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ARTICLE INFO ABSTRACT

Keywords: The elemental composition of marine mollusk shells can offer valuable information about environmental con-
CFLIBS ditions experienced by a mollusk during its lifespan. Previous studies have shown significant correlations be-
LA-ICP-MS tween Mg/Ca concentration ratios measured on biogenic carbonate of mollusk shells and sea surface temperature
ﬁnga profiles (SST). Here we propose the use of Laser-Induced Breakdown Spectroscopy (LIBS) and the validation of the
Archaeology Calibration-Free LIBS (CF-LIBS) approach for the rapid measurement and estimation of Mg/Ca molar concen-
Mollusk shells tration profiles within Patella depressa Pennant, 1777 limpet shells. To achieve these objectives, results derived
Paleoclimate from CF-LIBS methodology are compared with those obtained from an established analytical technique for this

purpose, such as Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). Concentration
series obtained with both methodologies show defined temporal patterns and reflect the season-of-capture in
each specimen. The results evidence a significant correlation (Rz = 0.63-0.81) between CF-LIBS and LA-ICP-MS
Mg/Ca molar concentration profiles within four live-collected P. depressa shells. Averaged error for the molar
concentration estimated with CF-LIBS was lower than 10% in every specimen. The comparison between the
results obtained from two techniques used in this study has allowed us to demonstrate for the first time that Mg/
Ca molar concentration measured in biogenic carbonates were accurately inferred using CF-LIBS technique. The
CF-LIBS approach validation represents great potential for the rapid and large-scale paleoenvironmental and
archaeological analysis of this mollusk species, which is frequently found in archaeological sites.

Shell chemical composition can act as a powerful recorder of seasonal
sea surface temperature (SST) variations experienced by a mollusk in the
past, enabling researchers to reconstruct past climate conditions [5-7],
as well as to accurately establish the period of the year when it died/was
collected by humans [3,8-10]. The correlation between stable oxygen
isotope ratios derived from biogenic carbonate (5'%0) and SST has been

1. Introduction

Marine mollusks have been exploited as a food resource by humans
in the past; hence, their shells are frequently preserved and found in
archaeological sites all over the world, from low to high latitudes [1-4].
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List of abbreviations

Ar Argon
Ba Barium
Ca Calcium

CCD Charge-coupled device

CF-LIBS Calibration Free Laser Induced Breakdown
Spectroscopy
ICP-MS  Inductively Coupled Plasma Mass Spectrometry

ICP-OES Inductively Coupled Plasma Optical Emission

Spectrometry

LA-ICP-MS as Laser Ablation Inductively Coupled Plasma Mass
Spectrometry

LTE Local Thermodynamic Equilibrium

LIBS Laser-Induced Breakdown Spectroscopy

Mg Magnesium

mmol milimol

Nd-YAG Neodymium Doped Yttrium-Aluminum-Garnet

NIST National Institute of Standards and Technology
SST Sea Surface Temperature
Sr Strontium

extensively demonstrated in previous works [11-13]. Although it is a
very commonly used method in paleoclimatic and archaeological
studies, oxygen isotope fractionation is influenced by oxygen isotope
composition of the seawater (SISOSW) [14,15]. This poses a notable
limitation for paleoreconstructions where the values for 5180y, are un-
known. This has motivated the development of independent paleo-
temperature proxies. A correlation between SST and the quantity of
some trace elements (magnesium, strontium, etc.) incorporated into the
biogenic calcium carbonate matrix has also been found for shells of
certain species [16-18]. Indeed, trace element ratios of biogenic car-
bonates, most commonly Mg/Ca in biogenic calcite and Sr/Ca in
aragonite, have been widely investigated as potential temperature
proxies to serve as complements or alternatives to 8'%0 carbonate
analysis [19].

Laser-Induced Breakdown Spectroscopy (LIBS), an atomic spectros-
copy technique based on the optical analysis of laser-generated plasmas
from the sample material, has proven to be particularly promising in this
regard thanks to its high thru-put. When a high-energy laser pulse is
focused on the sample, a material ablation is produced, generating a
plasma whose composition is proportional to the elemental concentra-
tion of the sample. The plasma emits optical radiation depending on the
present elements, which enable their identification by their unique
spectral signatures [20]. LIBS has been widely employed on a variety of
materials and has seen a diversity of applications such as the analysis of
metallic alloys [21-23], biomedicines [24,25], minerals and rocks
[26-28], soils [29], as well as its use in forensic studies [30] and
archaeology and cultural heritage [31-33]. LIBS offers multiple ad-
vantages over other analytical techniques including versatility, no
contact requirements, multi-elemental analysis, it being practically
non-destructive, and a reduction in, or lack of, sample preparation [34].
Measuring solid samples, such as mollusk shells, with the commonly
used techniques for this purpose (ICP-OES or ICP-MS) requires
micro-milled sampling procedures and subsequent acid digestion, which
can be highly time-consuming compared to LIBS procedure which offers
a number of benefits in the context of more limited sample preparation
requirements, lower costs, and an increased rapidity in measurement
and accumulation of data from multiple individuals from a given context
[35-37]. Laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) is a highly accepted and widely used technique for the
analysis of major, minor and trace elements, as well as isotope-ratio
determination [38-43]. Due to the use of laser ablation as a sampling
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method, this analytical technique combines the advantage of not
requiring acid digestion of the sample with the advantages of ICP
techniques related to precision and robustness. However, despite its
good analytical performance, LA-ICP-MS suffers from very high cost and
significant complexity when comparing both technologies. Therefore,
LIBS offers more versatility, improved speed, ease of operation, afford-
ability and portability [44]. Previous work has demonstrated that
Mg/Ca ratios obtained along the growth axis of limpets using LIBS
showed very well-defined seasonal cycles that correctly reflected the
annual variations in SST [36,37,45-47]. However, one of the main is-
sues with the LIBS technique is that the spectral line intensities from a
given element are strongly dependent on the physical and chemical
properties of the sample (the so-called matrix effect) [37]. For this
reason, a reference material with almost identical properties to the
sample should be used for calibration plots. Due to the absence of spe-
cific matrix-matched calibration standards for marine mollusk shell
biogenic carbonates, previous studies employed two line emission in-
tensities from LIBS spectra to obtain Mg/Ca values given in arbitrary
units [36,46]. The use of line ratios can nevertheless lead to
LIBS-derived variability due to changes in experimental conditions such
as optical alignment, temperature or spectrometer configuration and
variability between specimens. Molar concentration ratios of elements
should provide significant advantages over the line ratio approach.

