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A B S T R A C T   

Reconstructing the past variability of marine radiocarbon reservoir effects (MRE) is crucial for generating reli-
able chronologies for marine species and their consumers. We investigated the temporal MRE variability at the 
Early-to Mid-Holocene site of El Mazo (Asturias, northern Spain) by using a combination of new and previously 
published radiocarbon measurements on marine and terrestrial samples. The El Mazo site is characterized by 
overall well-defined archaeological layers of unknown occupation length with the predominant presence of two 
mollusc species (Patella vulgata Linnaeus, 1758 and topshell Phorcus lineatus [da Costa, 1778]) which were 
analysed for radiocarbon measurements. We employed the recently released IntCal20 calibration curve for the 
northern hemisphere and Bayesian modelling to reconstruct the site’s chronology and temporal variability in 
MREs according to mollusc species. Obtained radiocarbon modelling results, although the estimate precision is 
not high, reveal a temporal variability in MREs that can be interpreted in view of known past climatic and 
environmental events such as the 8.2 ka event. The results also revealed differences in MREs according to mollusc 
species, which need to be taken into account in future chronological modelling. Overall, our results provide 
reference MRE values for the study of chronologies in northern Iberia during the Early-to Mid-Holocene. In this 
respect, a non-conservative ΔR reference for local marine samples dating earlier than c. 8.1 ka cal BP is − 238 ±
28 14C years.   

1. Introduction 

Radiocarbon measurements of marine shells are increasingly 
employed for establishing the absolute chronologies of archaeological 
sites (Bosch et al., 2015; Gutiérrez-Zugasti et al., 2018a; Zilhão et al., 
2010) and are particularly useful for stratigraphic sequences where 
shells represent the majority of the archaeological record (Mannino 
et al., 2007; Hardy et al., 2016; Hausmann et al., 2019). However, the 
radiocarbon age of marine shells can appear significantly older than the 

actual time of deposition since marine species are typically depleted in 
their 14C content when compared to contemporary terrestrial samples in 
equilibrium with the atmosphere. Such an effect, known as a marine 
reservoir effect (MRE), can result in radiocarbon dates from marine 
shells which are several hundreds of years older than coeval terrestrial 
organic materials (e.g., Ascough et al., 2007, 2009). The magnitude of 
local MREs is typically expressed as ΔR, representing the difference 
between a local MRE and the modelled marine calibration curve (Stuiver 
et al., 1986; Stuiver and Braziunas, 1993). The establishment of reliable 
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chronologies for an archaeological site requires the application of cor-
rections to marine radiocarbon dates which may, in turn, be based on 
previous radiocarbon measurements made on coeval terrestrial and 
marine samples from closed archaeological contexts (Ascough et al., 
2017; Ortlieb et al., 2011). 

Knowledge of temporal variations in local ΔR values for coastal 
European Atlantic waters during the Early and Middle Holocene is of 
great archaeological importance since the Mesolithic period (c. 11–6 ka 
cal BP) is characterized by a significant human reliance on marine re-
sources, made visible through the large numbers of archaeological shell 
middens that dot the Atlantic sea-shore (Gutiérrez-Zugasti et al., 2011; 
Milner et al., 2007). Predictably, radiocarbon dating of marine shells is 
largely employed at these sites (Astrup et al., 2020; Bicho et al., 2010; 
García-Escárzaga et al., 2019a; Weninger et al., 2009). Furthermore, 
isotopic evidence for European Atlantic sites dating to the Mesolithic has 
revealed that humans consumed significant amounts of aquatic protein 
(Arias, 2006; Fontanals-Coll et al., 2014; Guiry et al., 2015; Schulting 
and Richards, 2001). In these cases, radiocarbon dated human remains 
may exhibit marine dietary radiocarbon reservoir effects (Fernandes 
et al., 2012, 2016; Yoneda et al., 2002). In spite of the importance of 
quantifying local ΔRs for archaeological research, the amount of data 
currently available for the European coastline during the Early Holocene 
remains limited. Only two previous studies have determined temporal 
variations in ΔR during the Mesolithic for the northern British Islands 
(Ascough et al., 2007, 2017) and a single study has been carried out for 
northern Iberian Peninsula (Soares et al., 2016), a region that is 
particularly rich in shell midden deposits (Arias et al., 2015; Fano, 2019; 
Gutiérrez-Zugasti et al., 2011). In addition to limitations in available 
data, recently, new calibration curves were published which require a 
revision of ΔR values (Heaton et al., 2020; Reimer et al., 2020). 

The values of ΔR may differ for aquatic species within both marine 
and freshwater contexts (e.g., Forman and Polyak, 1997; Mangerud 
et al., 2006; Fernandes et al., 2012; 2015; England et al., 2012; Keaveney 
and Reimer, 2012). Such differences may arise from differences in 
feeding habits or spatial feeding ranges across species and from varia-
tions in ΔR during the lifetime of each species. The main source of 
carbon for precipitated calcium carbonate in mollusc shells is water 
dissolved inorganic carbon (DIC), although some lower contributions 
may come from metabolic carbon. This varies according to the feeding 
habits of different species, their metabolic system, and growth stage 
(Lartaud et al., 2010; Lorrain et al., 2004; Fernandes and Dreves, 2017). 
Significant differences may arise in ΔR values among mollusc species or 
between these and those of other aquatic species depending on the 
amount of metabolic carbon incorporated into shell carbonate and the 
difference between the radiocarbon concentrations of DIC and those of 
ingested carbon sources. Ingested carbon may also include calcareous 
sediments, which has been observed to result in large differences in ΔRs 
between deposit feeders and suspension feeders (England et al., 2012; 
Ferguson et al., 2011). Previous research on Patella vulgata from the 
North Atlantic showed that its ΔR did not differ significantly from four 
other mollusc species (Mytilus edulis, Cerastoderma edule, Ensis ensis, and 
Littorina littorea) (Ascough et al., 2005). Russell et al. (2011) observed 
different trends for ΔR in Atlantic cod (Gadus morhua) and P. vulgata 
although the differences were not statistically significant. Ferguson et al. 
(2011) found differences in ΔR between Patella spp. and Mytilus gallo-
provincialis shells as a result of the different feeding strategies of the two 
taxa. The variability in ΔR differences among mollusc species and lo-
cations described in the aforementioned studies is possibly also related 
to local variations in the radiocarbon concentrations of shell carbon 
sources. Thus, there is a need to extend the number of studies comparing 
ΔRs for different species and across a variety of feeding contexts. 

