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Annual Growth Patterns and Interspecimen Variability in
Mg/Ca Records of Archaeological Ostrea edulis (European
Oyster) from the Late Mesolithic Site of Conors Island
Niklas Hausmann*,†, Harry K. Robson† and Chris Hunt‡
Annual growth patterns in marine mollusc shells are valuable indicators of the condition of marine ecology through time. In archaeological contexts, the mollusc’s time of death (i.e. the last season of growth)
is an indicator of human exploitation patterns throughout the year, enabling the reconstruction of when
and how often gathering occurred as well as when sites were occupied. Both pieces of information,
growth rate and season of death, are vital for understanding exploitation pressure(s) in the past, and
building baselines for modern environmental policies that secure sustainable marine resources. Previously,
these parameters have been determined by incremental growth-line or isotopic analyses, which are time
consuming and often expensive techniques, thus restricting sample size and the overall robustness of
palaeoecological interpretations.
Here, we apply Laser Induced Breakdown Spectroscopy (LIBS) to produce elemental maps (Mg/Ca) with
the potential to trace and display growth patterns quickly, and at a reduced cost. We further compare the
elemental maps with the results obtained from incremental growth-line analysis to provide a structural
context for the geochemical data, and demonstrate the utility of an integrated methodological approach.
Our pilot study was undertaken on 12 European oysters (Ostrea edulis, Linnaeus, 1758) from the Late
Mesolithic shell midden at Conors Island, Co. Sligo in the Republic of Ireland. Our LIBS analysis enabled us
to accurately and quickly determine repeating growth patterns, which were often in agreement with the
annual growth increments visible through the microscopic analysis. Based on this comparative dataset,
including structural and geochemical patterns, the Late Mesolithic site of Conors Island had been occupied
throughout the year. Moreover, our analyses highlight the applicability of LIBS to determine prehistoric
seasonality practices as well as biological age and growth at an improved rate and reduced cost than was
previously achievable.
Keywords: Mesolithic; Ostrea edulis; Laser Induced Breakdown Spectroscopy; Incremental growth line
analysis. Seasonality; ecological baseline

1. Introduction

Ostreidae (oysters) are a family for which growth data are
frequently needed. Indeed, information on growth rates
and population dynamics of Ostrea edulis (European oyster, Linnaeus, 1758) are important for the conservation,
restoration, and management of modern (Kraeuter et al.
2007; Powell et al. 2008; Harding et al. 2010; Levinton et
al. 2013; Baggett et al. 2015), and past populations (Rick
and Lockwood 2013; Rick et al. 2016, 2017; Kusnerik et
al. 2018).
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Ecosystems from a range of periods have been assessed
through incremental growth-line analyses, including prehistoric as well as pre-industrial or modern datasets, giving detailed information on marine ecosystems, habitats
or the ecological behaviour of early hunter-gatherer-fisher
communities (Kirby and Miller 2005; Blitz et al. 2014;
Rick et al. 2016, 2017). Whilst studies undertaken on
the European oyster have a long research history (Orton
1928; Walne 1958; Grant et al. 1990), the application of
incremental growth-line analysis has only been relatively
recently employed on archaeological materials (Milner
2001, 2002, 2005; Bailey and Milner 2008; Milner and
Laurie 2009; Robson 2015). In this context, incremental
growth-line analysis and – now more commonly – oxygen
isotope (δ18O) analysis have largely focussed on determining the season and age-of-death of individual specimens,
a common method in archaeology to explore prehistoric
consumption patterns, site seasonality, including mobility
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patterns, and ritual behaviours (Mannino et al. 2003; Blitz
et al. 2014; Prendergast and Stevens 2014; Hausmann
and Meredith-Williams 2017a; West et al. 2018; see also
Twaddle et al. 2016; Burchell et al. 2018).
Incremental growth-line analysis makes use of seasonally or annually predictable changes in the growth structure of shells (i.e. regular periods of growth and cessations
in growth that are visible as distinct edges or lines) (Lutz
and Rhoads 1977; Lutz and Rhoads 1980; Fan et al. 2011;
Zimmt et al. 2019). Depending on the resolution under
which incremental growth-lines are examined, their analysis is more or less labour-intensive. For instance, thin
sectioning and high-resolution incremental growth-line
analysis is very time consuming (Hallmann et al. 2009),
and can require specific training to differentiate between
annual and disturbance lines (Milner 2001). In contrast,
low-resolution incremental growth-line analysis of sectioned but lightly polished oysters are less time consuming (Zimmt et al. 2019), but can experience problems in
accuracy, when regular growth segments are intermixed
with and indistinguishable from irregular and unpredictable growth structures as is the case in some geographic
regions (Andrus 2011; Tynan et al. 2017). One way of
contextualising irregular shell growth in oysters are geochemical proxies for seasonally occurring environmental
changes (see also Surge et al. 2001; Lulewicz et al. 2018;
Zimmt et al. 2019); the most established proxy being
δ18O isotope analysis, which in shell carbonates primarily
reflects the δ18O values of the immediate environment and
temperature during the calcification process (Epstein et
al. 1953; Grossman and Ku 1986). However, this approach
requires a general understanding of the growth structure,
a sampling resolution that appropriately covers this structure to provide a seasonal resolution (West et al. 2018),
and lastly expensive mass spectrometric analysis.
The above methodological constraints of cost and processing time are detrimental to acquiring large sample
sizes while maintaining analytical accuracy, which ultimately has a negative effect on the overall robustness of
population-wide studies. For this reason, researchers more
often head towards reliable and faster methods for determining the ages and growth rates of molluscs (Durham
et al. 2017; Zimmt et al. 2019). For instance, Durham
et al. (2017) applied a fast geochemical approach using
LA-ICP-MS (Laser-Ablation-Inductively Coupled PlasmaMass Spectrometry), that exceeded the sampling and
analytical speed of δ18O isotopic or high-quality elemental (Nano-SIMS) methods. Through rapid scanning they
showed repeating changes in Mg/Ca ratios connected to
annual changes in growth rates of the American oyster
(Crassostrea virginica, Gmelin, 1791). These patterns were
predictably occurring per annum and are thus reliable
indicators for the specimens’ biological age and likely also
the season of death.
Building on this, we employed the spectroscopic
method of Laser Induced Breakdown Spectroscopy (LIBS),
which has recently been used as a fast elemental mapping technique for mollusc shells (Hausmann et al. 2017;
Hausmann et al. 2019a), has been shown to reach analytical speeds of over 300,000 measurements per hour

