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Abstract: Measurement of the elemental composition of shells is increasingly emerging as an avenue
for obtaining high-resolution insights into paleoclimate and past seasonality. Several studies have
shown significant correlations between Mg/Ca ratios measured on shell carbonate and the sea surface
temperature (SST) within which this carbonate was precipitated. However, other investigations
have reported large variability in this relationship between species. Therefore, further studies,
including taxa previously not considered are still required in order to validate these new species
as suitable climate proxies. Here, we measured Mg/Ca ratios for limpet Patella depressa Pennant,
1777 samples live-collected in northern Spain for the first time. The elemental ratio was measured
using laser-induced breakdown spectroscopy (LIBS), a technique that significantly decreases the
time required for sample preparation and increases the number of shells that can be analyzed. In
this study, calibration-free LIBS (CF-LIBS) methods were applied to estimate molar concentrations
of chemical elements on biogenic calcium carbonate. The Mg/Ca ratio evolution along the shell
growth axis was compared with stable oxygen isotope (δ18 O) profiles obtained from these same
limpets and the SST at the place where the mollusk grew to determine if the sequences obtained
correctly reflected environmental conditions during the life-span of the mollusk. The results showed
a significant correlation between Mg/Ca ratio series and both δ18 O profiles and SST, highlighting
the paleoenvironmental and archaeological potential of LIBS analyses on this mollusk species that is
frequently found in archaeological contexts in the western Europe.
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There has long been a keen theoretical and methodological interest in archaeology at
elucidating the impacts of climatic and environmental change on hominin behavior, settlement, and culture in different parts of the world at different points of time [1–5], and how
this might be mobilized to inform challenges facing our species in the 21st century [6,7]. In
western Europe, climate changes have been variously argued to have had deep implications for Neanderthal behavior and eventual extinction [8–10], the tempo and nature of
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human hunter–gatherer settlement across the Last Glacial Maximum and Early–Middle
Holocene [11–13], and the arrival and adaptations of the first farmers [14,15]. Crucial to
such debates, however, is the ability to develop a set of proxies that can reconstruct the impacts of broader climatic systems on local environments used by past human populations,
both marine and terrestrial [16–18]. Furthermore, from a behavioral perspective, some
of the most critical climatic changes impact intra-annual seasonality of temperature and
rainfall, something that has been notoriously difficult to reconstruct for the past [19,20].
The shells of marine mollusks are routinely found in many archaeological deposits
due to littoral resources that were exploited by past hominins at least from the Middle
Pleistocene [21–24], but especially during Upper Paleolithic and Mesolithic periods [25–27].
Previous investigations have demonstrated that shell remains can offer very valuable information on human settlement and mobility patterns, as well as on subsistence strategies
of these past populations [28–31]. At the same time, shells can also be considered as a
particularly relevant paleoenvironmental proxy in the context of exploring past marine conditions [16,32]. Marine mollusk species have very specific environmental requirements and
are very sensitive to climate change [33,34]. Warmer conditions during the Early Holocene
provoked significant changes in species representation along the Atlantic coasts of Europe
compared to the Pleistocene assemblages [35,36]. Meanwhile, the current rising of seawater temperatures is provoking a rapid expansion of the northern limit of warm-adapted
marine species [37,38]. Beyond taxonomic studies, during the last few decades, the isotopic
measurement of biogenic carbonates within mollusk shells has been found to provide a
highly effective paleothermometer over the course of a mollusk’s lifespan [16,20,39,40].
Stable oxygen isotope ratios derived from marine mollusk shells (δ18 Oshell ) are powerful
recorders of the seasonal sea surface temperature (SST) variations experienced during the
precipitation of carbonate year-round in the past [39,41–43]. Not only that, but isotopic
series can be used to define the season(s) when the mollusks were harvested by past hominin groups, thus deciphering seasonal exploitation patterns of this food supply during
prehistory [44–47].
Although previous studies on modern marine mollusk shells have shown a high
correlation between δ18 Oshell values and SST [48–51], oxygen isotope fractionation is also
influenced by oxygen isotope composition of the seawater (δ18 Osw ) [20,52]. This represents
a significant limitation for paleoreconstructions where δ18 Osw values are unknown, while
the cost- and time-consuming nature of serial δ18 Oshell sampling can also be prohibitive.
This has led to efforts to develop independent paleotemperature archives. Concentration
ratios of some trace elements to calcium have been successfully tested on corals and
foraminifera [53–55]. However, despite extensive research on mollusk shells, relatively
few studies have shown a clear relationship between the element/Ca ratios obtained and
SST [39,56–58], with many reporting a low (or no) correlation between element/Ca ratios
and SST in different mollusk species [59–64]. This indicates significant species-specific
variability in this regard, as well as divergence in how trace elements are incorporated
into carbonate in different habitats [65]. Therefore, more analyses involving new shell taxa
and species collected from coastal areas previously not considered are required to better
understand trace element precipitation mechanisms and the wide-scale effectiveness of
this approach as a past environmental proxy.
In this study, we measured, for the first time, Mg/Ca ratios of limpet Patella depressa
Pennant, 1777 samples live-collected in northern Spain. This mollusk species was consumed
in high numbers by Mesolithic humans during the Early Holocene period, along the
Atlantic coast of Europe, representing an important percentage of all shell taxa recovered
from shell middens excavated in northern Spain and France [66,67]. Determining if Mg/Ca
ratios derived from P. depressa can be used as a suitable paleothermometer to reconstruct
paleoclimate conditions and seasonality would have significant implications for future
archaeological and paleoenvironmental investigations. Mg/Ca ratios were measured
using laser-induced breakdown spectroscopy (LIBS), one of the most novel techniques for
measuring element/Ca ratios on shells due to significantly easier sample preparation and
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Figure 1. Location of the study area in northern Spain, Santander Oceanographic Station, and
Figure 1. Location of the study area in northern Spain, Santander Oceanographic Station, and
Langre beach.
Langre beach.

