast of South America, with mean SST cooler than present-day SST. Our
results validate the use of F. maxima shells as a SST proxy and contribute to a better understanding of the
latitudinal distribution of the coastal upwelling regime during the Early Holocene, temporal changes in the
structure of the Humboldt Current along the Holocene, and its influence on human adaptation through the
prehistory of South America.

1. Introduction

Along the west coast of temperate South America, wind–driven
upwelling of deep, cold and nutrient–rich water fuels high primary
productivity, which maintains some of the largest pelagic fisheries in
the planet (Chavez et al., 2008). This eastern boundary upwelling
ecosystem, established ~4million years ago with the closure of the
Panamanian seaway (Ibaraki, 1997), also sustains large benthic fish-
eries that were key for the early human inhabitants of this coastline
(Latorre et al., 2017; Olguín et al., 2015a, 2015b). The large–scale
spatial configuration of the wind–driven coastal upwelling regime has
changed over time. Indeed, the position of the regional maxima and the
sources of upwelled water experienced pronounced latitudinal changes
during the Holocene (Carré et al., 2016; Kim et al., 2002; Latorre et al.,
2017; Mohtadi et al., 2004; Ortlieb et al., 2011). Evidence to date
suggests that the transition from the humid environmental regime of
the Early Holocene to the dominantly arid coast of western South
America involved a reorganization of paleoceanographic circulation
patterns from southern Peru to central–northern Chile (Carré et al.,

2016; Ortlieb et al., 2011). The large uncertainty around the spatial
organization of these paleoceanographic changes limits proper inter-
pretation of their effects on coastal environments and human societies
in the past. Coupled studies on the isotope composition of modern and
archaeological shellfish assemblages have proven to be a powerful tool
for reconstructing oceanographic variability throughout the Holocene
and prehistoric times (Carré et al., 2005b; Galimberti et al., 2017).

Our study aims to provide information on mean sea surface tem-
perature (SST) during the Early Holocene using archaeological shells of
Fissurella maxima as a paleoclimate proxy. In particular, we investigate
past and present mean SST in the coastal Atacama desert (area of Taltal,
25°S) (Fig. 1), an area located halfway between southern Peru and
central–northern Chile. We first calibrate the use of modern F. maxima
(Fig. 2)–a ubiquitous mollusc in archaeological shell middens of the
region–to generate a quantitative proxy for local mean SST. Subse-
quently, based on the relationship between SST and δ18O composition
in the calcium carbonate (CaCO3) of F. maxima, we provide new in-
formation that contributes to understand better the latitudinal dis-
tribution of the coastal upwelling regime during the Early Holocene,
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temporal changes in the structure of the Humboldt Current along the
Holocene, and its influence on human adaptation in the prehistory of
South America.

2. Research background

Oxygen isotope ratios in mollusc CaCO3 have been widely used to
characterize past nearshore oceanographic conditions, particularly to

reconstruct SST patterns (e.g. Carré et al., 2012; Colonese et al., 2012;
Glassow et al., 2012; Jew et al., 2016; Mannino et al., 2008;
Prendergast and Schöne, 2017; Surge and Barrett, 2012). As molluscs
grow, they deposit new shell layers by precipitating CaCO3 from sea-
water (Wefer and Berger, 1991). However, only some species deposit
biogenic CaCO3 with δ13C and δ18O concentrations in equilibrium with
water temperature. Biological factors (i.e. ontogeny or physiology) may
disrupt the predictable linear relationship between SST, oxygen com-
position of seawater and biogenic carbonates (Bijma et al., 1999; Ford
et al., 2010; McConnaughey, 1989). This implies that paleotemperature
inferences from δ18Oshells could be biased by kinetic and vital effects,
leading to an offset between δ18Oshell and δ18Owater.

Isotope studies of shells of coastal molluscs from archaeological sites
along the south-eastern Pacific have been carried out in a limited
number of sites. These studies have focused on the surf clam Mesodesma
donacium from the southern coast of Peru (18°S) (Carré et al., 2014) and
central Chile (31°S) (Carré et al., 2012), and on the whelk Concholepas
concholepas from northern (23°S) (Vargas et al., 2006) and central Chile
(33°S) (Falabella et al., 1991). Regarding nearshore SST reconstructions
from the Early Holocene, cooler than present SST has been inferred for
northern Chile (23°S) between 10,550 and 9120 cal yr BP (Vargas et al.,
2006) and slightly cooler or similar than modern SST values have been
obtained from central Chile (31°S), dated between 10,380 and

Fig. 1. Map of the study area showing places of collection of sea water samples and alive specimens of F. maxima, archaeological sites where shells of F. maxima were
obtained, and location of in situ thermometers.

Fig. 2. F. maxima shell. The square marks carbonate microsamples.
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9460 cal yr BP (Carré et al., 2012). This paleoceanographic pattern,
complemented with studies on 14C reservoir ages, has been interpreted
as the result of a latitudinal gradient in upwelling intensity along the
Pacific coast of South America (Carré et al., 2014, 2016; Fontugne et al.,
2004; Ortlieb et al., 2011).

Studies on modern marine ecosystems indicate that variations in
coastal upwelling circulation lead to strong differences in productivity
and abundance of marine resources over short spatial scales (i.e. tens of
km, Broitman et al., 2001; Nielsen and Navarrete, 2004; Valdivia et al.,
2013). Because pre-Hispanic populations that inhabited the Pacific
coast of South America relied heavily on marine resources, marine
productivity variation driven by oceanographic processes might have
affected cultural trajectories, consumption and gathering patterns (e.g.
Santoro et al., 2017). Archaeological evidence from the Peru–Chile
region shows consistent changes in fishing–gathering strategies during
the Holocene (Béarez et al., 2016; Olguín et al., 2014, 2015b; Rebolledo
et al., 2016; Reitz et al., 2015, 2016; Salazar et al., 2015). For instance,
Early Holocene archaeological sites (12000–10,000 cal yr BP) from
southern Peru and the Taltal area show fish assemblages with low mean
trophic level and composed mostly of cold–tolerant species. On the
other hand, in sites dated later than 8500 cal yr BP the abundance of
fish remains increases considerably, together with an increment of
warm–tolerant species and a diversification in fish trophic levels, in-
cluding pelagic predators (i.e. Thyrites atun) and open–sea taxa (i.e.
Xiphias gladius, Kajikia audax) (Béarez et al., 2016; Olguín et al., 2014;
Rebolledo et al., 2016; Reitz et al., 2015, 2016; Salazar et al., 2015).

3. Study area and environmental setting

The study area is located on the southern coast of the Atacama
desert (Fig. 1), which encompasses vast areas with virtually no rain
(< 1mm/yr) and lacking superficial hydrological resources (perennial
rivers) (Houston, 2006). The core of this extreme landscape is currently
located between 22 and 25°S, where vegetation is almost absent except
for isolated fog–driven coastal vegetation formations on the western
slopes of the Coast Range (Arroyo et al., 1988; Marquet et al., 1998;
Rundel et al., 1991) and around scattered brackish springs along the
coastal platform (Herrera and Custodio, 2014; Herrera et al., 2018).
Moisture sources include the coastal fog locally known as “camanchaca”
(Cereceda et al., 2008; Garreaud et al., 2008; Rundel et al., 1991) and
summer coastal rains during strong El Niño years (Garreaud et al.,
2003). These occasional but intense rainfall events are usually short–-
lived (~1–2 days) (Wilcox et al., 2016), so it is unlikely that they affect
the isotopic composition of nearshore sea waters. The topography of the
coastal Atacama desert is characterized by narrow coastal terraces
(~500m wide) with steep slopes from the coast to 2000m above sea
level. Extreme marine and littoral productivity along this coast
(Montecino et al., 2005; Thiel et al., 2007), is modulated by oceano-
graphic factors such as ENSO (El Niño Southern Oscillation, cycle of
warming and cooling events over the equatorial Pacific Ocean) varia-
bility and local upwelling intensity around headlands (Barber and
Chavez, 1983; Chavez et al., 2008).