(Cáceres et al. 2017), and requires little sample preparation (Cobo et al. 2015; García-Escárzaga et al. 2015; Cobo
et al. 2017; Hausmann et al. 2019b). We aim to explore the
use of LIBS to create 2-dimensional maps of Mg/Ca ratios,
and relate these 2D patterns to the incremental growth
structures of the European oyster obtained via microscopic analysis. Specifically, this pilot study involved the
analyses of 12 archaeological shells from the shell midden
site at Conors Island, Co. Sligo in the Republic of Ireland,
which dates to the Late Mesolithic.
By providing a fast and reliable elemental approach to
studying growth structures, we provide the foundation
to overcome the common problem of small sample sizes,
often found in archaeological seasonality and ecological
studies.
1.1. An overview of the Irish Mesolithic and shell
middens

Ireland has a unique prehistoric record, which is the result
of its position on the far northwestern margin of Europe
(Waddell 2010). Since Ireland was overridden by highlyerosive glaciers at the Last Glacial Maximum and became
an island ca. 16,000 cal BP (Edwards and Brooks 2008), Palaeolithic archaeology is scant. A recent AMS radiocarbon
(14C) dating programme has, however, demonstrated that
Ireland had been colonised, perhaps by boat, around the
beginning of the Younger Dryas (Dowd and Carden 2016;
Little et al. 2017). The Early Mesolithic has largely been
characterised by the investigations undertaken at Mount
Sandel, Co. Londonderry. Here, numerous pits of varying sizes and a series of circular structures demarcated by
post holes and sunken hearths were excavated (Woodman
1985; Bayliss and Woodman 2009). Based on these investigations, it is generally acknowledged that the Early Mesolithic commenced ca. 10,000 and lasted until ca. 9000
cal BP, whilst the subsequent Late Mesolithic took place
between ca. 8500 and 6000 cal BP (Woodman 2015).
Despite a long-standing research history (>125 years),
shell middens have largely been neglected within Irish
archaeology (Milner and Woodman 2007; Woodman
2015). Whilst ca. 500 are known (with the majority being
located in the northern half of the country (Woodman
and Milner 2013), this is undoubtedly a serious underestimate of the overall true number. Owing to the scarcity
of anthropogenic materials coupled with a lack of comprehensive AMS radiocarbon (14C) dating, only a handful of shell middens have been securely assigned to the
Mesolithic. Although the earliest shell middens date to the
Late Mesolithic, ca. 7500 cal BP, the majority are dated to
later periods, for instance the Neolithic to Iron Age shell
midden at Culeenamore, Co. Sligo (Milner and Woodman
2007). At least 13 probable Mesolithic shell middens were
identified by Milner & Woodman (2007), but several more
have been identified and investigated since, for example
at Tullybeg, Co. Galway (Murray 2009). The reasons for
their infrequency are probably due to a number of factors,
ranging from burial and/or erosion by marine transgressions since their formation to excavation for agricultural
lime from the 19th century (Milner and Woodman 2007;
Woodman and Milner 2013; Woodman 2015).

Hausmann et al: Annual Growth Patterns and Interspecimen Variability in Mg/Ca Records of Archaeological
Ostrea edulis (European Oyster) from the Late Mesolithic Site of Conors Island

2. Materials and methods
2.1. Archaeological Context

The Conors Island shell midden sits on a low headland
on Conors Island, Co. Sligo (Figure 1). Trial excavations
led by Finbar McCormick took place in 2010. The site is
a complex of small individual shell heaps, and has layers
that have been assigned to the Mesolithic, Neolithic and
Bronze Age periods. Since the Mesolithic part of the site
was exposed in the cliff section (Figure 1), it was directly
excavated via a test pit (Trench 4) measuring 1 × 1 m that
closed down to 0.5 × 0.5 m. Although excavation was by
single-context, all matrices were wet-sieved and floated
to 0.25 mm to recover smaller classes of anthropogenic
materials. The midden stratigraphy of Trench 4 consists
of 5 individual layers, with the top layer (Layer 1) being
a thin deposit of organic rich soil composed of sand
with some clay and abundant rocks. This is followed by
a shallow layer (Layer 2) of fine to medium sand, which
included occasional oysters and cockles (Cerastoderma
edule, Linnaeus, 1758). Layer 3 is principally composed of
shell fragments (dominated by cockles followed by periwinkles (Littorina littorea, Linnaeus, 1758), oysters and
limpets (Patella spp.) (Figure 2) within a compacted silty
and clayey sand with some charcoal. Layer 4 yielded fewer
remains but contained pockets of oyster and cockle shells
(Figure 2), as well as charcoal fragments. The bottom layer
(Layer 5) contained no shells and consisted of a brown
sandy and compacted breccia with calcareous root tubuli
and soft calcareous nodules. The oyster shells sampled
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in this study were derived from two contexts (5 and 7),
identified as individual shell pockets, within Layer 4. Preliminary AMS radiocarbon (14C) dating undertaken on two
small roundwood charcoal samples from the base of the
midden deposits in the cliff section adjacent to Trench 4,
and equivalent to Layer 4 are provided in Table 1. When
calibrated at 95.4% probability, these results yielded a
Late Mesolithic age.
2.2. Methods
2.2.1. Determining Seasonality using Mg/Ca intensity ratios

Earlier evidence indicates that Mg/Ca ratios derived from
mollusc carbonates cannot reliably produce absolute
values for palaeo-temperatures, due to the physiological effects associated with the incorporation of Mg2+ into
the shell carbonate (Lorrain et al., 2005; Wanamaker et
al., 2008; Surge and Lohmann, 2008; Poulain et al., 2015;
Graniero et al., 2017). These effects occur as Mg/Ca ratio
offsets, that skew the Mg/Ca ratio on top of any seasonally changing patterns induced by environmental changes
(see below). However, the degree to which superimposed
physiological effects skew seasonal changes, can be species- or even specimen-specific and finding general correlations have been difficult to identify (Wanamaker et al.
2008; Graniero et al. 2017; Cobo et al. 2017; Hausmann
et al. 2019a).
Oysters have a prominent role in Mg/Ca ratios as climate indicators and the published record on several oyster
species (Crassostrea virginica, Gmelin, 1791, Magallana