Ideally local ΔRs would be determined at a high temporal resolution 
given that significant variations in local MREs may occur within short 
time periods (Butler et al., 2009). In practice, ΔR is often determined as 
a mean for a δt time interval of potentially unknown length when 
employing paired terrestrial and aquatic samples. An archaeological 

assessment is first made to establish if an archaeological context (e.g., 
stratum) is closed, relatively short-lived, and contains associated 
terrestrial and aquatic datable materials (e.g., Ascough et al., 2007, 
2009). Frequently, only a single pair of terrestrial and marine samples is 
radiocarbon dated although multi-paired studies have shown that wide 
distributions may be observed for ΔR (δt) (Ascough et al., 2009; Cook 
et al., 2015). This variability results from the uncertainties in radio-
carbon measurements, the duration of the archaeological context con-
taining the samples, and potential age bias in archaeological samples (e. 
g., old wood effect for charcoal samples, collagen residence times for 
bone samples, species specific MREs, shape of radiocarbon calibration 
curve). A chi-squared test may be applied to strictly test the homoge-
neity of either terrestrial or aquatic samples from an archaeological 
context (Ward and Wilson, 1978). Samples passing the chi-squared test 
are often referred to as contemporaneous although such an assessment 
depends on the uncertainty of radiocarbon measurements which, for 
14C-AMS measurements of Holocene samples, is c. 30 14C years. 
Furthermore, different sub-groups of samples may equally pass a 
chi-square test without clear archaeological evidence of which 
sub-group to select (Scott et al., 2007). This may also be the result of an 
occupation length of the archaeological context beyond that assessed 
under the radiocarbon measurement uncertainty. By employing a suf-
ficiently large number of measurements, depending on duration of 
occupation, one could characterize the distribution of different combi-
nations of paired terrestrial and aquatic samples and summarize this as a 
mean and standard deviation when a normal distribution is observed. 
However, in practice this may not always be possible. For instance, the 
number of available terrestrial or aquatic suitable samples may be too 
low due to poor preservation. 

The use of Bayesian chronological models has now become widely 
embraced within archaeological research (Bayliss, 2009; Hamilton and 
Krus, 2018). At its core is the possibility of integrating prior chrono-
logical information leading to the definition of models that combine 
radiocarbon measurements with other dating information such as the 
observable stratigraphic relationships at an archaeological site (Buck 
et al., 1991). The inclusion of stratigraphic information often improves 
the precision of individual radiocarbon measurements (Bronk Ramsey, 
2009a). However, Bayesian modelling also allows for estimates of other 
chronological determinations such as the duration (δt) of an archaeo-
logical phase. This is particularly relevant within MRE studies given that 
variations in ΔR become more likely for wider time periods. Further-
more, it offers methods to detect outliers and downweigh their impor-
tance in modelling results within the temporal length of an 
archaeological phase (Bronk Ramsey, 2009b). In this study, we employ a 
Bayesian outlier model to investigate variations in ΔR (δt) across the 
Early and Middle Holocene at the shell midden site of El Mazo cave 
(Asturias, N Spain) for two of the most exploited marine mollusc species 
(Patella vulgata and Phorcus lineatus) by Mesolithic humans (Gar-
cia-Escárzaga, 2020; Gutiérrez-Zugasti et al., 2018b). To further inves-
tigate potential differences in radiocarbon contents for coeval samples of 
P. vulgata and P. lineatus samples we measured 14C values in modern 
specimens from northern Spain. We also employed IRMS stable carbon 
isotope measurements for a selection of archaeological and modern 
samples to assess the carbon contributions from metabolic carbon and 
water DIC towards shell carbonate. 

2. Background 

2.1. Study area: Langre beach and shell midden site of El Mazo cave 

The coastal Cantabrian region of northern Spain (Fig. 1a) is char-
acterized by oceanic, humid and temperate climatic conditions, and has 
four well-differentiated seasons. The Cantabrian Sea (southern areas of 
the Bay of Biscay) constitutes a boundary between subtropical and 
boreal conditions in the Eastern Atlantic. Sea surface temperatures in the 
area follow a seasonal warming and cooling pattern, ranging from c. 11 
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Fig. 1. Location of the a) study area (Cantabrian region) in northern Spain, b) Langre Beach and c) El Mazo Cave. d) Modern shells of Patella vulgata and Phorcus 
lineatus collected alive in northern Spain. e) Stratigraphy of the inner test pit (squares X15 and X16). Shell samples used in this study come from the units indicated by 
red rectangles. 
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to 23 ◦C during the period considered in this study (García-Escárzaga 
et al., 2019b; Gutiérrez-Zugasti et al., 2015, 2017). Modern shells sub-
ject to radiocarbon and stable carbon isotope measurements in this study 
were collected at Langre Beach (Fig. 1b) (43◦ 28′ 37′′ N, 3◦ 41′ 44′′ W). 
Previous research conducted at this site showed that sea surface salinity 
and oxygen isotope composition of seawater were typically marine, with 
some non-seasonal yearly variability and a low influence from meteoric 
water during the spring season (Gutiérrez-Zugasti et al., 2015, 2017). 
The site is not currently impacted by freshwater runoff. 

The sub-fossil shells employed in our study were recovered from the 
Mesolithic shell midden site of El Mazo cave (Fig. 1c) (43◦ 24′ 04′′ N, 4◦

42′ 22′′ W). The excavation of a test pit close to the walls of the rock 
shelter revealed several stratigraphic units composed of shell midden 
deposits, including human-made artefacts, remains of subsistence ac-
tivities and other archaeological features, such as hearths. Individual 
shell midden units were defined by their micro- and macro-stratigraphic 
characteristics. Most of the units were dominated by the presence of 
shell remains, while some of these wire firplaces containing not only 
shells but also ashes and charcoal. To establish the chronology of the 
site, an extensive radiocarbon dating programme was developed. The 
radiocarbon dates published so far have placed the formation of the shell 
midden during the first millennia of the Holocene period, between c. 
9000 and 7500 cal BP (Supplementary Material Table 1) (Gar-
cía-Escárzaga, 2020; García-Escárzaga et al., 2015, 2017, 2019a; 
Gutiérrez-Zugasti and González-Morales, 2013; Gutiérrez-Zugasti et al., 
2013, 2018b; Soares et al., 2016). 