2.2. LIBS Experimental Set-Up
LIBS is an atomic emission spectroscopic technique that ablates a small volume of
material with a high-energy pulsed laser, creating a plasma. The light emitted from
the plasma contains emission lines at different wavelengths depending on the sample
composition at the elemental and molecular levels [75]. The Mg/Ca ratios reported in this
work were obtained from the processing of Mg and Ca lines’ emission intensities. The
experimental setup (Figure 2) consisted of a Nd:YAG laser (Lotis LS-2134D) operating at
a wavelength of 1064 nm, with 16 ns pulse width and 10 Hz repetition rate. The pulse
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Following the methodological procedures previously utilized in investigations conFollowing the methodological procedures previously utilized in investigations conducted on Patella limpet species, shells were sectioned along the growth axis before being
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cate the LIBS measuring path.
the LIBS measuring path.
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In the recorded spectra, due to the high resolution and wide spectral range of the
In the recorded spectra, due to the high resolution and wide spectral range of the
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single cross-section of a limpet. In addition, to better assess the long-term (temperature
related) ratio variations, the well-known singular spectrum analysis (SSA) was applied to
the sequences [77,78], a methodology that has already been applied on LIBS-derived series
Figure
4. Sample
spectrum
showing
some of[57].
the selected
emissionwas
linesdecomposed
of MgI, MgII, into
CaI, and
from marine
mollusk
shells
elsewhere
Each sequence
2 signal
CaII
used
to
estimate
Mg/Ca
ratio
values
(mmol/mol)
through
calibration-free
(CF)-LIBS
techcomponents and 6 noise components; the latter then being discarded. The effect of SSA is
nique.
shown in Figure 5.