Figure 1: Plan of the Conors Island shell midden site. The molluscs in this study derive from two contexts (5 and 7) from
Trench 4 located on the cliff. Insert shows the site in relation to Ireland.
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Figure 2: Number of Identified Specimens (NISP) per 10 kg of bulk sediment from the Conors Island Mesolithic midden.
The dominant species at the Conors island midden are comparable with other Irish shell middens dating to the
Mesolithic and Neolithic (Gutiérrez-Zugasti et al. 2011).
Table 1: Radiocarbon results on small roundwood charcoal from the cliff section adjacent to Trench 4, reported as
conventional and calibrated years BP (95.4%) following Bronk Ramsey (Bronk Ramsey 2017). All dates were calibrated
using the University of Oxford Radiocarbon Accelerator Unit programme OxCal (version 4.3.2), and the corresponding
curve (IntCal13) for terrestrial samples (Reimer et al. 2013).
Sample ID

Laboratory
Code

Radiocarbon
Age (BP) ± error

Calibrated BP
(95.4%)

Conors Is. 1.1

UBA-14433

5446 ± 27

Conors Is. 1.6

UBA-14434

5403 ± 25

gigas, Thunberg, 1793, Ostrea (Turkostrea) strictiplicata, Roulin and Delbos, 1855, and Sokolowia buhsii,
Grewingk, 1853) shows that their seasonally changing
Mg/Ca ratios, although not consistently correlating to
palaeo-temperatures, reliably indicate annual growth
patterns, individual growth rates, and individual ages of
specimens (Bougeois et al. 2014; Bougeois et al. 2016;
Durham et al. 2017). In these species, growth rates generally had lower Mg/Ca ratios in periods of slow growth
and higher Mg/Ca ratios in periods of faster growth. To
what degree these growth patterns also happen parallel
to seasonal changes in temperature is unclear and likely
locality specific (Mouchi et al. 2013). However, in temperate climates with distinct seasonal temperature changes
that reach below 10°C (Kirby et al. 1998), it is common
for oysters to stop growing altogether, resulting in distinct incremental growth patterns indicating annual cessations in growth (Milner 2002; Robson 2015), which are
also rich in organic material that increases the Mg/Ca
ratios (Schöne et al. 2010).
Based on the aforementioned information, to determine the Conors Island oysters’ individual biological
age and season of death, we expected the following: (a)
growth rates cease annually during the colder months
of the year (Bougeois et al. 2014; Bougeois et al. 2016;
Durham et al. 2017), i.e. winter, resulting in an annual
growth-line (Milner 2002; Robson 2015) with a high
Mg/Ca ratio (Schöne et al. 2010), and (b) growth will be
the fastest (resulting in a higher Mg/Ca ratio) during the
warmer months of the year, i.e. summer, (Mouchi et al.
2013; Durham et al. 2017) and lowest immediately before

Material

Species

6300–6200

charcoal

n/a

6290–6180

charcoal

n/a

and just after annual growth ceases in the winter (yielding
a lower Mg/Ca ratio just before and after growth-lines).
2.2.2. Inhibiting factors for determining seasonality using
Mg/Ca ratios

Besides the connection between Mg/Ca ratios and growth
rates, there are further factors influencing the elemental
composition (Elliot et al. 2009; Freitas et al. 2012; Poulain
et al. 2015; Hausmann et al. 2017). These additional factors have the potential to superimpose seasonal patterns
of growth, and thus frustrate the interpretation of the
season of death. Most prominently, these additional factors have been identified as the following: (1) gradual
change of the Mg/Ca ratios with increasing distance to
the hinge (Hausmann et al. 2017), (2) age-related (ontogenetic) baseline shifts of Mg/Ca ratios (Elliot 2009), and,
(3) short-lived peaks of high Mg/Ca ratios during unpredicted growth cessations leading to organically rich lines
(Schöne et al. 2013), which are additional to the predicted
annual growth cessation. By mapping the entirety of the
hinge section (Figure 3a), we aim to assess the spatial
impact of these factors across the growth increments and
find ways to avoid or acknowledge them in our interpretation of growth patterns.
Gradual increases or inconsistent Mg/Ca ratios towards
the exterior shell edge or hinge have been identified in
Pecten maximus (Linnaeus, 1758) (Freitas et al. 2012),
Ostrea edulis (Linnaeus, 1758) (Hausmann et al. 2017),
Arctica islandica (Linnaeus, 1767) (Schöne et al. 2013)
and Ruditapes philippinarum (A. Adams & Reeve, 1850)
(Poulain et al. 2015). In these cases Mg/Ca ratios were
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Figure 3: (a) Hinge location on an oyster shell thin-section, and (b) ideal seasonal succession of growth patterns as
defined in Robson (2015).
inconsistent within growth increments, resulting in an
increased variability of elemental ranges between specimens and unclear seasonality records, where annual minima were less distinct as the baseline increased. Contrary
to the above, Durham et al. (2017) produced evidence for
C. virginica shells that, if at all, the opposite was true and
that Mg/Ca ratios slightly decrease towards the exterior
shell edge (R2 = 0.05; p ≤ 0.0001). Spatially extensive elemental mapping should provide the means to reveal these
patterns, should they occur.
Ontogenetic trends have also been revealed in a range
of elemental records of shell specimens (Gillikin et al.
2005; Ford et al. 2010; Schöne et al. 2011). These trends
were expressed as gradual shifts in the baseline, which
obscured annual minima and maxima, the cornerstone of
annual growth patterns, and made it difficult to differentiate them from random irregularities of the record. While
2D maps will experience the same ontogenetic offsets as
simple linear scans, it is easier to account for irregularities
within the record and find ways to make annual minima
and maxima more distinct from them.
Lastly, the impact of organic material occurring within
the shell is unavoidable, when measuring in situ (Schöne et
al. 2013; García-Escárzaga et al. 2018). As such, the Mg/Ca
ratio measured through LIBS always consists of the carbonate component as well as the insoluble organic matrix