2.2. Biology and ecology of Phorcus lineatus and Patella vulgata 

The topshell P. lineatus and limpet P. vulgata (Fig. 1d) are marine, 
short-lived gastropod species that inhabit intertidal rocky shores 
(Crothers, 2001; Blackmore, 1969). Their geographical distribution 
ranges from southern Morocco to southern Britain and Ireland for 
P. lineatus (Donald et al., 2012; Kendall, 1987) and from southern 
Portugal to Norway for P. vulgata (Poppe and Goto, 1991). The spatial 
mobility of these two taxa seems to be limited (generally lower than 1 m 
per tidal cycle) and they show a marked homing behaviour, i.e., they 
tend to return, whenever displaced, to their original habitat zones 
(Díez-Urrutia, 2014; Little et al., 1988). Although the longevity of 
P. lineatus and P. vulgata can be up to 10 and 16 years, respectively 
(Crothers, 1994; Fischer-Piette, 1941), current populations rarely 
exceed three years in the Cantabrian region (García-Escárzaga et al., 
2019b; Gutiérrez-Zugasti et al., 2015, 2017). 

3. Material and methods 

3.1. Modern and archaeological sample collection 

Four modern specimens subject to radiocarbon measurements in this 
study (two P. lineatus and two P. vulgata) were collected from the 
intertidal rocky shore of Langre Beach (Fig. 1b) on October 1, 2012 as 
part of a time-extended collection programme for sclerochronological 
analyses of different mollusc shell species (Table 1) (Gutiérrez-Zugasti 
et al., 2015, 2017; García-Escárzaga et al., 2019b). The specimens were 
sacrificed immediately after collection by immersion in boiling water, 
thus avoiding further deposition of calcium carbonate. For radiocarbon 
and stable carbon isotope analysis a sample close to the shell edge, 

representative of the last portion of growth, was taken. This ensures that 
our comparison was on coeval materials. 

A total of 31 archaeological shells were recovered from four different 
stratigraphic units (SUs) located within the excavation squares X15 and 
X16 of the shell midden site of El Mazo: SUs 107, 105, 112C and 101B 
(Fig. 1e). A total of 21 P. lineatus and four P. vulgata shells from units 
107, 105, 112C and 101B were selected to carry out this study with a 
variable number of P. lineatus per unit and one P. vulgata specimen per 
unit (Table 2). Previous sclerochronological investigations conducted on 
the same modern and ancient shells studied herein, through a combi-
nation of stable oxygen isotope analyses and the study of shell growth 
patterns, have shown that the age of these specimens rarely exceeds 
three years (Gutiérrez-Zugasti et al., 2015, 2017; García-Escárzaga, 
2020; García-Escárzaga et al., 2019a, 2019b). To estimate the ΔR for 
each stratigraphic unit a total of six terrestrial samples were taken 
(Table 2). These consisted of remains of charcoal from different tree 
species (two Corylus avellana and one Quercus sp.) and three ungulate 
bones (two Capreolus capreolus and one middle size ungulate not clas-
sified at genus level). 

3.2. Methods 

3.2.1. AMS radiocarbon measurements 
Accelerator mass spectrometry (AMS) radiocarbon measurements 

were performed on previously described modern and archaeological 
samples. Twenty-seven out of a total of 31 archaeological samples were 
run at the Oxford Radiocarbon Accelerator Unit (ORAU) (Oxford, UK). 
Four additional subfossil shells of P. lineatus were run at the Interna-
tional Chemical Analyses (ICA) radiocarbon dating laboratory (Sunrise, 
USA). In both cases, standard pretreatment and routine dating proced-
ures for marine shells and terrestrial charcoal and bones were followed 
(Brock et al., 2010). Radiocarbon measurements on four modern shells 
were undertaken at the Leibniz Laboratory for Radiometric Dating and 
Isotope Research (Kiel, Germany). Briefly, samples were mechanically 
cleaned of any adhering surface deposits and placed in a H2O2 solution, 
carbonate CO2 was released by reacting the samples with 100% phos-
phoric acid, this was collected and reduced to graphite for AMS mea-
surement (further details on measurement protocols can be found in 
Fernandes et al., 2012). Corrections for isotopic fractionation were done 
using 13C/12C ratios obtained from the AMS system at the ICA lab and 
measured by isotope ratio mass spectrometry (IRMS) at the ORAU lab 
(Stuiver and Polach, 1977). The 14C concentration of a sample is 
expressed as percentage of modern carbon (pMC). 

3.2.2. Stable carbon isotope analyses using IRMS 
Stable carbon isotope ratios were measured on both modern and 

archaeological mollusc shells. In the case of those subfossil shells 
radiocarbon dated at ORAU, the pretreatment procedure developed by 
Brock et al. (2010) was followed and stable carbon isotope ratios were 
measured using IRMS methods. Stable carbon isotope ratios from 
modern P. lineatus samples were measured using an IRMS Thermo Sci-
entific MAT 253 coupled to a Kiel IV device at the Complutense Uni-
versity of Madrid (Madrid, Spain). Results were compared to reference 
carbon dioxide obtained from the calcite international standards NBS-18 
and NBS-19. Stable carbon isotope ratios from modern P. vulgata were 
measured using a Thermo Gas Bench 2 preparation system coupled to a 
Thermo Delta V Advantage stable-isotope ratio mass spectrometer in the 

Table 1 
Modern shells collected radiocarbon dated in this study and pMC values obtained from every sample.  

Site Collection date Species description Sample ID Laboratory code pMC δ13C (VPDB ‰) 
Langre October 01, 2012 Phorcus lineatus Lano-5 KIA-54160 104.22 ± 0.31 0.06 

October 01, 2012 Phorcus lineatus Lano-52 KIA-54161 104.14 ± 0.34 0.15 
October 01, 2012 Patella vulgata Lan-25 KIA-54162 104.67 ± 0.34 − 1.98 
October 01, 2012 Patella vulgata Lan-29 KIA-54163 104.81 ± 0.32 − 0.07  
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Stable Isotope Facility at the University of Bradford (Bradford, UK). 
Standardisation of measured values was undertaken using repeated 
measurements of international standards NBS-19 and IAEA–CO–1. All 
results are expressed using delta notation (δ13C) relative to the calcite 
international standard Vienna Pee Dee Belemnite (VPDB). The analyt-
ical error based on repeat measurement of an in-house MERCK car-
bonate standard was better than ±0.1‰ for Complutense University of 
Madrid and University of Bradford laboratories. For specimens 14C 
measured at ICA, δ13C data is not available. 