4. Biology and ecology of F. maxima

F. maxima (Sowerby 1833–1835) (Fig. 2) is an eastern south Pacific
keyhole limpet, common on rocky shores between southern Peru (10°S)
and central Chile (36°S) (Bretos, 1982; Bretos et al., 1983). This species
inhabits the low intertidal and upper subtidal zones down to 5m. depth,
below stands of kelp of the genus Lessonia, which is a common part of
the diet of F. maxima (McLean, 1984; Osorio et al., 1988). They can live
between 7 and 10 years, reaching 50mm in ca. 2 years (Bretos, 1982).
Mature (reproductive) specimens are 48–65mm long, with maximum
adult size ranging from 80 to 135mm long (McLean, 1984). Metabolic
activity is strongly influenced by seasonal conditions, especially ocean
water temperature. Reproductive periods (spawning) are in late

November–December (end of spring) and July–August (winter) (Bretos
et al., 1983; McLean, 1984). Most molluscs respond to seasonal pro-
cesses by slowing down or arresting growth during periods of increased
metabolic demand (Schöne, 2008; Wilbur and Owen, 1964). Therefore,
despite the lack of studies on the effect of changes in water temperature
on the performance of F. maxima, it is likely that this keyhole limpet
slows growth during spawning periods at the end of spring and during
winter (Bretos et al., 1983; McLean, 1984).

5. Material and methods

5.1. Shell sampling and processing

Eight modern specimens of F. maxima were collected alive during
spring 2015 (November), summer 2016 (February) and spring 2016
(November) from the surf area of rocky shores at two locations. Shell
sizes ranged from 62 to 101mm total length (measured between
anterior and posterior shell edge (Jerardino and Navarro, 2008)). Four
shells were collected near Taltal and four shells near Paposo, at the
southern and northern limits of our study area, respectively (Fig. 1).

Archaeological shells of F. maxima were collected from rockshelter
site 224A and Paposo Norte 9 (Fig. 1), with four shells collected at each
archaeological site from stratigraphic layers associated with their ear-
liest occupations. These sites show Early Holocene deposits from 20 to
40 cm thick with evidence of residential refuse located both inside and
outside the rockshelter's drip line. Hearths are intersected with middens
or ash layers containing mollusc shells, fish, bird and mammal bones, as
well as lithic debris and tools, attesting to the cultural origins of the
deposits (Salazar et al., 2013, 2015, 2017). Shellfish remains from these
two archaeological sites contained high abundance of limpet shells
throughout their occupation (Olguín et al., 2015a).

Early Holocene deposits from archaeological rockshelter site 224A
have been dated between 12,426 and 10,263 cal yr BP based on three
radiocarbon determinations of charcoal and shell samples. This site is
located in the western foothills of the Coast Range near the current
mouth of the Cascabeles Ravine, 12 km north of the city of Taltal
and< 300m from today's coastline (Salazar et al., 2015, 2017). The
archaeological rockshelter site of Paposo Norte 9, with dates ranging
between 11,250 and 10,566 cal yr BP (on charcoal samples), is located
nearly 60 km north of Taltal and around of 200m from the current
coastline (Salazar et al., 2015, 2017).

The chronological constraint of F. maxima shells sampled from each
archaeological site was assigned by considering the stratigraphic asso-
ciation between these shells and the age of the nearest dated material.
Sampled shells of the three radiocarbon dates from site 224A have an
associated date of 11,010 cal yr BP (10,530 ± 30 14C yr BP, Salazar
et al., 2017). The associated date of shell samples retrieved from the
rockshelter site Paposo Norte 9 is 11,206 cal yr BP (9813 ± 37 14C yr
BP, Salazar et al., 2017).

Prior to sample extraction for isotope analysis, modern and ar-
chaeological shells were scraped to remove any organic material from
the outer shell layer, then individually rinsed in deionized water and
subsequently etched with muriatic acid (HCL 0.2 N) to remove diag-
enetically altered carbonate (Bailey et al., 1983). Finally, modern and
archaeological shells were dried at 85 °C, and microsamples were col-
lected every two millimeters (including sampling holes) along their
growth axis, with eight samples taken along a ~20mm transect from
the edge of each shell towards the apical aperture. This procedure was
chosen following previous studies done in California and the Caribbean
(Flores, 2017; Glassow et al., 2012; Jew et al., 2016; Thakar, 2016)
(Fig. 2). A total of 128 shell carbonate samples were obtained from
archaeological and modern shells. Samples were drilled manually with
a Foredom flexible shaft motor drill linked to a Dremel micro motor,
using a 0.5mm carbide bit. Each drill hole was about 0.5 mm in dia-
meter and yielded 20–90 μg of powdered shell carbonate. The drill bit
was cleaned in an ethanol bath and the shell was cleaned with
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compressed air between samplings in order to avoid cross–-
contamination. Samples of powdered carbonate were analysed in the
Stable Isotope Facility at the University of California, Davis. Instrument
precision (1σ) is estimated as± 0.03‰ for δ13C and ± 0.05‰ for
δ18O and their values are expressed in relation to the international
Vienna Pee Dee Belemnite (VPDB) scale.

Kinetic isotope fractionation can influence carbonate deposition in
shells by inducing depleted values of both δ13C and δ18O in comparison
to seawater (Fenger et al., 2007; McConnaughey, 1989). The simulta-
neous depletion of 13C and 18O isotopes leads to a quasi–linear re-
lationship between δ18O and δ13C values in shells during the calcifi-
cation processes (McConnaughey, 1989). Therefore if no correlation is
found between δ18O and δ13C values in a shell, kinetic isotope effects
were minimum during shell formation. Hence in order to evaluate the
kinetic effect on the formation of modern and archaeological F. maxima
shells from the study area, a Pearson correlation analysis was per-
formed for δ13C and δ18O values of each carbonate microsample.

The vital effect can influence paleotemperature inferences from
δ18Oshells, leading to an offset between δ18Oshell and δ18Owater (Bijma
et al., 1999; Ford et al., 2010; McConnaughey, 1989). Because inter or
intraspecific biological factors (e.g. ontogeny, calcification rates) that
might disrupt the predictable linear relationship between SST, oxygen
composition of seawater and biogenic carbonate are species-specific
(Fenger et al., 2007; Ferguson et al., 2011; Ford et al., 2010; Gutiérrez-
Zugasti et al., 2017; Owen et al., 2002; Prendergast et al., 2013;
Prendergast and Schöne, 2017; Schifano and Censi, 1983), it is neces-
sary to evaluate the presence of a vital effect in the deposition of F.
maxima shells.

We tackled this issue by computing the offset from isotopic equili-
brium following the procedure presented in Gutiérrez-Zugasti et al.
(2017). A comparison was made between δ18Oshell values from the edge
of each modern F. maxima shell and the predicted δ18Oshell calculated
from seawater temperatures and δ18Oseawater. Predicted values were
calculated considering averaged SST recorded at the Taltal and Paposo
areas for the 4months previous to shell collection (November 2015,
February 2016 and November 2016. Table 2), and δ18Oseawater resulting
from the mean of measurements available per area in November 2015
and February 2016 (Table 1). Since information on local seawater
isotope-oxygen composition was not available for November 2016, we
used δ18Oseawater for the preceding 2015 spring season. The equation of
Friedman and O'Neil (1997) for calcite (Eq. (1)) was applied to inter-
convert δ18Oshell values between PDB and SMOW.

= +δ O 1.03086(δ O ) 30.8618
SMOW

18
PDB (1)

Subsequently, the Friedman and O'Neil (1977) equations for calcite

(Eq. (2)) and water (Eq. (2)) were used to calculate predicted δ18Oshell

values.