(IOM) of the shell. While the IOM is usually not abundant
enough to skew the Mg/Ca ratio of the carbonate record,
it can be found amply within annual growth-lines. These
growth-lines then produce high Mg/Ca ratios, while the
Mg/Ca ratio of the carbonate component remains the
same. This pattern is most visible in growth-lines that
predictably occur in winter growth cessations, which are
preceded by a slower period of growth and a lower Mg/Ca
ratio. Thus, growth-lines occur as distinct peaks during
lower Mg/Ca ratio periods. Through mapping, we expect
these lines to be even more distinct (i.e. lines instead of
rounded peaks) and provide guides for the general growth
structures of the shells.
2.2.3. Sample preparation for Laser Induced Breakdown
Spectroscopy

We followed the methodology for Mg/Ca mapping developed by (Hausmann et al. 2019a), in which a full stepby-step guide is deposited on the protocols.io repository
(Hausmann et al. 2019c). The oyster shells were sectioned
using a Buehler ISOMET 1000 Precision Saw (Model
11-2180), and a Buehler Diamond Wafering Blade (Series
15LC Diamond No 11-4276). The section followed the
direction of growth and covered the entire hinge towards
the growth edge. Since the cutting procedure yielded
two halves, the better-sectioned (i.e. no fractures) half
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was selected for analysis and subsequently cleaned with
ethanol to remove any residue. The shells were then put
into a holder made of aluminium-foil to vaguely position the section in a levelled horizontal position under
the focusing lens. The actual xyz-orientation of the sample surface was determined by 3 surface points that were
manually focused on and share an xyz-plane, which builds
the foundation of the 2D map. We then determined the
limits of the sample surface on the x- and y-axes. Within
these limits we automatically generated a point mesh of
75 µm or 100 µm resolution, depending on the sample
requirements. Based on this point mesh, data acquisition
was carried out with each point being measured 5 times
to accumulate an averaged spectrum. While accumulated
spectra do not allow to assess variability between each
measurement, we measured the variability in an additional line scan, where each of the 5 spectra were analysed
separately. Their variability had a relative standard deviation of 7.4 ± 3.3%. After each point, the averaged Mg/Ca
ratio was automatically associated with the coordinates of
that point, resulting in a 2D map of the Mg/Ca ratios.
2.2.4. Laser Induced Breakdown Spectroscopy
instrumentation

We employed a Q-switched Nd:YAG laser (Spectron Laser
Systems), operating at the fundamental wavelength (1064
nm) and producing 10 ns pulses with a pulse energy of
~10 mJ in our analysis. Using a quartz lens of 28 mm focal
length, the laser beam was focused onto the sample surface. The focal point of the lens was set slightly below the
sample surface, and the working distance (focusing lensto-sample distance) was adjusted so that a crater with a
diameter of about 50 µm was measured on ablated spots
performed directly on the sample.
The sample was mounted on an xyz-motorised micrometer stage and a CCD camera (Point Grey Grasshopper 3)
was placed in vertical alignment with the sample surface.
Thus, a clear image of the sampling area was visible
through the camera at an optical magnification of ~4:1.
This magnification was a necessary compromise to achieve
a general overview of the shell as well as good visibility of
the growth increments.
Measurements were performed at room temperature.
The light emitted by the plasma plume was collected by an
optical fiber and transmitted to a Czerny-Turner spectrograph (Jobin Yvon, TRIAX 320) for analysis in conjunction
with an intensified charge coupled device (ICCD) detector (DH520-18F, Andor Technology). The spectrograph
was equipped with a 600 grooves/mm grating providing
a spectral resolution of about 0.1 nm and a spectral range
of 80 nm. The ICCD is gated by means of a digital delay
pulse generator (DG535, Stanford Research Systems) and
synchronised to the Q-switch of the laser.
Spectra were acquired 0.5 µs after the firing of the
laser pulse with an integration time of 1 μs, based on the
acquisition parameters performed in Hausmann et al.
(2017) using standards developed by Cobo et al. (2017),
which revealed that both Mg and Ca emission lines had
sufficient intensity, a high signal to noise value, and provided an accurate representation of the mole ratio of both

elements (R > 0.99, p < 0.01). The emission lines providing the most reliable Mg/Ca ratio were Ca II (2D3/2 → 2P1/2)
emission line at 315.887 nm and the Mg II (2P3/2 → 2S1/2) at
279.553 nm. Therefore, a spectral range centered around
300 nm was selected to record the LIBS spectra.
2.2.5 Sample preparation for incremental growth-line
analysis

To undertake the incremental growth-line analysis, the
oysters were thin-sectioned using the method developed
by Milner (2001) with some modifications, which have
also been deposited as a step-by-step guide on protocols.
io (Hausmann et al. 2019d). Following the elemental mapping, the sectioned shells were placed face down in 1- and
2-inch plastic moulds respectively depending upon the
size of the cut hinge. The plastic moulds had been cleaned
with alcohol and then rinsed with water, left to dry, and
coated with Buehler Release Agent No 20-8185-016. The
hinges were embedded in resin (2 parts by volume of Buehler Epo-Thin Low Viscosity Epoxy Resin No 20-8140-12B
mixed with 1 part by volume Buehler Epo-Thin Low Viscosity Epoxy Hardener No 20-8142-016), and left to cure
in an environment of constant humidity and temperature
overnight. Once hardened, the resin blocks were removed
from the moulds and labelled. The resin blocks were then
lightly ground using successively finer metallographic grit
papers (P600, P1200 and P2500 grades respectively) on a
Buehler Motopol 2000 Grinder/Polisher. The surfaces of
the resin blocks were cleaned with water and left to dry.
Then, they were polished using a Texmet polishing cloth
coated in Buehler MetaDi 3 µm water based diamond
paste, rinsed with water and left to dry overnight. The polished facets of the resin blocks were attached to a glass
slide using Loctite 322 Adhesive, exposed to an ultraviolet light source and left to harden for 24 hours. Once the
sample had bonded to the slide, the bodies of the resin
blocks were cut from the slide using a Buehler ISOMET
1000 Precision Saw, thus leaving a slice of the embedded
hinge of approximately 200 to 500 µm in thickness on the
glass slide. In order to clearly see the microstructure of the
shell, the shell and resin were lightly ground to produce
the thin section. The slide was placed in a slide holder
and held face down over revolving grit papers (as detailed
above) until the final thinness (<50 µm) was achieved.
This varied from sample to sample, and was monitored by
eye as well as repeated checks under a light microscope.
Lastly, the sample was polished on a Texmet polishing
cloth with Buehler MetaDi 3 µm water based diamond
paste.
The thin sections were examined at magnifications
between ×10 and ×40. The annual lines were noted for
each shell and counted; any other lines, for instance cessations in growth, were recorded, and the last section of
growth (from the last line to the outer edge) was examined in order to assess the season of death using the criteria shown in Table 2 and illustrated in Figure 3b. Since
the initial method development (Milner 2001), interpretations have, however, altered. Originally, a month was
assigned to each shell but this caveat had a margin or
error of ±1 month (Milner 2001, 2002). Thus, in more
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Table 2: Table to show the identifications and assignments to particular seasons starting with line formation in the
spring (Robson 2015) (See also Figure 3b).
Season