3.2.3. Bayesian chronological modelling 
Bayesian chronological modelling was performed using the software 

package OxCal v. 4.4 (Bronk Ramsey, 2009a) and the IntCal20 and 
Marine20 calibration curves for terrestrial and marine samples, 
respectively (Heaton et al., 2020; Reimer et al., 2020) (Supplementary 
Material Code 1). Samples from each stratigraphic unit were grouped as 
Phases separated by Boundaries using OxCal terminology. We did not 
assume that adjacent stratigraphic units shared a common boundary 
allowing for a temporal gap between the end of a phase and the start of 

Table 2 
Summary description of archaeological samples and radiocarbon and carbon stable isotope results.  

Stratigraphic Unit 
(SU) 

Square and 
subsquare 

Spit Material Species 
description 

Laboratory 
code 

14C yrs 
BP 

pMC δ13C (VPDB 
‰) 

Reference 

101B X15 - C 2 Bone C. capreolus OxA-30780 7105 ±
40 

41.293 ±
0.21 

− 22.14 Soares et al. (2016) 

X15 - C 2 Shell P. lineatus OxA-30806 7310 ±
40 

40.245 ±
0.20 

1.62 Unpublished data 

X15 - D 2 Shell P. lineatus OxA-33171 7475 ±
40 

39.434 ±
0.20 

1.20 García-Escárzaga (2020) 

X15 - D 2 Shell P. lineatus OxA-33172 7570 ±
40 

38.971 ±
0.20 

1.33 García-Escárzaga (2020) 

X15 - D 2 Shell P. lineatus ICA-19S/0178 7730 ±
40   

Unpublished data 

X15 - D 2 Shell P. vulgata OxA-34390 7786 ±
39 

37.937 ±
0.19 

1.35 García-Escárzaga (2020) 

112C X16 - D – Bone C. capreolus OxA-28685 7367 ±
35 

39.967 ±
0.18 

− 21.97 Unpublished data 

X16 - D – Shell P. lineatus OxA-28402 7425 ±
34 

39.68 ±
0.17 

1.17 Unpublished data 

X16 - D – Shell P. lineatus OxA-33173 7480 ±
40 

39.406 ±
0.20 

1.56 García-Escárzaga et al. 
(2019a) 

X16 - D – Shell P. lineatus OxA-33174 7565 ±
60 

39.003 ±
0.30 

0.9 García-Escárzaga (2020) 

X16 - D – Shell P. lineatus ICA-19S/0181 7720 ±
40   

Unpublished data 

X16 - C – Shell P. vulgata OxA-34391 7733 ±
38 

37.996 ±
0.18 

− 0.33 García-Escárzaga (2020) 

105 X15 - D 2 Charcoal C. avellana OxA-30535 7380 ±
55 

39.914 ±
0.27 

− 25.61 Soares et al. (2016) 

X16 - D 3 Shell P. lineatus OxA-33175 7530 ±
45 

39.164 ±
0.21 

1.04 García-Escárzaga (2020) 

X15 - D 1 Shell P. lineatus OxA-30808 7540 ±
40 

39.115 ±
0.20 

0.45 Unpublished data 

X16 - D 3 Shell P. lineatus OxA-33176 7580 ±
40 

38.912 ±
0.20 

1.58 García-Escárzaga (2020) 

X15 - D 2 Shell P. lineatus OxA-30977 7595 ±
40 

38.848 ±
0.20 

1.23 Soares et al. (2016) 

X16 - C 1 Shell P. lineatus OxA-28406 7566 ±
34 

38.988 ±
0.17 

1.11 Unpublish data 

X15 - C 3 Shell P. vulgata OxA-34392 7609 ±
39 

38.78 ±
0.19 

− 0.82 García-Escárzaga (2020) 

X16 - D 3 Shell P. lineatus OxA-30848 7785 ±
40 

37.936 ±
0.19 

1.9 Unpublished data 

X15 - D 1 Shell P. lineatus OxA-28392 7926 ±
36 

37.28 ±
0.17 

0.8 Unpublished data 

X16 - D 3 Shell P. lineatus ICA-19S/0179 7980 ±
40   

Unpublished data 

107 X15 - C 3 Charcoal C. avellana OxA-28395 7438 ±
35 

39.617 ±
0.18 

− 25.4 Unpublished data 

X16 - D 1 Charcoal Quercus OxA-28407 7694 ±
36 

38.375 ±
0.17 

− 24.36 Unpublished data 

X16 - D 1 Bone Middle size 
ungulate 

OxA-28408 7618 ±
37 

38.737 ±
0.18 

− 18.51 Unpublished data 

X16 - D 1 Shell P. lineatus OxA-28409 7681 ±
34 

38.436 ±
0.16 

1.72 Unpublished data 

X16 - D 1 Shell P. lineatus OxA-33178 7730 ±
40 

38.2 ± 0.19 1.68 García-Escárzaga (2020) 

X16 - D 1 Shell P. lineatus OxA-33177 7805 ±
40 

37.837 ±
0.20 

0.8 García-Escárzaga (2020) 

X16 - D 1 Shell P. lineatus ICA-19S/0180 7870 ±
40   

Unpublished data 

X16 - C 1 Shell P. lineatus OxA-28410 7929 ±
35 

37.268 ±
0.16 

0.08 Unpublished data 

X16 - D 1 Shell P. vulgata OxA-34502 7935 ±
38 

37.238 ±
0.18 

− 1.14 García-Escárzaga (2020)  
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an adjacent one. We employed an outlier general model to detect the 
possible intrusion of samples into a stratigraphic layer that did not 
belong to the original deposition (Bronk Ramsey, 2009b). We assumed 
that temporal outliers followed a Student’s t distribution with 5 degrees 
of freedom, and we employed a wide scale (0–10,000 years). To each 
sample, a prior probability of 5% that it was an outlier was assigned. The 
different phases were distributed according to their stratigraphic 
sequence using the Sequence function (OxCal terminology). Mollusc 
samples were assigned a wide uniform ΔR prior between − 800 and 800 
years. Estimates for mean ΔR according to each species and phase 
(duration, start, and end) are expressed as 68% and 95% credible in-
tervals corresponding to the highest probability densities. To obtain 
average ΔR estimates across multiple stratigraphic units and for both 
mollusc species we summed the posterior distributions for individual 
stratigraphic units and species using the OxCal function “Sum”. 