= × = −1000 lnα 2.78 10 T 2.896 2 (2)

where T is the temperature measured in degrees Kelvin and α is the
fractionation between water and calcite described by the equation:

= + +α (1000 δ O (SMOW))/(1000 δ O (SMOW))18
shell

18
water [3]

5.2. Environmental parameters

Monthly mean SST records obtained from self–contained sub-
mersible temperature dataloggers (HOBO U22, Onet Corp., Ma USA)
attached to local pier pilings in Taltal and Paposo (Fig. 1) were used to
characterize the seasonal SST cycle in the study area. The accuracy of
HOBO U22 water temperature loggers is± 0.20 °C. These in situ ther-
mometers were located approximately 1m below mean lower low
water (MLLW) and recorded water temperature every 10min during
three years from January 2013 to December 2016.

To provide a broader overview of ocean temperature conditions
across the study area we used night time level–3, 8–day, 16 km2 sa-
tellite SST from the Moderate Resolution Imaging Spectroradiometer
(MODIS) imagery downloaded from the NASA website (http://
oceancolor.gsfc.nasa.gov/). Over a period overlapping the in situ
thermometer SST records described above, we calculated the monthly
mean satellite SST of the coastal zone between Paposo and Taltal by
averaging between images with> 80% valid pixels over an area ex-
tending 24 km offshore and 48 km alongshore (e.g. 288 km2, white
square in Fig. 4).

To characterize the isotope composition of local sea water (δ18Owater and
δ2Hwater) we collected eight 5ml samples from the shore in November 2015
and eight in February 2016 from Taltal and Paposo (Fig. 1). At each location,
sea water samples were obtained from the surf zone and from fishing
wharves. The oxygen and hydrogen isotope composition of these samples was
analysed at the Isotope Biogeochemistry Laboratory, Department of
Oceanography, University of Concepcion, using a Picarro L2130-i Analyser.
The results obtained were normalized to the Vienna Standard Mean Ocean
Water (VSMOW) scale through repeated analysis of 4 laboratory
working standards calibrated relative to VSMOW: distilled water
(δ18O=−13.32‰ ± 0.02‰, δ2H=−84.41‰ ± 0.10‰), snow
(δ18O=−12.61‰ ± 0.02‰, δ2H=−102.17‰ ± 0.09‰), sea water
(δ18O=−0.34‰ ± 0.05, ‰, δ2H=+0.88‰ ± 0.17‰) and mineral
water (δ18O=−13.17‰ ± 0.03‰, δ2H=−96.66‰ ± 0.08‰).

Table 1
Seawater δ18O values obtained from samples collected at Taltal and Paposo.a

Code Area of collection UTM North UTM East Season of collection Month of collection Year δ18OVSMOW/‰ S.D. δ2HVSMOW/‰ S.D.

P1 Taltal 7,189,875 351,172 Spring November 2015 −0.50 0.03 +0.3 0.11
P2 Taltal 7,189,875 351,172 Spring November 2015 −0.31 0.03 +0.8 0.08
P3 Paposo 7,233,255 351,793 Spring November 2015 +0.28 0.06 +2.9 0.18
P4 Paposo 7,233,255 351,793 Spring November 2015 +0.48 0.02 +3.6 0.11
P15 Paposo 7,242,020 346,816 Spring November 2015 +0.74 0.03 +4.3 0.06
P16 Paposo 7,242,020 346,816 Spring November 2015 −0.35 0.03 +1.3 0.07
P8 Taltal 7,190,974 351,839 Spring November 2015 −0.37 0.06 +0.8 0.10
P9 Taltal 7,190,974 351,839 Spring November 2015 +0.13 0.20 +2.7 0.36
P5 Paposo 7,242,020 346,816 Summer February 2016 −0.35 0.04 +1.3 0.17
P6 Paposo 7,242,020 346,816 Summer February 2016 −0.21 0.13 +1.4 0.18
P12 Paposo 7,233,255 351,793 Summer February 2016 +0.57 0.03 +4.1 0.18
P14 Paposo 7,233,255 351,793 Summer February 2016 −0.20 0.02 +1.9 0.11
P7 Taltal 7,189,135 350,154 Summer February 2016 +0.07 0.05 +1.9 0.32
P10 Taltal 7,189,135 350,154 Summer February 2016 −0.21 0.02 +1.5 0.14
P11 Taltal 7,191,004 351,776 Summer February 2016 +0.02 0.05 +2.3 0.12
P13 Taltal 7,191,004 351,776 Summer February 2016 +0.00 0.02 +2.4 0.05
MEAN −0.01 0.05

a Sampling places geo—referenced in Universal Transverse Mercator (UTM) (WSG 84).
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5.3. δ18Oshell and reconstructed temperatures

In order to use the correct carbonate temperature equation to re-
construct water temperature we assessed the carbonate composition
(calcite vs. aragonite) of F. maxima shells. Results of X–Ray dif-
fractometry (XRD) analyses on one modern F. maxima shell showed that
calcium carbonate of its inner and outer shell layers were composed of
aragonite and calcite, respectively, which matches with a previous
study on Fissurella crassa (Boogild, 1930 in McLean, 1984). Hence,
while collecting carbonate samples from modern and archaeological
shells, care was taken to ensure that drilled holes did not penetrate into
the inner layer of the shell (Keith et al., 1964). XRD analyses were done
at the Institute of Applied Economic Geology, University of Concepción,
Chile using a BRUKER D4 equipped with a Lynxeye detector and op-
erated with Cu radiation with a filter of Ni K beta radiation.

Previous SST reconstructions for southern Peru and north–central
Chile have used different equations to translate δ18Oshell into SST (Carré
et al., 2005a, 2005b, 2012). The equations employed by Carré et al.
(2005b) and Grossman and Ku (1986) are appropriate for shells with
calcium carbonate composed of aragonite (e.g.M. donacium). Equations
for calcite have not been used along the coast of South America except
for a study in the Beagle Channel, southern Patagonia, based on limpet
shells (Nacella deaurata and N. maguellanica) (Colonese et al., 2012),
which used the calcite equation originally proposed by Wanamaker Jr.
et al. (2007) for a north Atlantic (Greenland) mussel species (Mytilus
edulis).

We chose for our study the carbonate temperature equation (Eq. (4))
developed by Ford et al., (2010) forMytilus californianus from the north-
eastern Pacific (California). This mussel species has a shell composed of
calcite, like F. maxima. The conversion of δ18Oshell signature into pa-
leoSST was calculated as follows:

+ +

= −
−

1000 ln ((1000 δ O )/(1000 δ O ))

18.734 (10 T ) 33.776

18
equilibrium calcite

18
seawater

3 1 (4)

where T is temperature in degrees Kelvin, isotope values of sea water
are reported relative to Standard Mean Ocean Water (SMOW) and
isotope values of calcite are reported relative to Vienna PeeDee Be-
lemnite (VPDB). To convert Kelvin to Celsius we subtracted 273.15
from SST values. The δ18Oseawater value used in the equation corre-
sponds to the mean value of local measurements of sea water obtained
from the Taltal and Paposo areas (Fig. 1, Table 1). Given that our shell
sampling strategy does not control for shell growth rates or chronology
of shell microsamples, it was not possible to calculate the slope of the
regression line between instrumental SST and δ18Oshell− δ18Oseawater of
each shell microsample. Also, as variation in growth rate of sampled F.
maxima may over or underestimate the slope, it is not possible to test
the slope of the Ford et al. (2010) equation. Consequently, sea surface
temperature calculation of modern and archaeological δ18Oshell values
was carried out using the slope provided by Eq. (4) (Ford et al., 2010).