Identification

Spring

A line is present right on the edge and the edge dips down

Spring/summer

Shell shows a new line and a very thin band of new growth

Summer

Band of growth between the last annual line and the shell edge

Summer/autumn

Large band of growth between the last annual line and the shell edge and a
spawning line may be present

Autumn

Large band of growth but not a full year

Autumn/winter

Large band of growth – almost a fully year

Winter

Large band of growth which looks like a full year but no dipping on the edge

Winter/spring

Darkening of growth edge begins and dipping downwards on the edge

recent analysis (e.g. Robson 2015) a seasonal assessment
has been made. It is felt that seasons are more representative because they remove the false perception that interpretations are accurate to within a month and take into
account the margin of error. However, they have also been
subdivided into split seasons.
In addition, the confidence in the season varied. The
highest degree of confidence was assigned to shells with
a line directly on the edge indicating line formation,
and a spring death (March or April). This was because
the line is a clear indicator. However, from the modern
control study (Milner 2002), it was clear that line formation did not occur on one day. There was variation
within a population, and therefore a sample of oysters
collected on one day may include oysters with lines
and oysters without. This sample would be interpreted
as having winter/spring and spring oysters. Thus, it is
important to note that such a grouping may not indicate
two seasons but possibly one collection event (Robson
2015). Oysters gathered during the spring/summer (ca.
May, June), and summer (ca. July, August) were equally
easily interpreted because their lines are close to the
edge and may also include a spawning line. However,
from October onwards, growth reduced significantly.
Generally it is possible to identify an oyster harvested
during the autumn (ca. September, October), because
there does not appear to be a full years growth. However,
distinguishing between oysters harvested during the
autumn/winter (ca. October, November), winter (ca.
December, January), and winter/spring (ca. February,
March) was mostchallenging since the only indicator
was the topography at the top of the shell that started
to dip down when a line was due to form (Milner 2002;
Robson 2015).
3. Results
3.1. Elemental analysis

The Mg/Ca ratios of the 12 specimens were mapped
(Figure 4) producing variable results in terms of the overall ranges of Mg/Ca ratios as well as the visibility of seasonal patterns (Table 3). The quantity of sample points
ranged from 3,497 points (sample 7E) to 8,847 points
(sample 5G), depending on the size of the specimen and

the applied sampling resolution (75 or 100 µm depending
on visibility).
The ranges of the Mg/Ca ratios also varied between
specimens, but generally the values were between 0.03
and 0.20. That being said, each map contained some outliers (e.g. along the hinges) that exceeded these values and
reached maxima of 0.63 (sample 5A) and 0.66 (sample 7E).
3.2. Mg/Ca annual patterns

Repeating annual patterns of Mg/Ca ratios were visible across complete increments in almost all specimens.
Specifically, two annual patterns occurred in the majority of the specimens (Figure 5): (1) a gradual increase
and subsequent decrease of Mg/Ca ratios across whole
growth increments is in agreement with earlier conclusions that Mg/Ca ratios correlate with changes in growth
rate (Figure 5a) (e.g. Durham et al 2017), and (2) a thin
but distinct line with high Mg/Ca ratios consistent with
annual growth lines during a growth stop (Figure 6b)
(Schöne et al. 2013). Both patterns were found with variable clarity in the individual maps underlining their specimen specific nature.
Overall, we discerned the biological age for 9/12 (75%)
specimens and the season of death for 11/12 (92%) specimens. Ages ranged between 2 and 7 years and averaged ~4
years. Specimens that did not produce a clear biological
age, still produced an age of ±1 year (i.e. ‘4 or 5 years’ and
‘5 or 6 years’).
We further determined the specimens’ season of death:
2 × spring, 2 × spring/summer, 1 × summer, 2 × autumn,
1 × autumn/winter, 3 × winter (and 1 × unclear). There
was some overlap in the specimens that did not produce a
clear biological age and no clear season of death, however
as the season of death is only determined by the last year
of growth, any anomalies and unclear growth patterns
that would have affected previous years, and thus the
interpretation of the biological age, would not necessarily
affect the interpretation of the season of death.
Ultimately, these results are predominantly useful for
assessing the visibility of growth patterns in elemental
maps, but offer a rather narrow statistical basis for making deductions about seasonal prehistoric exploitation
patterns, given the small sample size.
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Figure 4: Elemental maps and growth micro-images of the oyster shell thin sections. Samples are in order of their
stratigraphic layer and grouped by method. The scales shown for the elemental maps are also applicable to the micoimages. Note that the colouring of the elemental maps is based on the individual limits of each specimen’s Mg/Ca
ratio, with bright colours showing high ratios and dark colours showing low ratios.
3.3. Mg/Ca spatial variations and physiological
effects

The annual banding of Mg/Ca ratios was often least
obvious at the very edge of the hinge of the shell, where
the range of Mg/Ca ratios between gradual increases
and decreases was usually the lowest. This was due to
intra-incremental increases of the Mg/Ca ratios towards
the hinge. We exemplified this increase by measuring
the change in Mg/Ca ratios along single growth increments and during the maximum time of growth in
three years each (arbitrarily named A, B and C) for two
specimens, 5A and 7A (Figure 6). Within each increment, Mg/Ca ratios dropped with increasing distance
to the hinge. In specimen 5A, this decrease was from
0.18 at the hinge to 0.08 at a 5 mm distance, and in
specimen 7A from ~0.17 to 0.08 after 5 mm. While the
Mg/Ca ratios of each year converge into similar ratios
with increasing distance, the variability of ratios at the
very hinge was more pronounced, suggesting that there
are further variations between each year. In contrast
to the increased ratios in specimens 5A and 7A, there
were also instances when Mg/Ca ratios were lower at
the hinge and rose with increasing distance (see 5H, 7B
and 7E in Figure 4), mirroring earlier finds by Durham
et al. (2017).