3.2.4. Bayesian mixing modelling 
The ReSources open access software, developed within the Pandora 

& IsoMemo initiatives (https://isomemoapp.com), was employed to 
estimate the carbon contribution from different sources (water DIC, 
metabolic limestone carbonate, and metabolic organics) towards 
mollusc shell. A concentration-independent model was undertaken 
following the same specification described for the FRUITS software 
package (Fernandes et al., 2014). As an isotopic proxy for source carbon 
contributions, we employed the stable carbon isotope measurements on 
mollusc shells and carbon sources. As reference source isotopic values, 
we took the mid-point and range of previously reported δ13C ranges for 
red algae (− 27.2 ± 10.5‰) and green algae (− 13.6 ± 3.2‰) collected 
off the coast of Brittany in France (Adin and Riera, 2003), carbonate 
limestone (1.7 ± 1.6‰) from coastal Basque Country in Spain (Perona 
et al., 2018), and marine water DIC (− 3.9 ± 2.4‰) from the Cantabrian 
region in Spain (Milano et al., 2020). We employed a random effects 
structure on the categorical covariate “Species” with two levels corre-
sponding to specimens from each mollusc species. In contrast to a model 
without covariates, the Dirichlet prior values of the source contribution 
parameters are not fixed but come from a distribution with common 
mean and standard deviation for each factor level and source group. 

As modelled prior information, it was assumed that the major carbon 
source was DIC, followed by organic carbon, and finally limestone. 
There is no well-defined isotopic offset for inorganic and metabolic 
contributions toward shell δ13C carbonate for the mollusc species in this 
study. Several complications arise when determining this, water DIC 
measurements primarily reflect bicarbonate for standard marine pH 
ranges (the other carbon molecular species are carbon dioxide and 
carbonate) although carbon dioxide seems to be the major contributor 
for biological calcification (McConnaughey and Gillikin, 2008; Solomon 
et al., 2006). A full model accounting for full isotopic fractionation 
would have to consider the fractionation between ambient DIC or diet 
and blood DIC plus the fractionation between the calcification site and 
blood (McConnaughey and Gillikin, 2008; Solomon et al., 2006). In 
addition, experiments using synthetic aragonite and calcite showed a 
small difference in isotopic fractionation during inorganic precipitation 
(Romanek et al., 1992). In spite of all of these complications, the net 
fractionation effect seems to be small and shell δ13C is usually a few ‰ 
smaller than water DIC, similar to what has been observed for fish 
otoliths (McConnaughey and Gillikin, 2008; Solomon et al., 2006). The 
latter was quantified as − 2.7‰±1.2‰ but here we employed a more 
conservative range (− 2.7‰±3‰) (Solomon et al., 2006). The posterior 
distributions for estimated carbon contributions are summarized as 
credible intervals (68% and 95%) with the distributions for red and 
green algae added and summarized as an organic contribution. 

4. Results and discussion 

4.1. Radiocarbon and δ13C differences in modern and past P. lineatus and 
P. vulgata 

To assess potential 14C differences between P. lineatus and P. vulgata 
we relied on radiocarbon measurements on modern coeval samples. 
Sclerochronological analyses conducted on four modern shells showed 
that the shell portions taken for measurement were synthesised during 
the last months prior to mollusc collection (Gutiérrez-Zugasti et al., 
2015, 2017) that is, from July to September 2012. The mean radio-
carbon activity results for modern P. lineatus and P. vulgata were 104.18 
± 0.23 pMC and 104.74 ± 0.24 pMC (Table 1), respectively. These 
values are slightly higher than the mean radiocarbon activity observed 
during July–September 2012 for atmospheric CO2 (103.8 ± 0.02 pMC) 
(Hammer and Levin, 2017). Atmospheric 14C activity had a steep rise 
after 1950 as a result of atmospheric nuclear weapon tests, reaching a 
peak in 1963 and has become smaller, albeit with some oscillations, 
since then. Under a MRE of c. 400 years (marine global average) values 
of c. 99 to 100 pMC would be expected for the molluscs at Langre beach. 
Although local MREs are expected to differ from the marine global 
average, the 14C difference between mollusc shell and contemporary 
atmospheric CO2 is considerably smaller than expected and suggests the 
local presence of 14C-enriched carbon pools. 

The difference between the mean 14C activities for the two modern 
mollusc species (0.56 pMC) is significant at the 1-sigma level and 
equivalent to c. 45 14C years during the Holocene, with P. vulgata 
showing a higher concentration than P. lineatus. In comparison, the ΔR 
68% credible intervals for archaeological samples show only minor 
overlaps between the two species, particularly for unit 105, although 
there are considerable overlaps for the 95% credible intervals (Table 3; 
Fig. 2). In this case, the results indicate that P. lineatus has a higher 14C 
content than P. vulgata (Table 2). The average difference between the 
species across archaeological contexts is 142 ± 150 14C years. Higher 
metabolic contribution towards mollusc shell from limestone with 14C 
activity ≈0 for P. vulgata would provide a justification as to why its 
respective archaeological shells have lower 14C contents than those 
observed for P. lineatus. The fact that the opposite is observed in modern 
samples may be the result of the presence of an unusually enriched 14C 
source or sources, including surface organic matter with a long residence 
time and a higher 14C content due to the bomb effect. The high 14C 
values observed in modern specimens allow for this possibility and 
future 14C measurements on the different local carbon pools could be 
used to test this hypothesis. 