Temporal fluctuations in the extension of global ice sheets influence
18O/16O ratios of seawater and thus 18O/16O ratios in carbonate micro
and macrofossils like marine mollusc shells (Aharon and Chappell,
1986; Duplessy et al., 2002). Archaeological shells used for this study
come from two Early Holocene rockshelter sites dated between 12,426
and 10,566 cal yr BP. During this time there were still some remains of
glacial ice sheets, so higher than present δ18Oseawater values are ex-
pected. To account for the ice volume effect on sea water δ18O, an ice
volume correction of −0.463‰ was applied to δ18O values of shells
from site 224A based on their associated date of 11,010 cal yr BP. The
correction for δ18O values of shells from Paposo Norte 9 site was
−0.445‰ based on the associated date of 11,206 cal yr BP. Correction
values were calculated using the sea level reconstruction from Lambeck
and Chappell (2001) and a maximum ice volume effect of 1.05‰ for
the last glacial maximum (LGM) (Duplessy et al., 2002).

= ×Ice volume correction (sl/145) 1.05 (5)

where sl is the global sea level for the time period under study
(Lambeck and Chappell, 2001) divided by the lowest sea level recorded
from the period between last glacial maximum to the end of major ice
sheet decay (preset time) (Lambeck and Chappell, 2001), and then
multiplied by the difference of seawater δ18O values between LGM and
today (Duplessy et al., 2002).

6. Results

6.1. Environmental parameters

Continuous thermometer SST records at Taltal and Paposo indicated
a long–term mean of 15.95 °C with a range of 3.75 °C between the
warmest (mean of 18 °C, summer, February 2016) and coolest month
(mean of 14.25 °C, spring, September 2014) (Fig. 3, Table 2). Satellite
SST for the coastal zone of the study area indicates a long–term mean
SST of 16.88 °C, with a range of 6.51 °C between the warmest (mean of
20.76 °C, summer, February 2016) and coolest month (mean of
14.25 °C, winter, August 2013) (Fig. 4, Table 3). The Pearson correla-
tion between monthly SST values from thermometers and satellite
measurements for the coastal area between Paposo and Taltal (Fig. 4)
was strong and highly significant (r= 0.778, p=0.000), with satellite
SST values consistently ~1–2 °C warmer than in situ records (Fig. 5,
Fig. 6).

A mean δ18Oseawater value of −0.01 ± 0.05‰ was obtained from
16 water samples collected at Taltal and Paposo during November 2015
and February 2016 (Table 1). Seasonal mean values did not differ sig-
nificantly between spring (+0.01 ± 0.46‰) and summer
(−0.04 ± 0.29‰) (Mann-Whitney U=30.50, p=0.91) (Table 1).
Mean δ18Oseawater values for both seasons closely followed the average
value for the surface ocean, but were slightly lower than the southern
Peruvian coast (0.13–0.16‰, Carré et al., 2005b, 2012).

6.2. Shell oxygen isotopes (δ18Oshell)

To evaluate the kinetic effect on the formation of modern and ar-
chaeological F. maxima shells, a Pearson correlation analysis was per-
formed for δ13C and δ18O values of modern and archaeological carbo-
nate microsamples. For the 64 microsamples of modern F. maxima
shells, a non–significant relationship (r= 0.273, p=0.029) was found
between their δ13C and δ18O values (raw values in Supplementary Data

Fig. 3. Monthly mean sea surface temperature record for the study area from in
situ thermometers at Paposo and Taltal from 2013 to 2016. Error bars represent
one standard deviation.
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1), which discounts kinetic effects on the formation of modern shells. A
non–significant relationship (r=−0.170, p= 0.179) was also found in
carbonate microsamples of archaeological shells (raw values in
Supplementary Data 1), excluding kinetic effects on the formation of
these specimens.

To evaluate whether F. maxima precipitates its shell in isotopic
equilibrium with surrounding water (vital effect), predicted and mea-
sured δ18Oshell values from the edge of modern F. maxima shells were
compared, obtaining a moderate inverse but non–significant correlation
(r=−0.561, p= 0.148). SST and δ18Owater data from the Paposo and
Taltal areas predict δ18Oshell values ranging from −0.51 to +0.34‰
with an average of −0.20‰ (Table 4). Measured δ18Oshell values at the
edge of modern F. maxima were consistently enriched, ranging from
+0.44‰ to +1.06‰, mean=+0.80‰ (Table 4). This positive de-
viation of measured δ18Oshell values showed high variability among
modern F. maxima shell samples (Fig. 7), with an average offset of
1 ± 0.5‰. Despite this variability, the relationship between predicted
and measured δ18Oshell was similar in the two localities (Paposo and
Taltal) and seasons (austral spring versus summer), which suggests that
environmental factors are not driving the observed deviations from the
isotopic equilibrium.

The average offset of 1‰ was subtracted from measured δ18Oshell

values of modern F. maxima shells. Mean δ18Oshell values obtained after
correction are summarized in Table 5 (raw values in Supplementary
Data 1) and range between −1.20‰ and +0.06‰ (mean=+0.61‰,
SD=+0.35‰). Mean δ18Oshell values obtained from modern F.
maxima shells without the offset correction are summarized in Table 6
(raw values in Supplementary Data 1) and range between −0.20‰ and
+1.06 ‰ (mean=+0.39‰, SD=+0.35‰). Mean δ18Oshell values
from archaeological shells without the offset correction are slightly
enriched in 18O compared to modern counterparts, ranging from
+0.00‰ to +1.72‰ (mean=+1.03‰ SD=+0.35‰) (Table 6).
Microsample A.C.4.G from archaeological shell ID A.C.4. was excluded
from analyses performed in this study as it yielded an outlying δ18O
value of +3.31‰ (raw values in Supplementary Data 1). Consequently,
for the purpose of the study only seven microsamples were considered
from shell ID A.C.4 and this outlier value is not included in Table 6.

6.3. Reconstructed temperatures

To evaluate a vital effect correction on SST reconstruction, the
+1‰ offset was subtracted from modern F. maxima δ18Oshell values.
Corrected F. maxima δ18Oshell values were then converted to SST using
Eq. (4) (Ford et al., 2010); the mean SST obtained was 21.56 °C with a
lower and upper mean SST value of 20.35 °C (Shell ID B.C.2) and
22.53 °C (Shell ID L.F.P.2) (Table 7). Applying the same SST Equation
(Ford et al., 2010) to modern F. maxima δ18Oshell values but without the
offset correction, the mean SST obtained was 16.99 °C with lower and
upper mean SST values of 15.82 °C (Shell ID B.C.2) and 17.93 °C (Shell
ID L.F.P.2) (Table 8). Finally, using Eq. (4) and considering the ice-
volume effect, mean SST from archaeological F. maxima δ18Oshell values
(without the offset correction) was 14.13 °C with minimum and max-
imum mean SST values of 13.36 °C (Shell ID A.C.2) and 15.52 °C (Shell
ID P.F.4), respectively (Table 8).

Table 2
Monthly mean SST (°C) from in situ thermometers at Taltal and Paposo.