3.4. Ontogenetic trends in Mg/Ca ratios

We found a variety of ontogenetic changes in the Mg/Ca
ratios. Firstly, a gradual increase with increasing age in
specimens 7A and 5B. This trend mirrors the results of
other studies (Elliot et al. 2009; Ford et al. 2010; Mouchi
et al. 2013) but was not consistent in all specimens (e.g.
5A, 5G, 5H, 7E).
The second ontogenetic trend showed abrupt (instead
of gradual) baseline increases of Mg/Ca ratios after one
or two years of growth in specimens 5A, 5E, 7A and 7C,
which was preceded by a lack in the seasonal patterns of
the Mg/Ca ratios entirely (Figure 4, see also Figure 5b).
Instead, there was little variation in the Mg/Ca ratios for
this preceding period, and were only interrupted by distinct high Mg/Ca ratio growth lines, that are likely high in
organic material.
Thirdly, a combination of hinge-specific Mg/Ca ratio
variations and ontogenetic trends was found in specimens
5C, 7E and 7B. Their near-hinge parts were consistently
low in Mg/Ca ratios during the first two years of growth.
3.5. Incremental growth-line analysis

The microscopic analysis of the incremental growthlines produced some results that corresponded with the
elemental analysis of the spatial patterns in the Mg/Ca
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Table 3: General description of the LIBS generated elemental maps, their indication of biological age and the occurrence
of ontogenetic trends, as well as the results obtained from incremental growth-line analysis. Visibility of seasonal
patterns in Mg/Ca maps is described as very clear: ++, clear: +, moderate: O, and unclear: –.
Specimen

N

Res

Length
[mm]

Min

Max

LIBS-Analysis

Incremental
Growth Analysis

Visibility Ontogenetic Age [a] Season
of seasonal trends
of death
pattern

Age [a] Season
of death

5A

6,392

100

7.5

0.03

0.63

++

5B

5,634

100

15.2

0.04

0.33

–

Yes

4 or 5 /

5C

5,755

100

6.8

0.03

0.44

O

Yes

4 or 5 Spring

5E

4,388

75

6.9

0.03

0.5

+

Yes

4 Autumn/
winter

4 Spring/
summer

5F

7,840

75

7.3*

0.04

0.35

+

Yes

2 Winter

3 Winter

5G

8,847

100

18.7

0.04

0.47

+

No

6 Winter

5 Spring/
summer

5H

4,084

100

5

0.04

0.44

++

No

2 Spring

2 Spring/
summer

7A

7,761

100

10.5

0.03

0.36

++

Yes

6 Autumn

10 Autumn/
winter

7B

7,842

75

7.6

0.05

0.29

O

Yes

3 Spring/
summer

3 Autumn/
winter

7C

5,822

75

5.4

0.05

0.18

+

Yes

5 Autumn

Unread- Unreadable able

7D

6,798

100

10.3

0.04

0.33

–

No

5 or 6 Spring/
summer

10 Summer

7E

3,497

100

4.7

0.05

0.66

+

No

4 Winter

2 Spring

4 Summer
Unread- Unreadable able
4 Autumn/
winter

2 Spring

Figure 5: Examples for patterns found in most of the Mg/Ca maps. See Figure 5 for description of colours. (a) Gradually
changing Mg/Ca ratios of specimen 5A with an annual increase, maximum and subsequent decrease. (b) Thin lines
with high Mg/Ca ratios that occur in areas of specimen 5E with low Mg/Ca ratios, separating annual growth intervals.
Also note the low values and little variation of Mg/Ca ratios in preceding years in specimen 5E.
ratios (50% of the readable thin sections). Specifically, the
biological ages as determined by the growth increments
ranged from 2 to 10 years. This is a broader range than
what was determined using the elemental maps (2 to 7
years). With one exception (5G), growth increments produced greater biological ages than elemental maps, with
an average of ~4.7 years. This was likely caused by irregular growth lines evident in the micrographs that suggested
additional years of age.
Moreover, 5/10 (50%) determined seasons of death
were different compared to the results from the elemental

mapping. Whilst some of the differences were minor (i.e.
autumn/winter instead of autumn) or in areas where
seasonal differences are minute (i.e. in periods of slow
growth), some differences were major (e.g. 5A) and the
season of death was entirely different (summer instead of
winter) than the elemental maps. These deviating specimens and our interpretations why they produced different results are found below (section 4.1).
Lastly, one shell specimen (7C) was unsuccessful in
providing an age or season of death, because its growth
edge had broken off during the preparation process. In
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Figure 6: Comparison of line scans that depict the variation of Mg/Ca ratios within single growth increments and
perpendicular to the direction of growth in three years of specimens 5A and 7A. Mg/Ca ratios at the very edge of the
hinge are higher than ratios in the isochronous parts that are farther from the hinge. Note that the three years from
each shell are not the same years as shells are likely not coeval.
addition, sample 5B could not provide a conclusive result
due to its very complex growth structure. Overall, 2/12
(16.6%) specimens did not yield any data on biological age
or season of death.
4. Discussion
4.1. Deviations in the seasons of death between the
two methods

Whilst the data obtained from both methods suggest
multi-seasonal shellfish exploitation and site occupation,
it is important to note why, in several cases, the results
deviate from one another. In the following, we discuss the
rationale for the deviating five samples.
5A – Both methods showed 4 years of age at death,
however the season of death was indicated as winter by
the elemental mapping and summer by the incremental
growth-line analysis. The reason for this divergence was
the comparatively short growth rate in the final year, which
is evident in the gradual decrease of the Mg/Ca ratios
towards the edge. However, in the incremental growthline analysis, in which the size of the annual increments is
an indication for how much time has passed since the last
major growth line, the decrease in the growth rate was not
evident and the final annual growth increment appeared
as though it had only partially grown (see also Figure 3b
for summer and winter thickness).
5C – Despite both methods yielding a clear biological
age of ~4 years at death, it was difficult to confidently
assess the season of death. Given the irregular growth patterning we were unable to confidently compare the final
with the preceding annual increments. Moreover, the
map of the Mg/Ca ratios was very noisy making interpretation problematic. This resulted in two diverging interpretations regarding the thickness of each annual growth
increment, and thus divergent assignations for the final
annual increment in terms of where in the growth cycle
it stopped.