The 14C values for mollusc shells will depend on a complex combi-
nation of local mollusc feeding practices, percentage of contribution of 
metabolic intakes towards shell carbonate, and the 14C concentration of 
source carbon pools (Fernandes and Dreves, 2017). In the absence of 
data for these variables, we defined simple simulation scenarios with 
variations for these (simulated values given in Table 4) to illustrate how 
these can result in varying differences in 14C shell values for hypothet-
ical specimens (Fig. 3a). Particularly relevant to our modern vs. past 
mollusc measurement comparison are the simulated results for scenarios 
1 and 2 that show how differences in 14C shell among specimens can 
diverge, and even invert the sign of their different, with variations in 14C 
values for source organic and DIC carbon pools provided that the 
amounts at which these contribute to shell carbon vary with specimen. 
Scenarios 3 and 4 illustrate how differences in 14C shell among speci-
mens can quickly increase with larger contributions from limestone for 
one of the specimens, reaching as high as several hundred years (for 
Holocene samples 1 pMC ≈80 14C years). A previous study by Ferguson 
et al. (2011) revealed 14C differences between limpets and mussels of up 
to c. 1500 14C years. While other studies show a variety of magnitudes 
for 14C differences or their absence (Ascough et al., 2005; Russell et al., 
2011), including a study on limpets from regions with a carbonate ge-
ology that revealed no significant shell 14C depletion (Allen et al., 2019). 
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To assess potential differences in the contributions from source 
carbon pools towards the shell carbonate of P. lineatus and P. vulgata we 
relied on Bayesian mixing modelling of stable carbon isotope data. The 
modelling results show that there can be important contributions from 
organic carbon to shell carbonate and a small (near zero) contribution 
from limestone (Fig. 3b). The estimated mean contribution from or-
ganics towards shell carbonates is c. 10% for P. lineatus and c. 20% for 
P. vulgata which is consistent with previously reported estimates which 
are often above 10% (McConnaughey and Gillikin, 2008). The overlap in 
credible intervals for both species does not allow for a clear differenti-
ation of their respective shell carbon sources although the mean 
contribution from DIC toward P. lineatus shell is lower than that for 
P. vulgata with the latter having higher mean values for the carbon 
contributions from organics and limestone. Both species are micro-
phagous herbivores that feed on microscopic plants, especially diatoms, 
by grazing the rocky substrate using their corneous tongue (radula) 
(Crothers, 2001, 2003; Hawkins et al., 1989; Sousa et al., 2018). A 
recent study has shown that limpet teeth represent the strongest natural 
material (Barber et al., 2015) and P. vulgata has harder teeth than 
P. lineatus (Barber et al., 2015; Hawkins et al., 1989; Crothers, 2001). 
P. vulgata has been shown to consume higher amounts of surface de-
posits as evidenced by deeper marks left on rock surfaces (Crothers, 

2001, 2003). Thus, we considered an additional Bayesian mixing model 
with the added prior that the carbon contributions from limestone to 
shell carbonate for P. vulgata was higher than that for P. lineatus. This led 
to an overall increase in estimate precision (Fig. 3b). Estimate means for 
limestone carbon contributions suggest that these are ~2% higher for 
P. vulgata which, under conditions where near surface marine DIC and 
organics14C values do not differ greatly (similar to simulated scenario 
3), lead to a difference in ΔR values between species of ~160 14C years 
which is similar to the observed archaeological mean difference (142 ±
150 14C years). For this offset to be reversed (i.e., P. vulgata with a higher 
14C content than P. lineatus), as observed in modern molluscs, would 
require that the contribution from organics to the shell carbonate is 
higher for P. vulgata than P. lineatus (difference in Bayesian estimate 
means show this to be ~15% higher) and that organic carbon sources 
have a higher 14C content than DIC (similar to simulated scenario 2), as 
discussed previously. 

4.2. Radiocarbon chronology of archaeological contexts 

The Bayesian chronological model showed 7 samples with posterior 
probabilities greater than 5% (up to 34%, Supplementary Data 1). With 
two outliers (OxA-28392 and ICA-19S/0179I) from the stratigraphic 

Table 3 
Marine reservoir effect diachronic results for northern Spain obtained for Phorcus lineatus and Patella vulgata shell species recovered from El Mazo cave. Species-specific 
ΔR values (Supplementary Material Figs. 1–8), as well as ΔR mean values for both species are reported for each stratigraphic unit. ΔR values and ΔR weighted mean 
values for all stratigraphic units and for all stratigraphic units excluding unit 101B are also reported. ΔR weighted mean estimates are only available when the 
combined individual results passed a χ2-Test (Supplementary Material Text 1).  

Stratigraphic Unit 101B (c. 7.9 ka cal BP)  

68% credibility interval 95% credibility interval μ σ m 
From To From To 

P. vulgata − 24 194 − 125 349 102 119 91 
P. lineatus − 208 − 19 − 294 110 − 98 104 − 107 
Mean − 173 130 − 270 291 2 150 − 8 

Stratigraphic Unit 112C (c. 8.1 ka cal BP)  

68% credibility interval 95% credibility interval μ σ m 
From To From To 

P. vulgata − 205 − 29 − 301 59 − 117 92 − 116 
P. lineatus − 352 − 224 − 430 − 173 − 293 66 − 290 
Mean − 341 − 83 − 416 24 − 205 119 − 222 

Stratigraphic Unit 105 (c. 8.2 ka cal BP)  

68% credibility interval 95% credibility interval μ σ m 
From To From To 

P. vulgata − 370 − 192 − 464 − 93 − 278 94 − 280 
P. lineatus − 408 − 288 − 453 − 213 − 339 61 − 344 
Mean − 403 − 245 − 464 − 128 − 309 85 − 318 

Stratigraphic Unit 107 (c. 8.4 ka cal BP)  

68% credibility interval 95% credibility interval μ σ m 
From To From To 

P. vulgata − 254 − 75 − 341 19 − 163 90 − 165 
P. lineatus − 352 − 240 − 414 − 184 − 298 56 − 298 
Mean − 352 − 147 − 408 − 19 ¡231 101 − 246  

All stratigraphic units  

68% credibility interval 95% credibility interval μ σ m ΔR weighted mean value 
From To From To 

P. vulgata − 322 8 − 419 237 ¡114 170 − 134 ¡134 ± 49 
P. lineatus − 400 − 208 − 448 8 ¡257 120 − 283 ¡288 ± 34 
Both species − 384 − 82 − 445 173 ¡186 163 − 221 Failed χ2-test 

Stratigraphic units 107 ‒‒ 105 ‒‒ 112C  

68% credibility interval 95% credibility interval μ σ m ΔR weighted mean value  
From To From To 

P. vulgata − 296 − 64 − 418 30 ¡186 115 − 182 ¡184 ± 54 
P. lineatus − 376 − 243 − 435 − 189 ¡310 65 − 309 ¡310 ± 35 
Both species − 387 − 173 − 440 − 14 ¡248 112 − 266 ¡238 ± 28  
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unit SU 105 having near 100% posterior outlier probabilities and a 
negligible weight in modelling results. The formation of the four strat-
igraphic units took place between c. 8.6 ka and 7.5 ka cal BP (Fig. 4). 
Bayesian chronological estimates show that stratigraphic units 105 (c. 
8.2 ka cal BP) and 112C (c. 8.1 ka cal BP) likely coincide with the 8.2 ka 
cal BP cold climate abrupt event (8.25–8.09 ka cal BP) (Alley et al., 
1997; Thomas et al., 2007). Bayesian estimates also suggest that the 
duration of the different units could have differed. While SUs 107 and 
101B exhibit longer durations (SU 107: between 88 and 242 years for a 
68% credibility interval and between 0 and 312 years for a 95% credi-
bility interval; SU 101B: between 0 and 206 years for a 68% credibility 
interval and between 0 and 445 years for a 95% credibility interval), 105 
and 112C had shorter durations (SU 105 between 0 and 74 years for a 
68% credibility interval and between 0 and 180 years for a 95% credi-
bility interval; SU 112C: between 0 and 95 years for a 68% credibility 
interval and between 0 and 204 years for a 95% credibility interval). 