Year Month SST (°C)

Mean Median Max Min S.D. Var

2013 June 15.02 15.08 15.56 14.15 0.29 0.09
2013 July 14.38 14.47 15.01 13.23 0.42 0.18
2013 August 14.92 14.92 15.32 14.29 0.24 0.06
2013 September 15.10 15.13 16.01 13.86 0.53 0.28
2013 October 14.82 14.94 15.75 13.35 0.60 0.36
2013 November 16.04 15.82 17.53 14.72 0.88 0.78
2013 December 16.40 16.65 19.21 14.02 1.45 2.10
2014 January 17.96 18.10 19.70 16.27 0.96 0.92
2014 February 17.22 17.33 18.54 15.34 0.73 0.53
2014 March 16.30 16.41 17.74 15.05 0.74 0.55
2014 April 15.60 15.58 17.12 14.09 0.90 0.81
2014 May 15.94 15.91 17.47 14.63 0.80 0.64
2014 June 14.63 14.64 15.00 14.18 0.28 0.08
2014 July 14.64 14.84 15.15 13.57 0.46 0.21
2014 August 14.35 14.34 14.73 13.87 0.20 0.04
2014 September 14.25 14.33 14.98 13.67 0.33 0.11
2014 October 14.98 15.11 16.36 13.46 0.88 0.77
2014 November 15.39 15.51 16.18 14.27 0.59 0.34
2014 December 15.97 15.98 17.24 14.88 0.62 0.39
2015 January 17.20 17.12 19.27 15.35 0.94 0.88
2015 February 17.48 17.50 19.12 16.37 0.74 0.54
2015 March 17.91 17.30 20.51 15.91 1.51 2.28
2015 April 16.71 16.74 17.87 15.63 0.51 0.26
2015 May 16.16 16.22 16.99 15.31 0.45 0.21
2015 June 16.07 15.96 16.75 15.52 0.35 0.13
2015 July 15.96 15.91 16.86 15.35 0.36 0.13
2015 August 15.41 15.43 15.94 14.74 0.30 0.09
2015 September 15.90 15.90 16.99 15.02 0.44 0.19
2015 October 16.01 16.06 17.00 14.84 0.49 0.24
2015 November 15.91 15.92 17.03 15.09 0.53 0.28
2015 December 17.15 17.47 18.56 15.46 0.90 0.81
2016 January 17.90 17.87 19.45 16.75 0.70 0.48
2016 February 18.00 18.10 19.52 16.07 1.05 1.10
2016 March 17.79 17.81 19.18 16.70 0.60 0.35
2016 April 16.40 16.14 18.50 15.49 0.76 0.57
2016 May 16.02 15.95 17.26 15.08 0.62 0.38
2016 June 14.95 14.97 15.51 13.88 0.35 0.12
2016 July 15.18 15.17 15.75 14.45 0.30 0.09
2016 August 15.43 15.37 16.32 14.60 0.51 0.26
2016 September 15.12 15.07 15.97 14.06 0.51 0.26
2016 October 15.62 15.57 16.92 14.59 0.75 0.56
2016 November 15.72 15.82 16.89 13.88 0.67 0.44
2016 December 16.50 16.40 18.46 14.82 1.09 1.18
TOTAL 15.95 15.77 20.51 13.23 1.26 1.58

Fig. 4. Mean sea surface temperature between Paposo and Taltal recorded in
satellites from 2013 to 2016. The white square indicates the area considered for
satellite SST analyses.
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7. Discussion

To provide a correction value for SST records obtained from satellite
data, we compared mean SST of the study area recorded by thermometers
and satellites between January 2013 and December 2016 (Fig. 1). The
correction value obtained from this comparison is relevant for cases when
only satellite SST data is available for comparison with reconstructed shell
SST (i.e. Ferguson et al., 2011; Flores, 2017; Glassow et al., 2012; Jew
et al., 2016; Prendergast and Schöne, 2017). Mean SST recorded by sa-
tellite was 0.93 °C higher than mean SST recorded by thermometers during
the three year period (Table 9). The maximum monthly mean SST re-
corded by satellite was 2.76 °C higher than maximum mean SST from
thermometers. In contrast, the minimum monthly mean SST was 14.25 °C
from both satellites and thermometers (Table 7). The 0.93 °C difference
between monthly thermometer and satellite SST records was expected
from the radiative effect of the adjacent landmass and is in line with re-
ports from south-central Chile and other coastal locations worldwide
(Aravena et al., 2014). The strong linear relationship between satellite and
thermometer SST indicates that both sources of information provide a
reliable view of SST variability over the study area (Fig. 5). Nevertheless,
as mean SST recorded by satellite was 0.96 °C higher than thermometers,
this difference has to be considered when using satellite estimates for
mean SST.

As mentioned previously, vital effect can cause isotope dis-
equilibrium in carbonate skeletons, which is reflected by δ18Oshell va-
lues more positive than expected equilibrium values. The average offset
estimated for modern F. maxima shell edges is +1 ± 0.5‰ and
therefore is coherent with a positive deviation of measured δ18Oshell

values (Fig. 7). Studies on Patella species from different locations have
shown a consistent positive offset, ranging between 0.2‰ and 1.3‰
(Cohen and Tyson, 1995; Colonese et al., 2012; Fenger et al., 2007;
Ferguson et al., 2011; Gutiérrez-Zugasti et al., 2017; Parker et al., 2017;
Prendergast and Schöne, 2017). The calculated offset for F. maxima is
close to the upper limit identified in isotope studies on the limpet Pa-
tella vulgata (1.01‰) from the eastern coast of England (Fenger et al.,
2007) and Patella candei crenata (1.3‰) from the Canary Islands
(Parker et al., 2017).

When the offset value of 1 ± 0.5‰ is subtracted from modern F.
maxima δ18Oshell, the reconstructed mean SST (21.56 °C ± 2.58,
Table 7) is ~5.61 °C warmer than mean temperatures recorded by in

Table 3
Monthly mean SST (°C) from satellite information of the area between Taltal
and Paposo.

Year Month Mean (°C)

2013 June 16.06
2013 July 15.42
2013 August 14.25
2013 September 14.64
2013 October 14.49
2013 November 15.30
2013 December 15.98
2014 January 17.60
2014 February 19.18
2014 March 18.80
2014 April 18.62
2014 May 17.32
2014 June 17.08
2014 July 15.64
2014 August 15.16
2014 September 14.86
2014 October 14.72
2014 November 15.97
2014 December 15.97
2015 January No info
2015 February 18.66
2015 March 19.35
2015 April 18.72
2015 May 18.25
2015 June 17.44
2015 July 15.73
2015 August 15.56
2015 September 15.70
2015 October 15.72
2015 November 15.86
2015 December 16.89
2016 January 19.33
2016 February 20.76
2016 March 19.76
2016 April 18.94
2016 May 18.19
2016 June 17.74
2016 July 15.43
2016 August 15.06
2016 September 14.72
2016 October 15.08
2016 November 15.78
2016 December 17.61
Mean 16.88

Fig. 5. Linear correlation between monthly sea surface temperature values for
in situ thermometers and satellite.

Fig. 6. Monthly mean SST records from in situ thermometers and satellite for
the study area from January 2013 to December 2016.
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situ thermometers (15.95 °C ± 1.58, Table 2), and minimum and
maximum mean SST values (20.53 and 22.53 °C) fall far outside the
instrumental mean SST range (14.25 and 18 °C). On the other hand,
when SST reconstruction is done with δ18Oshell values without the offset
correction, shell mean SST (16.99 °C ± 2.42, Table 8) was ~1.04 °C
warmer than instrumental mean SST (Table 2), minimum and max-
imum mean SST values (15.82 and 17.93 °C) fall within instrumental
mean SST range, and shell SST values record the full range of seasonal
SST recorded in thermometers (see Max and Min SST values in Table 8).
An explanation for the extremely high mean SST of δ18Oshell values with

the offset correction may be the low precision of data used in the vital
effect calculation. Previous studies have mentioned that the greater the
resolved data used for the isotopic composition of the water when
calculating predicted δ18Oshell, the smaller the offset between predicted
and measured values (Ferguson et al., 2011; Gutiérrez-Zugasti et al.,
2017). As the size of the offset is highly sensitive to δ18Oseawater values,
our water sampling with only seasonal measurements and the use of
δ18Oseawater values from November 2015 in the calculation of shells
collected during November 2016 (Table 4) may account for a source of
error in our vital effect calculation. Also, there are no other isotope
studies on Fissurella species to compare our offset and evaluate its size
and direction. Moreover, the coarse shell sampling resolution used in
the study does not provide information on specimen age (ontogenetic
effect) or on the time interval included in each shell sample. Conse-
quently, no specific time can be assigned to δ18Oshell samples to link
them to δ18Oseawater signatures and perform an accurate vital effect
calculation.