5E – While the elemental map showed clear organicrich annual banding, the micrograph of the thin-section
suffered some breakage, likely due to over-polishing. This
potentially resulted in a misleading line suggesting an
additional growth cessation, and thus a reduced band of
growth since the previous annual line. This reduction indicated an earlier season, in this case spring.
5G – Although the micrograph of the thin section
appeared to display distinct banding, which may have
been accentuated by air pockets, the Mg/Ca maps differed, and clearly show organic rich growth-lines with
gradual changes in the Mg/Ca ratios.
7B – The micrograph indicated that some substantial growth had taken place since the previous annual
cessation, which would correspond to a full year’s
growth. As such the season of death was interpreted as
autumn/winter. However, comparison with the map of
the Mg/Ca ratios indicated that the most recent portion
of the hinge had been lost during the manufacturing process, meaning that a proportion of the year was missing.
The aforementioned results show the complexities
involved in the interpretation of maps of Mg/Ca ratios
within and between oyster shells. While no singular factor (i.e. growth rates) influencing the Mg/Ca ratios was
present in every specimen, the elemental maps provide
an insight into the multitude of spatial and temporal
patterns that are encountered in tandem with growth
related expressions of Mg/Ca ratios. To these expressions,
the incremental growth-line analysis of thin sections has
provided a valuable context. Most notably, there is some
overlap between the annual growth-lines found within
the thin sections and lines that are high in Mg/Ca ratios,
mirroring earlier results (Schöne et al. 2010; Hausmann
et al. 2017). Further, where annual patterns were less visible in the LIBS generated elemental maps, thin sections,
while not providing an explanation for the elemental patterns, still exhibited growth structures with undisturbed
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quality, providing an additional record to compare our
geochemical data with. However, when the incremental
growth-line records were interpreted on their own, the
results often deviated from the outcome of the elemental
analysis (Table 3). While there is a degree of subjectivity
in determining the seasons of death, we argue that the
main reason for these deviations are irregular growth lines
(also termed disturbance lines). These lines often form
unpredictably throughout the year as a result of spawning, predator attacks and/or storms (Andrus and Crowe
2000; Surge et al. 2001; Durham et al. 2017). We are also
conscious of the experience of the analyst resulting in the
misidentification of the season of death and/or years of
growth. While these lines can be difficult to identify under
the microscope, maps of Mg/Ca ratios generally differentiate between annual and irregular lines, because genuine annual lines (high in Mg/Ca ratio) are often found in
areas of slow-growth (low-Mg/Ca ratio) (Figure 7). We are
thus in agreement with other studies that compared geochemical and structural information of oysters (Andrus
and Crowe 2000; Surge et al. 2001; Durham et al. 2017),
and argue that incremental growth-line data can be unreliable on its own, but can provide valuable information to
contextualise the geochemical data.
4.2. Intra-specimen and intra-increment variability in
Mg/Ca

Recent work including extensive elemental mapping
of a larger set of molluscs has revealed variability of the
Mg/Ca ratios between and within specimens (Hausmann
et al. 2019a). While their study was focused on the Mediterranean limpet (Patella caerulea, Linnaeus, 1758), there
are some similarities with the variation of the elemental
maps identified in the oyster of this study. Foremost, the
spatial inconsistency of Mg/Ca ratios along single growth
increments is troublesome in terms of connecting Mg/Ca
ratios to changes over time. As growth increments are traditionally thought to represent growth conditions at a certain point (or period) in time, their elemental composition
should also represent these conditions. However, the wide
range of Mg/Ca ratios found within single growth increments, indicates that isolated elemental ratios are difficult
to simply translate into specific growth conditions or environmental parameters (e.g. sea surface temperature) as in
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the case of P. caerulea (Ferguson et al. 2011; H
 ausmann
et al. 2019a). Specifically, because Mg/Ca ratios can vary
depending on the distance to the shell hinge, it is not
always possible to acquire definitive absolute ratios. Consequently, any measured ratio will have to be interpreted
in relation to the rest of the increment and the rest of
the record. This restriction, to some degree, also extends
the comparison of the Mg/Ca ratios between specimens,
because the patterns of spatial variability of the Mg/Ca
ratios are not expressed consistently enough to generalise between specimens. Thus, Mg/Ca ratio variability
cannot reliably be avoided by for example sampling at an
equal distance to the hinge. Further, interpretations that
imply environment specific or species specific influences
on the Mg/Ca ranges based on line scans need to verify
these influences using 2D mapping (Bougeois et al. 2016;
Mouchi et al. 2018).
Ultimately, these differences do not only illustrate the
need to map elemental ratios over line scans, but also the
need for increased sample sizes that accurately depict the
wider variability of the spatial patterning of elemental
ratios. Our preliminary dataset on Irish oyster shells provides the foundation for future analyses employing LIBS
as a means to generate fast 2D maps of shell sections.
Limited by the 10Hz Nd:YAG laser, our sampling speed
was lower compared with other LIBS systems, which
employed 100Hz (Cáceres et al. 2017) or 1,000 Hz lasers
(Rifai et al. 2018) and acquired geochemical maps with the
dimensions used in our study within <5 min. Thus, the
time for elemental analysis does not exceed the time for
sample preparation (i.e. sectioning), shifting the practical constraints of analysing large shell assemblages away
from the geochemical analysis.
4.3. Access to large shell assemblages

The ability to access geochemical records in a large quantity of shells, has implications for archaeological and palaeoecological studies. For archaeology, increased sample
sizes would improve the robustness and detail of seasonality studies, a problem more thoroughly described
by West et al. (2018). In particular, through increased
sample sizes, it is possible to further analyse previously
ignored stratigraphic contexts or layers, and expand the
analysis of previous layers to many more shell specimens.