4.3. ΔR variability during the mesolithic 

Both P. vulgata and P. lineatus mollusc species exhibited similar 
trends for ΔR credible intervals throughout the shell midden strati-
graphic sequence (Table 3, Fig. 2). The lowest ΔR credible intervals for 
both species were observed in unit 105 (P. vulgata: between − 370 and 
− 192 for a 68% credibility interval and between − 464 and − 93 for a 
95% credibility interval; P. lineatus: between − 408 and − 288 for a 68% 
credibility interval and between − 453 and − 213 for a 95% credibility 
interval), while the largest ΔR credible intervals were observed in the 
most recent stratigraphic unit, i.e., 101B (P. vulgata: between − 24 and 
194 for a 68% credibility interval and between − 125 and 349 for a 95% 
credibility interval; P. lineatus: between − 208 and − 19 for a 68% 
credibility interval and between − 294 and 110 for a 95% credibility 
interval). However, the 68% credible intervals for the different layers 
overlap for each species with the exception of unit 112C (Fig. 2). 

The relatively large credible intervals in our ΔR estimates likely arise 

Fig. 2. Credibility intervals for Bayesian estimates of ΔR for archaeological P. vulgata and P. lineatus and for the difference among these.  

Table 4 
Settings for variables defined across four different scenarios to simulate 14C values in carbonate from mollusc shells.   

14C DIC (pMC) 14C Limestone (pMC) 14C Organics (pMC) % DIC % Limestone % Organics 
Scenario 1 Specimen 1 Variable 0 80 65 10 25 

Specimen 2 Variable 0 80 70 10 20 
Specimen 3 Variable 0 80 60 10 30 

Scenario 2 Specimen 1 100 0 Variable 65 10 25 
Specimen 2 100 0 Variable 70 10 20 
Specimen 3 100 0 Variable 60 10 30 

Scenario 3 Specimen 1 95 0 80 65 10 25 
Specimen 2 95 0 80 70 Variable Variable 
Specimen 3 95 0 80 60 Variable Variable 

Scenario 4 Specimen 1 100 0 105 65 10 25 
Specimen 2 100 0 105 70 Variable Variable 
Specimen 3 100 0 105 60 Variable Variable  
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from our limited number of terrestrial and P. vulgata samples plus the 
likely extended temporal use of the archaeological units. Previously 
published radiocarbon results on paired terrestrial and marine samples, 
consisting of one specimen each, from northern Iberian Mesolithic 
contexts revealed some differences in ΔR values, although a more pos-
itive result was discarded as an outlier (Soares et al., 2016). However, 
current available radiocarbon dates for El Mazo cave suggest that levels 
could have been formed throughout several decades or even centuries 
(Table 2, Fig. 3) and thus terrestrial and marine samples might not be 
contemporaneous. The clearest examples of this are units 101B and 107 
for which the modelling results allow for a potential use of up to several 
hundred years, as discussed previously. For unit 107, the combination of 
all marine samples fails to pass a χ2-Test (all marine samples: df = 4 T =
32.0 (5% 9.5) with mean = 7803 ± 17 yrs BP) but sub-groups of mea-
surements do pass the test with significantly different means: 
(OxA-33177, ICA-19S/0180, and OxA-28410: df = 2 T = 5.4 (5% 6.0) 
with mean = 7874 ± 22 yrs BP) versus (OxA-28409 and OxA-33178: df 
= 1 T = 0.9 (5% 3.8) with mean = 7702 ± 26 yrs BP). The same applies 
to unit 101B: (all marine samples: df = 4 T = 93.9 (5% 9.5) with mean =
7582 ± 18 yrs BP) and sub-groups (OxA-33171 and OxA-33172: df = 1 
T = 2.8 (5% 3.8) with mean = 7523 ± 29 yrs BP) versus (ICA-19S/0178 
and OxA-34390: df = 1 T = 1.0 (5% 3.8) with mean = 7759 ± 28 yrs BP). 
For unit 101B, previous studies (Soares et al., 2016) relied only on the 
radiocarbon measurement from shell OxA-30806 that had the lowest 14C 
value among all shells from unit 101B (Table 1; 7310 ± 40 yrs BP). 
Furthermore, the terrestrial samples for layer 101B also do not pass the 
χ2-Test (all terrestrial samples: df = 2 T = 27.4 (5% 6.0) with mean =
7528 ± 21 yrs BP). 

Temporal variations in ΔR can arise from a variety of environmental 
phenomena (Alves et al., 2018; Teller et al., 2012). Upwelling, in 
particular, is an upward movement of deep and 14C-depleted waters to 
shallow waters (Ascough et al., 2005; Bicho et al., 2010; Stuiver and 
Braziunas, 1993). A rise in the contribution of 14C-depleted freshwater 
to marine systems could lead to an increase of marine ΔR values (Teller 
et al., 2012). This phenomenon was previously documented for the 8.2 
ka cal BP cold event on the Portuguese coast (Bicho et al., 2010), one of 
the most significant climatic anomalies during the first few millennia of 
the Holocene (Allen et al., 2007; Thomas et al., 2007). It was 