Regarding correlation between instrumental SST and reconstructed
values from δ18Oshell on modern shells, previous studies have found a
closer correspondence between both estimates. These studies have
performed oxygen isotope analyses on different mollusc species. For
instance, mean SST reconstruction on Patella vulgata for the northern
coast of Spain yielded values 0.40–0.90 °C cooler than instrumental
records (Gutiérrez–Zugasti et al., 2017). Mean SST from opercula and
shell carbonate of T. sarmaticus from the coast of South Africa, was also
0.40 °C colder than instrumental mean SST (Galimberti et al., 2017). A
study onM. donacium found a strong correlation between measured SST
and shell SST (Carré et al., 2005b). Finally, reconstructed SST for N.
deaurata and N. maguellanica shells from the Beagle Channel showed
that shell average SST was around 0.50 °C below SST instrumentally
recorded from the study area (Colonese et al., 2012). Reconstructed
mean SST for F. maxima (δ18Oshell values without the offset correction)

Table 4
Parameters employed to estimate isotope fractionation offset of measured δ18Ocalcite at the edge of modern F. maxima shells.a

Shell sample Area of
collection

Season of
collection

Measured calcite
δ18O (‰. PDB)

Measured calcite
δ18O (‰. SMOW)

Seawater δ18O
(‰. SMOW)

Thermometer mean
SST (°C)

Predicted calcite
δ18O (‰. SMOW)

Predicted calcite
δ18O (‰. PDB)

Offset ‰

B.C.2.A. Taltal November
2015

+1.02 +31.91 +0.26 16.14 +30.44 −0.41 −1.43

B.P6.2.A Taltal February 2016 +1.06 +31.95 −0.03 17.65 +30.33 −0.51 −1.57
Z.P6.1.A Paposo February 2016 +0.65 +31.53 −0.05 16.82 +30.5 −0.35 −1.00
Z.P6.2.A Paposo February 2016 +0.53 +31.41 −0.05 16.82 +30.5 −0.35 −0.88
B.C.P.1.A Taltal November

2016
+0.93 +31.82 −0.26 15.72 +30.54 −0.31 −1.24

B.C.P.2.A Taltal November
2016

+1.01 +31.90 −0.26 15.72 +30.54 −0.31 −1.32

L.F.P.1.A Paposo November
2016

+0.44 +31.31 +0.28 15.26 +31.21 +0.34 −0.10

L.F.P.2.A Paposo November
2016

+0.76 +31.64 +0.28 15.26 +31.21 +0.34 −0.42

a Modern shell samples: Letter A at the end identifies sample obtained at the edge of F. maxima shells.

Fig. 7. Observed (open dots) versus predicted (dark dots) δ18Ocalcite values on
modern F. maxima shells.

Table 5
Reported δ18OshellVPDB/‰ from modern F. maxima shells after subtracting 1 ± 0.5‰ to account for the vital effect.a

Shell ID Type Area of collection Date of collection N UTM north UTM east δ18OVPDB/‰

Mean Median Max Min S.D. Var

B.C.2 Modern Taltal area November 2015 8 7,200,553 353,748 −0.35 −0.27 +0.03 −1.00 0.36 0.13
B.P6.2 Modern Taltal area February 2016 8 7,200,553 353,748 −0.51 −0.50 +0.06 −0.99 0.37 0.14
Z.P6.1 Modern Paposo area February 2016 8 7,242,032 346,788 −0.49 −0.51 −0.19 −0.76 0.21 0.04
Z.P6.2 Modern Paposo area February 2016 8 7,242,032 346,788 −0.48 −0.45 −0.01 −0.89 0.32 0.10
B.C.P.1 Modern Taltal area November 2016 8 7,200,553 353,748 −0.68 −0.80 −0.05 −1.19 0.43 0.18
B.C.P.2 Modern Taltal area November 2016 8 7,200,553 353,748 −0.79 −0.90 +0.01 −1.11 0.36 0.13
L.F.P.1 Modern Paposo area November 2016 8 7,242,032 346,788 −0.77 −0.80 −0.56 −0.93 0.16 0.03
L.F.P.2 Modern Paposo area November 2016 8 7,242,032 346,788 −0.82 −0.81 −0.24 −1.20 0.29 0.08
Total modern −0.61 −0.68 +0.06 −1.20 0.35 0.12

a N refers to the number of samples per shell.
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was ~1.04 °C warmer than instrumental SST, over representing mean
water temperature and differing from what has been found for most
Patella species. One exception is Patella caerulea from the

Table 6
Reported δ18OshellVPDB/‰ from modern and archaeological F. maxima shells without vital effect correction.a

Shell ID Type Area of collection Date of collection N UTM north UTM east δ18OVPDB/‰

Mean Median Max Min S.D. Var

B.C.2 Modern Taltal area November 2015 8 7,200,553 353,748 +0.65 +0.73 +1.03 +0.00 0.36 0.13
B·P6.2 Modern Taltal area February 2016 8 7,200,553 353,748 +0.49 +0.50 +1.06 +0.01 0.37 0.14
Z.P6.1 Modern Paposo area February 2016 8 7,242,032 346,788 +0.51 +0.49 +0.81 +0.24 0.21 0.04
Z.P6.2 Modern Paposo area February 2016 8 7,242,032 346,788 +0.52 +0.55 +0.99 +0.11 0.32 0.10
B.C.P.1 Modern Taltal area November 2016 8 7,200,553 353,748 +0.32 +0.20 +0.95 −0.19 0.43 0.18
B.C.P.2 Modern Taltal area November 2016 8 7,200,553 353,748 +0.21 +0.10 +1.01 −0.11 0.36 0.13
L.F.P.1 Modern Paposo area November 2016 8 7,242,032 346,788 +0.23 +0.20 +0.44 +0.07 0.16 0.03
L.F.P.2 Modern Paposo area November 2016 8 7,242,032 346,788 +0.18 +0.19 +0.76 −0.20 0.29 0.08
Total modern +0.39 +0.32 +1.06 −0.20 0.35 0.12
A.C.1 Archaeological Site 224A 10,995 cal yr BP 8 7,201,935 354,249 +1.19 +1.17 +1.72 +0.83 0.33 0.11
A.C.2 Archaeological Site 224A 10,995 cal yr BP 8 7,201,935 354,249 +1.21 +1.18 +1.68 +0.86 0.25 0.06
A.C.3 Archaeological Site 224A 10,995 cal yr BP 8 7,201,935 354,249 +1.17 +1.24 +1.48 +0.78 0.28 0.08
A.C.4 Archaeological Site 224A 10,995 cal yr BP 7 7,201,935 354,249 +1.07 +0.94 +1.51 +0.80 0.29 0.08
P.F.1 Archaeological Site PN9 11,210 cal yr BP 8 7,238,590 350,569 +0.95 +0.84 +1.55 +0.67 0.29 0.08
P.F.2 Archaeological Site PN9 11,210 cal yr BP 8 7,238,590 350,569 +1.14 +1.09 +1.53 +0.84 0.25 0.06
P.F.3 Archaeological Site PN9 11,210 cal yr BP 8 7,238,590 350,569 +0.83 +0.77 +1.70 +0.29 0.44 0.20
P.F.4 Archaeological Site PN9 11,210 cal yr BP 8 7,238,590 350,569 +0.72 +0.70 +1.46 +0.00 0.43 0.19
Total archaeological +1.03 +1.01 +1.72 +0.00 0.35 0.13

a N refers to the number of samples per shell.