Figure 5. Mg/Ca ratios obtained with the proposed CF-LIBS procedure (grey line) and the same
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Figure 7. (a) Two Mg/Ca ratio series obtained from a limpet cross-section measured on limpet
LAN545 along the same path and (b) the correlation between both series.
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3.2. Mg/Ca Ratio Series vs δ18 Oshell Profiles and Instrumental SST (Tmeas )
The Mg/Ca ratio series obtained showed very well-defined temporal patterns, covering a variable number of seasonal cycles depending on the age of the shell (Figure 6a–d). A
cycle refers to that part of the series between one minimum or one maximum value and
the next one. Each cycle is therefore composed of a maximum, a minimum, and a variable
number of intermediate values. A variable number of cycles were documented for each
specimen. LAN541, LAN554, and LAN559 exhibited elemental fluctuations corresponding
to approximately one cycle, while LAN545 covered a time span longer than two cycles.
The number of cycles reported by the elemental series for each limpet was very consistent
with the actual number of years of the life-span of these specimens, which was previously
decoded through a detailed sclerochronological investigation carried out on these four
same specimens combining a stable oxygen isotope analysis and a study of the growth
patterns on every shell [72].
According to the results obtained from the previous trace element investigations
carried out on biogenic carbonates [56,68], and especially those conducted on limpet
species [39,57,58,69], higher and lower Mg/Ca ratio values represent warmer and colder
SST, respectively, and each cycle corresponds to a complete year. This approach was also
confirmed by the results derived from the sclerochronological study conducted on these
four shells [72], since the cross-section areas where the minima and maxima Mg/Ca ratio
values were located coincided very well with those limpet portions deposited when coldest
and warmest seawater temperatures were reached, respectively. A comparison between the
obtained Mg/Ca ratio series and instrumentally measured SST (Tmeas ) at the place where
the mollusks grew (Figure 6e) demonstrated a strong agreement between the two datasets
through time, covering the expected number of summer and winter seasons through each
mollusk’s lifespan. Finally, the Mg/Ca ratio series obtained herein were also compared
with δ18 Oshell values previously published for these same specimens [72]. The results
reported a very high correlation between both profiles (R2 = 0.78–0.87) (Figure 8). Therefore,
LIBS-derived Mg/Ca ratio series from P. depressa clearly reported SST variations during
the lifespan of the mollusk, covering a variable time span between one year (LAN559,
Figure 6d) and almost three annual cycles (LAN545, Figure 6b).
In order to quantify the seawater temperature dependence of Mg incorporation into
the carbonate matrix, maxima, minima, and average Mg/Ca ratios obtained for each
annual cycle, and maxima, minima and average Tmeas for each year were compared. Linear
regression analysis showed very high correlations in each of the four shells (R2 = 0.91–0.95)
(Figure 9a), even when all four shells were considered together in the same analysis
(R2 = 0.86) (Figure 9b). Results obtained herein, therefore, for the first time, show that
the P. depressa mollusk species incorporates magnesium into its calcium carbonate matrix
in dependence with SST in northern Spain. Furthermore, the LIBS-derived Mg/Ca ratio
series have enough resolution to correctly reflect the general evolution of SST variations
on a year-round basis, with clearly distinguishable warmer and colder periods. This has
implications for both paleoclimate reconstruction as well as for archaeological studies
looking to determine seasonal collection strategies of this mollusk.
3.3. Sea Surface Temperature Reconstruction and Paleoclimate Implications
Reconstructing environmental conditions and climate change during the past, particularly at a seasonal resolution, is key for better understanding the impact of external
changes on different aspects of human behavior [4,5,14]. Previous sclerochronological
studies carried out on mollusks collected from northern Spain have revealed that δ18 Oshell
values obtained from Phorcus lineatus [51,73], P. vulgata [74], P. depressa [72], and Mytilus galloprovincialis [83] can all be considered as effective high-resolution SST recorders. However,
to reconstruct SST from δ18 Oshell values, information about δ18 Osw is also required, the
value of which is effectively unknown for the past. Different methodological approaches
have been applied in order to overcome this limitation using, for example, the current
δ18 Osw for SST reconstruction during the Roman period [42], or even the Early Holocene
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emission line ratios) obtained between specimens, which were caused by inconsistent LIBS
experimental conditions and precluded the development of an equation for estimating SST
from Mg/Ca values [69]. Here, the LIBS-derived variability was reduced using the CF-LIBS
technique, resulting in very similar regression lines between each measured specimen of P.
depressa (Figure 9a). This allowed us to tentatively develop the first equation to estimate SST
from LIBS-derived Mg/Ca ratios (TMg/Ca ) considering all maxima, minima, and average
values derived from the four shells (Figure 9b):
TMg/Ca = 0.5492 × Mg/Ca ratio value − 8.5532

(1)