characterised by overall dryer conditions and lower temperatures in the 
northern hemisphere, both in marine and terrestrial environments 
(Risebrobakken et al., 2003; Rohling and Pälike, 2005). This abrupt 
climate event was the result of a previous outburst of glacial meltwater 
(δ18O-depleted) from the Laurentide lakes in northern America (c. 
8.5–8.3 ka cal BP) (Barber et al., 1999; Lewis et al., 2012; Lochte et al., 
2019). The influx of this cold freshwater into the Atlantic Ocean led to a 
reduction of sea-surface salinity and a decline of the Atlantic meridional 
overturning circulation (AMOC), leading to a reduction of sea surface 
temperatures (SST) across the North Atlantic area (Alley and 
Ágústsdóttir, 2005; Mary et al., 2017). According to Teller et al. (2002), 
the massive volume of 14C-depleted freshwater from ice sheets caused an 
increase in ΔR values in the northern Atlantic – a phenomenon that has 
been observed in the Portuguese coast (Bicho et al., 2010; Soares and 
Dias, 2006). This freshwater outburst has been detected using δ18O 
measurements in foraminifera and speleothems throughout the North 
Atlantic, including northern Iberian Peninsula (Domínguez-Villar et al., 
2009; Hoffman et al., 2012; Rossi et al., 2018). The 8.2 ka abrupt event 
also had important climatic consequences for northern Iberia (Nuñez de 
la Fuente, 2018; Rossi et al., 2018; Smith et al., 2016). A recent study 
showed a decline of littoral SST during the 8.2 ka event, reaching a 
minimum during the formation of unit 112C (García-Escárzaga, 2020). 
A rise in ΔR values for archaeological layers above unit 105 at El Mazo 
cave (dated to c. 8.2 ka cal BP) could have been the consequence of a 
freshwater outburst. The possible increase in ΔR for unit 101B (c. 7.8 ka 
cal BP) relative to unit 105 may also have been accentuated by local 
deglaciation processes occurring after the 8.2 ka event as a consequence 
of a rise in local temperatures (Moreno et al., 2011; García-Escárzaga, 
2020). 

4.4. Chronological consequences of MRE results 

Our results provide updated estimates for marine radiocarbon 
reservoir effects in northern Iberia during the Early and Middle Holo-
cene. These estimates are crucial for chronological corrections to 
radiocarbon measurements on marine shells, in particular for samples 
recovered from Mesolithic contexts. In addition, estimates of ΔR are also 
necessary for correction of radiocarbon dates on remains from past 

Fig. 3. a) Simulated 14C differences among mollusc specimens with simulation parameters defined in Table 4 b) Bayesian estimates of carbon contributions to shells 
of Phorcus lineatus and Patella vulgata. Two estimates are shown. With and without an additional prior that limestone contribution to shell carbonate was larger for 
Patella vulgata than for Phorcus lineatus. 
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humans, and potentially other animals, that consumed marine foods 
(Fernandes et al., 2012, 2016; Yoneda et al., 2002). One of the most 
characteristic features of the Mesolithic period along Atlantic littoral is 
that the Mesolithic groups largely consumed marine resources (Arias, 
2015; Fontanals-Coll et al., 2014; Guiry et al., 2015; Schulting and 
Richards, 2001). 

In our modelling we produced separate ΔR estimates for P. lineatus 
and P. vulgata, the two mollusc species most exploited by humans during 
the Early and Middle Holocene in the northern Iberian Peninsula. In 
addition, we estimated ΔR distributions for combinations of different 
species and time periods (Table 3). We also calculated weighted means 
and standard error of the means when ΔR distributions followed 
approximately a Gaussian distribution and their combination passed a 
χ2-Test (Supplementary Material Text 1). This leads to a comparatively 
low uncertainty and should be considered as a non-conservative esti-
mate. Our recommendation is that a hierarchical approach to the se-
lection of the appropriate ΔR distribution in future studies should be 
taken. Ideally, the ΔR distribution for a specific species and time period 
should be employed. When the former is not known (e.g., in human 
studies) then the ΔR distribution combining both species should be 
employed instead and the same principle should be followed for the 
chronological assignment. That is, if the marine species or human being 
dated cannot be placed within a certain chronological interval corre-
sponding to the El Mazo layers then a temporal mean for multiple pe-
riods can be employed instead. The use of a weighted ΔR mean and 
standard error should be justified, namely by relatively similar envi-
ronmental conditions that would lead to similar ΔRs. However, as dis-
cussed previously, this might not be the case at El Mazo. It is also worth 
noting that our study is limited to a single location and that the use of the 
ΔR distributions reported here may not be applicable to other regions 
and that it is also difficult to define a radius of applicability. Nonethe-
less, it does offer an updated ΔR reference for northern Iberian during 
the Early and Middle Holocene. In cases where future modelling appli-
cations require a single ΔR reference we propose that the value − 238 ±
28 14C years is employed (more conservative approaches should use 
− 248 ± 112 14C years) for marine samples dating to before c. 8.1 ka cal 
BP whereas for later samples a conservative reference value should be 
employed (2 ± 150 14C years). 

5. Conclusions 

Bayesian modelling provides a platform for the modelling of complex 
chronological phenomena. In this study, we established the Bayesian 
chronology for several units from the El Mazo site in northern Spain. 
According to the modelling results, the four stratigraphic units consid-
ered in this study (107, 105, 112C and 101B) were formed between c. 
8.6 ka and 7.5 ka cal BP, and some could have been occupied for 
extended time periods. Our results suggest a pattern in temporal changes 
in local ΔRs and variation according to species, although estimate pre-
cision was limited. This is characterized by a stable or slightly 
decreasing ΔR between layers 107 and 105 followed by a steady in-
crease until the final layer. An outburst of glacial meltwater depleted in 
14C (c. 8.5–8.3 ka cal BP) from the Laurentide lakes in North America 
likely led to the increase in ΔR during and after layer 105. This outburst 
is also identified as the cause for the most prominent global climate 
anomaly thus far identified during the Holocene, the 8.2 ka cal BP event. 
Deglaciation processes occurring after the 8.2 ka event could have 
accentuated rises in ΔR. Radiocarbon results also revealed differences in 
ΔR values for P. lineatus and P. vulgata although these were only sig-
nificant or approximately significant at the 1-sigma level. In view of the 
results, we propose different reference ΔR values for chronological 
corrections in northern Iberia according to chronology, mollusc species, 
and their combination. A non-conservative ΔR reference for marine 
samples dating earlier than c. 8.1 ka cal BP is − 238 ± 28 14C years. 

Fig. 4. Bayesian modelling results for the stratigraphic sequence at El Mazo 
cave. Generated using the software OxCal v. 4.4 (Bronk Ramsey, 2009a) and the 
calibration curves IntCal20 and Marine20 (Reimer et al., 2020; Heaton 
et al., 2020). 
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Excavaciones arqueológicas en Asturias 2013-2016. Gobierno del Principado de 
Asturias, Oviedo, pp. 133–142. 

Gutiérrez-Zugasti, I., Andersen, S.H., Araújo, A.C., Dupont, C., Milner, N., Monge- 
Soares, A.M., 2011. Shell midden research in Atlantic Europe: state of the art, 
research problems and perspectives for the future. Quat. Int. 239 (1–2), 70–85. 

Gutiérrez-Zugasti, I., Cuenca-Solana, D., González-Morales, M.R., García-Moreno, A., 
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