Table 7
Reconstructed SST (°C) from modern F. maxima shells with Vital Effect cor-
rection.a

Shell ID Type Site of
collection

n SST (°C)

Mean Median Max Min S.D. Var

B.C.2 Modern Taltal area 8 20.35 20.00 23.37 18.64 1.65 2.71
B·P6.2 Modern Taltal area 8 21.08 21.06 23.31 18.49 1.72 2.95
Z.P6.1 Modern Paposo

area
8 21.01 21.08 22.24 19.61 0.95 0.90

Z.P6.2 Modern Paposo
area

8 20.94 20.81 22.85 18.78 1.49 2.23

B.C.P.1 Modern Taltal area 8 21.91 22.43 24.29 18.97 1.97 3.89
B.C.P.2 Modern Taltal area 8 22.40 22.91 23.87 18.71 1.68 2.82
L.F.P.1 Modern Paposo

area
8 22.29 22.43 23.07 21.31 0.74 0.55

L.F.P.2 Modern Paposo
area

8 22.53 22.49 24.32 19.83 1.35 1.82

Total modern 21.56 21.87 24.32 18.49 1.61 2.58

a N refers to the number of samples per shell.

Table 8
Reconstructed SST (°C) from modern and archaeological F. maxima shells without vital effect correction.a

Shell ID Type Site of collection n SST (°C)

Mean Median Max Min S.D. Var

B.C.2 Modern Taltal area 8 15.82 15.49 18.74 14.16 1.59 2.54
B.P6.2 Modern Taltal area 8 16.53 16.51 18.69 14.03 1.66 2.77
Z.P6.1 Modern Paposo area 8 16.47 16.53 17.65 15.11 0.92 0.84
Z.P6.2 Modern Paposo area 8 16.40 16.26 18.25 14.30 1.44 2.09
B.C.P.1 Modern Taltal area 8 17.33 17.84 19.64 14.49 1.91 3.65
B.C.P.2 Modern Taltal area 8 17.81 18.30 19.23 14.23 1.63 2.65
L.F.P.1 Modern Paposo area 8 17.70 17.84 18.45 16.75 0.72 0.51
L.F.P.2 Modern Paposo area 8 17.93 17.90 19.67 15.32 1.31 1.71
Total modern 16.99 17.29 19.67 14.03 1.55 2.42
A.C.1 Archaeological Site 224A 8 13.43 13.53 15.01 11.12 1.46 2.14
A.C.2 Archaeological Site 224A 8 13.36 13.50 14.89 11.29 1.11 1.24
A.C.3 Archaeological Site 224A 8 13.55 13.24 15.25 12.16 1.23 1.51
A.C.4 Archaeological Site 224A 7 13.99 14.54 15.16 12.06 1.25 1.56
P.F.1 Archaeological Site PN9 8 14.51 14.97 15.72 11.89 1.26 1.60
P.F.2 Archaeological Site PN9 8 13.68 13.88 14.97 11.94 1.08 1.16
P.F.3 Archaeological Site PN9 8 15.02 15.30 17.42 11.21 1.96 3.82
P.F.4 Archaeological Site PN9 8 15.52 15.59 18.73 12.25 1.91 3.66
Total archaeological 14.13 14.24 18.73 11.12 1.56 2.44

a N refers to the number of samples per shell.

Table 9
SST (°C) from in situ thermometers, satellite imagery, archaeological F. maxima
shells and modern F. maxima shells.a

SST (°C) Thermometers Satellite Modern
F.
maxima
Shell

Modern
F.
maxima
shell (co)

Archaeological
F. maxima shell

Mean 15.95 16.88 16.99 21.56 14.13
Maximum

mean
18.00 20.76 17.93 22.53 15.52

Minimum
mean

14.25 14.25 15.82 20.35 13.56

Range 3.75 6.51 2.11 2.18 1.96

a (co) indicates SST information on corrected δ18Oshell values from vital ef-
fect.
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Mediterranean, where reconstructed SST was generally 1 °C warmer
than instrumental SST (Prendergast and Schöne, 2017). Explanations
provided by Prendergast and Schöne (2017) for warmer reconstructed
SST is that water in intertidal habitats of mollusc species may be
slightly warmer than that recorded in thermometers or that sampled
species may grow during part of the day when temperatures are warmer
than instrumental records. This may be our case, since F. maxima shells
were obtained from the intertidal zone and thermometers were at-
tached to local piers, approximately 1m below mean low water.

Other factors proposed as mechanisms to explain observed deple-
tion of 18O are shell deposition during changes in the pH of water or
during evaporative conditions, or biomineralization processes by re-
spired CO2 (Fenger et al., 2007; Parker et al., 2017; Spero and Lea,
1996). No information is available on the mechanisms by which F.
maxima precipitates its shell, and therefore it is not possible to evaluate
which factor may explain depleted δ18Oshell values. Evaporative con-
ditions may be ruled out since our F. maxima shells were obtained from
intertidal areas directly exposed to wave action and not from habitats
with enhanced evaporation like tide pools. However, a strong El Niño
event was observed along the southeast Pacific between 2015 and 2016
(https://www.esrl.noaa.gov/psd/enso/mei/). This oceanographic con-
dition is likely to have changed water mass characteristics in the coastal
zone, including the pH of upwelled water in northern Chile (Ulloa et al.,
2001; Vargas et al., 2017). Consequently, it is possible that changes in
water pH happened during shell deposition of our F. maxima specimens,
causing depleted δ18Oshell values.

The mechanisms responsible for 18O enrichment or depletion of
biomineralized calcite in shells of F. maxima remain unknown, and our
data do not provide an accurate calculation of the offset between pre-
dicted and measured δ18Oshell values. Subsequently, the 1.1 ± 0.5‰
offset will not be used to reconstruct SST from δ18Oshell values of
modern and archaeological F. maxima shells. In the meantime, as in situ
thermometers are a reliable source of local SST, temperature offset of
+1.04°C may be considered as a more dependable parameter to correct
reconstructed shell SST. Because this temperature offset is predictable
and can be taken into account, reconstructed SST from F. maxima
δ18Oshell values can be considered a useful proxy for water temperature,
with an approximate error of +1.04 °C.

Several species-specific equations have been developed to improve
the accuracy of paleotemperature reconstructions from carbonate ske-
letons (Ford et al., 2010; Wanamaker Jr. et al., 2007). As the devel-
opment of these equation requires comprehensive studies on the mol-
lusc species under study, many of these equations have been applied to
other species (i.e. Carré et al., 2005a, 2005b; Colonese et al., 2012;
Galimberti et al., 2017; Jew et al., 2016). In this study we used a pa-
leotemperature equation originally developed for M. californianus (Ford
et al., 2010) that resulted in a difference of +1.04 °C between mean SST
reconstructed from modern F. maxima shells and mean SST obtained
from in situ thermometers. This highlights the necessity of calibrating
the Ford et al. (2010) equation for F. maxima. As stated above, given
that our shell sampling strategy does not control for shell growth rates
or shell microsample chronology, the slope of the paleotemperature
equation used to convert F. maxima δ18Oshell values (Ford et al., 2010)
cannot been tested, thus adding uncertainty to our δ18Oshell derived
mean SST results.

Reconstructed SST from modern F. maxima shells are different than
SST reconstructed from archaeological shells (modern and archae-
ological δ18Oshell values without the offset correction) dated by asso-
ciation to 11,206 and 11,010 cal yr BP (Figs. 8 and 9, Table 8). Early
Holocene mean SST (14.13 °C) was cooler than modern temperatures
(shell 16.99 °C, thermometer 15.95 °C) (Table 8). This difference im-
plies that Early Holocene mean SST at 25°S was ~2.86 °C cooler than
today. This difference between SST estimates based on modern and
archaeological shell samples is statistically significant (t-test
p < 0.000, df= 125). Considering the temperature error of +1.04 °C,
corrected mean SST from modern shells would be 15.95 °C and from

archaeological shells 13.09 °C. This correction maintains the pattern
observed of 2.86 °C difference between modern and archaeological
mean SST around the Paposo and Taltal areas.