Appl. Sci. 2021, 11, 2959

Appl. Sci. 2021, 11, 2959

11 of 17

Nevertheless, further investigation, increasing the number of shells analyzed and
11 of 17
improving the CF-LIBS technique algorithm, is still required in order to obtain a more
accurate equation.
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To try and overcome this issue, Mg/Ca ratio analysis has been proposed as a reliable
proxy independent of δ18Osw variations [39,56,68]. However, very few studies have re-
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through time and between sites. Moreover, as can be seen from the data present here,
and in other studies, the ability of Mg/Ca ratio series to decipher past climate changes
on an intra-annual basis means that the approach is able to reveal seasonality in mollusk
collection patterns [57,58,69].
To decipher the season of collection of each specimen, the most recent (youngest)
calcium carbonate deposited by the mollusk, as well as the sequence trend prior to the
mollusk’s death, were employed [44,47,87]. Mg/Ca ratio values representative of the last
mollusk growth in the four shells always reported a value higher than 50 mmol/mol.
However, slight differences were observed in the series trend during the weeks or months
prior to the collection event. While LAN541 showed a harvest event during a period of
cooling SST, just after the annual SST maximum was reached, LAN545, LAN554, and
LAN559 reported a collection event during a warming trend in SST, just before reaching the maximum value documented during the previous annual cycle. Only LAN559
reported a final value (54 mmol/mol) similar to the maximum observed during the previous summer (56.5 mmol/mol), which suggests a collection near the warmest annual
SST. The sclerochronological study previously carried out on these same four shells revealed that LAN545 and LAN554 specimens stopped their growth for one and two months,
respectively, in summer 2012. Both specimens resumed carbonate deposition at the end
of September 2012, just before the collection event [72]. This explains why LAN545 and
LAN554 did not record the annual maximum SST. In spite of these growth stoppages in
LAN545 and LAN554, the last Mg/Ca ratio value of both specimens was always located
in the upper quartile of the total annual range reported from each individual [44,87,92],
which corresponded to the summer season.
Overall, if the real collection date of these specimens (i.e., end of summer) were
unknown, the series obtained would have allowed us to decipher, with a high temporal
resolution, the period of the collection in the case of LAN541 and LAN559, which clearly
reported a collection during the end of the warmer season. Although LAN545 and LAN554
did not reach the annual maximum SST, the Mg/Ca ratio series also correctly suggested
the general season of collection (i.e., summer). As also occurred with the isotopic series
obtained from these same two specimens (LAN545 and LAN554) [72], a collection at the end
of summer could have also been correctly deduced if Mg/Ca ratio series were combined
with growth line analyses in order to take into account possible growth stoppages close
to the edge. In summary, our results highlight that the season of collection for P. depressa
can be accurately, rapidly, and inexpensively determined using LIBS-derived Mg/Ca ratio
series and multiproxy sclerochronological investigations, combining trace element analyses
and incremental shell growth patterns. The LIBS technique, therefore, offers a significant
opportunity to effectively increase the number of shells measured for each archaeological
context, obtaining thus more accurate archaeological conclusions.
4. Conclusions
For the first time, we applied the CF-LIBS technique to biogenic calcium carbonate to
estimate molar concentrations of chemical elements. Our results reported slight differences
with molar concentration data derived from ICP-based methodologies, suggesting that
algorithms developed to conduct CF-LIBS must be improved in further studies, particularly,
to deal with the self-absorption effect that tends to overestimate the concentration of
minority elements. Nevertheless, Mg/Ca ratio sequences derived from P. depressa using
this novel LIBS technique correctly reflected annual variations in SST, demonstrating that
P. depressa incorporates magnesium into its calcium carbonate matrix in dependence with
SST in northern Spain. The high correlation between Mg/Ca series and SST at the place
where the mollusks grew allowed us to obtain a tentative equation to estimate SST from
measured Mg/Ca ratios, although further studies are still required utilizing more samples
and improving the CF-LIBS algorithm. Together then, this novel methodology represents
a valuable approach for paleoclimate applications in the region, as well as a means of
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estimating of the season when mollusks from archaeological sites were collected by past
humans with implications for the study of human–environment interactions.
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