Figure 7: Regular annual and irregular growth lines as they are visible under the microscope (left) and in an elemental
map (right). Differentiating between both kinds of lines under the microscope is often difficult, which can result in
the misinterpretation of the season of capture. Elemental maps are more suited for making this distinction because
they also depict growth reductions that precede and follow true annual growth lines. See Figure 4 for description of
colours and full view of the specimen (7D).
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This has been argued to increase stratigraphic resolution,
providing a seasonal component and an estimate of variability between different areas of one site (Robson 2015;
Hausmann and Meredith-Williams 2017b), or between

closely related sites within a landscape (West et al. 2018),
and lastly to provide a close up of depositional activities
and ritual contexts (Thompson and Andrus 2011).
For palaeoecological research, oysters have provided
baselines for primary productivity and regional variability
of marine habitats in a range of contexts (Grabowski and
Powers 2004; Rick and Lockwood 2013; Baggett et al. 2015;
Savarese et al. 2016; Rick et al. 2016). When possible, measurements of size and of biological age were used to assess
changes in environmental conditions as well as changes in
human exploitation (Gutiérrez-Zugasti 2011). However, due
to the difficulties of assessing biological age for a large number of specimens, it is generally not feasible to go beyond
size measurements for spatially and chronologically extensive studies (Rick et al. 2016). This prevents researchers from
quantifying the differential impact that environmental and
anthropogenic changes can have on shellfish populations
(Mannino and Thomas 2001, 2002). To fully understand
the causes behind oyster population changes and the best
means to sustain current populations, it is key to differentiate between these factors. Fast elemental mapping thus
represents a crucial tool for expanding current age/size
datasets of modern as well as ancient oyster populations.
4.4. Seasonal exploitation patterns at Conors Island
and during the Irish Mesolithic

Following the elemental mapping of the Mg/Ca ratios,
the small assemblage analysed here demonstrates that
oyster collection at Conors Island occurred throughout

the majority of the year. Moreover, these initial data are
congruent with preliminary δ18O stable isotope analysis
undertaken on oysters from the same layer (Layer 4) of
the site, which similarly demonstrated that oysters were
collected on several occasions throughout the year with
the exclusion of summer (S. Neill personal communication). Despite the small sample size, oysters were targeted
throughout the year, with the exception of summer and
winter in Contexts 5 and 7 respectively. Further work is
required on a larger sample of oysters from both contexts
(as well as layers) though the reasons for these differences
may be related to economic, environmental, cultural
and/or social practices (Rowley-Conwy 1984, 2002; Milner
2002, 2005) or indeed sampling stochasticity. For instance,
a focus on oyster collection during the cooler seasons of
the year in Context 5 may be related to a lack of resources
as has been suggested elsewhere (Rowley-Conwy 1984,
2002), whilst environmental factors, including extreme
tides or cooler waters, which may have been less inviting
or indeed frozen, thus restricting access to the oyster beds,
may have influenced the collection practices evidenced in
Context 7 (Milner 2002; Milner 2005).
As yet, seasonality studies on Irish Mesolithic materials are vanishingly rare and tend to be based on other
indicators than shellfish and/or incremental structures
(Figure 8). In general, previous investigations into site
occupation were based on the presence and/or absence
of the recovered fauna whereby behavioural ecologies
and habitat use were taken into account (e.g. Mitchell
1956; Liversage 1968). Perhaps the most detailed account
of seasonality during the Irish Mesolithic is provided
by Woodman et al. (1999) in their monograph on the
site of Ferriter’s Cove. Based on the presence of small

Figure 8: Seasonality indicators by site and by proxy for the Late Mesolithic in Ireland. Large circles indicate confident
occupation, small circles indicate tentative occupation as a result of comparing seasonality data by Irving (1999),
McCarthy (1999) and (Woodman 2001), which was grouped into four categories, with our data, which is grouped into
eight categories.
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gadids (codfishes), herring (Clupea harengus, Linnaeus,
1758), tope shark (Galeorhinus galeus, Linnaeus, 1758),
salmon (salmons, trouts) and European eel (Anguilla
anguilla, Linnaeus, 1758), McCarthy (1999) states that
the site was occupied during the summer and autumn.
Further to this, the presence of guillemot (Uria aalge,
Pontoppidan, 1763) and a lack of structures suggested a
summer presence, whilst the absence of migratory birds
and seals (Phocidae) demonstrated that the site had not
been occupied during the winter and spring. Moreover,
the analysis of three ballan wrasse (Labrus bergylta,
Ascanius, 1767) scales, which yielded identical growth
patterns, and may be derived from the same individual,
coupled with the presence of Sparidae (sea-breams, porgies), Labridae (wrasses), Mugilidae (grey mullets) and
Triglidae (searobins, gurnards) scales demonstrated to
Irving (1999) that capture and thus site occupation took
place during the summer. Despite a degree of conjecture,
these studies are in agreement with the results presented
here, based on the elemental analysis. Indeed, only one
study employing incremental growth-line analysis has
been undertaken on Irish Mesolithic oysters, which demonstrated that Rockmarshall, Co. Louth, and Glendhu,
Co. Down were occupied between the spring and summer (March–August) and spring (April–May) respectively
(Woodman 2001). Despite the lack of detail concerning
sample size, these data are likewise in agreement with the
oyster collection practices at Conors Island.
5. Conclusion

This study demonstrates for the first time the potential of elemental mapping to analyse growth patterns
in archaeological oyster shells through LIBS. Through
extensive maps of Mg/Ca ratios, we determined the age
and season of death with confidence for the majority of
the analysed specimens (75% and 92%, respectively),
and tentatively confirmed occupation of the Conors
Island shell midden in almost all seasons of the year during the Late Mesolithic period. However, this dataset is
preliminary and we expect the overall interpretation for
the Sligo Bay area as well as the Irish Late Mesolithic to
become more complex with an increase of seasonality
data in the future.
We further demonstrate that rapid 2D mapping is
essential in understanding the inter- and intra-specimen
variability in Mg/Ca ratios, and that LIBS is able to provide
the necessary amounts of specimens and data, in the form
of elemental maps, at a low cost. This ability is beneficial
for future seasonality studies that aim to include multiple
sites or aim to increase individual site coverage. Low costs
and fast analytical speeds are also beneficial for ecological
studies, which aim to improve the overall robustness and
representativity of the dataset and provide valuable information about shell size as well as biological age, which
is necessary to differentiate between climatic and anthropogenic influence on shellfish productivity. For a more
accurate interpretation of seasonality and biological age,
future projects should also employ the use of additional
geochemical proxies (δ18O), and modern shell specimens
sourced directly from the Sligo Bay area.
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