Early Holocene SST reconstructed from archaeological F. maxima
shells suggests cold SST around the area. Modern conditions associated
with nearshore cold waters along the coast of Chile are associated with
upwelling activity and entail high primary productivity, the presence of
large kelp beds (Vásquez et al., 1998; Villegas et al., 2007) and char-
acteristic associated fauna dominated by benthic species such as her-
bivorous fishes and a diverse molluscan assemblage (Aldana et al.,
2017; Reddin et al., 2015; Wieters, 2005). This scenario is com-
plementary to paleoclimate reconstructions for inland and littoral ter-
restrial environments that attest to increased local humidity brought
about by increased groundwater recharge in inland Andean catchments
and/or increased intensity of coastal fog (Díaz et al., 2012; Saez et al.,

Fig. 8. Boxplots for modern and archaeological shell SST values. Reconstructed
SST are on F. maxima δ18Oshell values without the offset correction. MOD refers
to modern shells and ARC to archaeological shells. Each boxplot represents
eight shell carbonate samples, except for archaeological shell A.C.4 with only
seven samples. Outlier value from this shell is not included.

Fig. 9. Boxplot for overall modern and archaeological shell SST values.
Reconstructed SST are on F. maxima δ18Oshell values without the offset cor-
rection. MODERN refers to modern samples (n=64) and ARCHAEOLOGICAL
to archaeological samples (n=63).
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2016). The cold and humid climate pattern during the Pleistocene–-
Holocene transition is detected over much of the Atacama desert and
has been attributed to oceanographic and atmospheric anomalies in-
duced by prevailing La Niña–like conditions in the Tropical Pacific
(Gayo et al., 2012a, 2012b; Latorre et al., 2002; Maldonado et al., 2005;
Quade et al., 2008; Saez et al., 2016).

Early human occupations made use of these favourable environ-
mental conditions, effectively adapting to both highland and coastal
ecosystems as early as 11,800 cal yr BP (Cartajena et al., 2014; Grosjean
et al., 2005; Latorre et al., 2013; Llagostera, 1992, 2005; Llagostera
et al., 2000; Núñez et al., 2002; Salazar et al., 2011, 2017). Marine
faunal remains from archaeological sites 224A and Paposo Norte 9
support the scenario of productive habitats along the coast of Taltal.
Archaeological fauna assemblages from these sites are characterized by
high abundance of different species of the genus Fissurella (keyhole
limpet), Acanthopleura echinata (chiton), Enoplochiton niger (chiton),
Tegula atra (sea snail), and C. concholepas shells (Olguín et al., 2015a;
Salazar et al., 2017). Regarding fish species, ichthyofaunal records
show a predominance of species like Sciaena deliciosa, Cilus gilberti,
Semicossyphus darwini, Scartichthys viridis and Trachurus murphyi
(Rebolledo et al., 2016; Salazar et al., 2017), most of them cold water
kelp–forest fishes (Berrios and Vargas, 2000; Pérez-Matus et al., 2012).
It is interesting to note that archaeological sites from the study area
with dates later than 8500 cal yr BP have ichthyofaunal assemblages
with higher abundance of warmer water species (Rebolledo et al.,
2016). Further studies will be necessary to evaluate the role of paleo-
ceanographic conditions on the composition of fish remains from
Middle Holocene archaeological sites of the area of Taltal and the
northern coast of Chile.

Our results point to colder than present nearshore conditions during
the Early Holocene that are consistent with previous sea temperature
reconstructions. Isotope studies (δ18O) on C. concholepas shells from La
Chimba–13 archaeological site (23°S) – two degrees of latitude north of
our study area and with dates between 10,550 and 9120 cal yr BP –
show that coastal SST was around 4 °C cooler than present (Vargas
et al., 2006). These similarities coincide with previous interpretations
of prevailing cooler SST during the Early Holocene on the coast of
southern Peru (18°S) between 9600 and 8900 cal BP (Carré et al.,
2005a, 2014).

Reconstructed shell SST from central Chile (31°S) between 10,380
and 9460 cal yr BP have been reported to be similar to modern SST
values (Carré et al., 2012). Several explanations have been proposed to
interpret higher SST and lower reservoir ages than those obtained in
southern Peru and northern Chile (15°S to 23°S) during the Early Ho-
locene (Carré et al., 2016; Fontugne et al., 2004; Ortlieb et al., 2011).
This Early Holocene latitudinal contrast has been interpreted as the
result of differences in the intensity of the upwelling activity along the
northern coast (Carré et al., 2005a, 2014; Sadler et al., 2012), a dif-
ference in the 14C content of upwelled waters due to their origin (for
example higher or lower contribution of sub-Antarctic mode waters
(SAMW)) (Fontugne et al., 2004; Hua et al., 2015), and/or the result of
changes in the latitudinal character of air-sea CO2 exchange due to the
location of the ESSW–SAMW front somewhere between northern
(~18°S) and central Chile (31°S) (Carré et al., 2016).

As deep water brought to the surface by coastal upwelling is char-
acterized by lower temperatures (Aravena et al., 2014; Thiel et al.,
2007), Early Holocene cooler SST (Carré et al., 2005a, 2014) and high
marine reservoir ages are interpreted as increased upwelling intensity
(Carré et al., 2016) on the southern coast of Peru (18°S), which suggests
that the cooler than present SST recorded for archaeological shells from
sites 224A and Paposo Norte 9 (Taltal, 25°S) and from La Chimba–13
(23°S) may be related to high upwelling activity in the area. More in-
formation on reconstructed SST and radiocarbon marine reservoir ages
is needed to evaluate and explain changes in paleoceanographic con-
ditions throughout the Holocene along the northern coast of Chile (from
18 to 31°S). Nevertheless, paleo–SST data from archaeological shells of

Taltal contribute to decrease the uncertainty on the spatial organization
of paleoceanographic patterns during the Early Holocene. Between
around 11,000 and 9000 cal yr BP, the area from southern Peru (18°S)
to Taltal (25°S) was characterized by cooler waters and strong upwel-
ling, while the area around Los Vilos (31°S) was dominated by warmer
waters and weaker upwelling. These spatial patterns suggest that Early
Holocene human occupations of the coast of southern Peru to northern
Chile experienced an environment that was distinctively influenced by
strong upwelling conditions.

8. Conclusions

In the present study we have provided the first SST record from δ18O
analyses on modern and archaeological shell carbonates for the coastal
Atacama desert (area of Taltal, 25°S). In addition, we have presented
the first isotope study on a keyhole limpet species (F. maxima) from the
Pacific coast of South America, and the first XDR on the composition of
calcium carbonate of its shell. Finally, we have calibrated reconstructed
SST from modern shells of F. maxima with in situ SST measurements for
the study area. Mean SST value recorded in thermometers is around
0.93 °C lower than mean SST from satellite information. Therefore, in
cases when in situ thermometers are not available to compare with
reconstructed shell SST, this offset has to be considered. The re-
constructed mean SST obtained from δ18O values on calcite outer layers
of modern F. maxima shells is 1.04 °C warmer than the mean SST from
in situ thermometers. Because this temperature offset is predictable and
can be taken into account, reconstructed SST from F. maxima δ18Oshell

values can be considered a useful proxy for water temperature, with an
approximate error of +1.04 °C. Our results confirm paleoceanographic
patterns previously reported for the Early Holocene along South
America, with cooler nearshore waters and strong upwelling along the
southern coast of Peru and northern Chile. These data are crucial to
understand the environmental context of early peopling of the coast of
the Atacama desert and South America. Further experimental studies
are needed on F. maxima shells to assess, for example, the influence of
temperature thresholds on its biological processes and during active
mineralization. In this regard, sclerochronology studies are needed to
identify shell microsample chronology and growth rate of this shellfish
species, ubiquitous in shell midden sites along the coast of Chile.
Finally, additional studies should be conducted between Taltal (25°S)
and Los Vilos (31°S) to identify the past location of the ESSW–SAMW
front and therefore understand temporal changes in the structure of the
Humboldt Current along the Holocene and their influence on human
adaptation through the prehistory of South America.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.03.031.
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