The calibration-free LIBS procedure (CF-LIBS) is a quantitative
algorithmic method that allows the elemental concentration of materials
to be obtained without the aforementioned matrix effect [48]. This is
accomplished without the necessity for calibration curves or reference
samples, and it is not affected by possible variations of experimental
parameters such as laser energy, spot size, or sample roughness. This
method appears to be suitable for analyzing samples with complex
matrices for which matrix-matched standards are not available, e.g.,
rocks, minerals and meteorites [49-52] or archaeological artifacts
[53-56]. This approach allows us to obtain relative concentrations in
mmol/mol units. Nonetheless, it requires validation because CF-LIBS is
an algorithm that relies on some assumptions about plasma character-
istics, which may differ from real conditions. Therefore, the numerical
concentration that we obtain must be checked against the actual values.

Previous works applying the CF-LIBS approach to marine mollusk
shell biogenic carbonates highlighted the paleoenvironmental and
archaeological potential of this novel methodology [37]. Nevertheless,
additional study is still required to improve the algorithm tentatively
used by Garcia-Escarzaga et al. [37] to estimate Mg/Ca molar concen-
trations in biogenic carbonates. Here, therefore, we propose the vali-
dation of the Calibration-Free LIBS approach for the estimation of the
molar ratios of both magnesium and calcium elements in Patella depressa
Pennant, 1777 limpet shells. In order to validate the LIBS technique for
this application, the molar ratio sequences have been compared to
LA-ICP-MS measurements of the same shells. Confirmation of this
technique would open up significant avenues for the rapid measurement
of shells from archaeological and other contexts and the expansion of
sample sizes used in the assessment of season of collection or past
paleoclimate.

2. Materials and methods
2.1. Sample preparation

P. depressa limpet shells were live-collected at Langre Beach along
the coast of Cantabria (North of Spain) in the month of September,
which corresponds to the end of the warmer period of the year, i.e., the
summer season. To form the marine mollusk shells, the carbonate pre-
cipitates in the form of growth increments from the apex to the shell
edge. Preparation of the shells was carried out at the Institute of Pre-
history (IIIPC) of the University of Cantabria (Spain). The shells were
sectioned along the growth axis following the procedures applied in
previous research on the same limpet species [37]. Four selected
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samples were partially coated with an epoxy resin along the maximum
growth axis to avoid the shell breaking when cut. Sectioning was per-
formed using a Buehler Isomet low-speed saw and a diamond wheel.
From each limpet, a 3 mm section was obtained (Fig. 1a).

The sections were fixed onto a glass microscope slide and ground on
glass plates using 600 and 800 SiC grit powder and polished with a 1 pm
diamond suspension grit until the internal growth lines and increments
were clearly visible. The section was used for elemental analyses using
LA-ICP-MS and LIBS on the calcite layer from the shell apex (the first
portion of the shell growth) to the shell edge (the last portion of the shell
growth) (Fig. 1b). The measurements were performed following a path
in the calcite layer of the limpet, from the apex to the outer edge,
crossing the growth lines. (Fig. 1c¢). (Supplementary Figs. 1-4).

2.2. LA-ICP-MS setup and analyses

LA-ICP-MS methodologies begin by ablating the sample material
using a laser source; then, the ablated sample is ionized within the
induced-coupled plasma (ICP) source. Once produced, the ions are
detected and separated according to their m/z ratio. Quantification is
based on comparative measurement using external reference materials
and internal standardization. Sample analyses were accomplished at the
University of Oviedo (Spain). The LA-ICP-MS setup (Fig. 2) consists of a
laser ablation unit (193 nm ArF excimer laser - Analyte G2, Teledyne -
Photon Machines-) coupled to a quadrupole mass spectrometer (model
7700x from Agilent Technologies).

The analyses were performed as transects (line scans) following
limpet growth lines from the apex of the shell to the edge. Prior to
analysis, a pre-ablation was carried out to clean the surface of the lim-
pets. For this purpose, a slightly larger spot size and a higher ablation
speed were employed. Experimental conditions are shown in Table 1.

The isotopes set in the method were 2°Mg, *3Ca, 8Sr and 13"Ba with
an integration time (dwell time) of 100 ms for each isotope, resulting in
a total acquisition time of 0.4 s. Under these conditions, at the set
scanning speed, a lateral resolution of approximately 20 pm was ob-
tained along the line trajectory.

ICP-MS analysis conditions were optimized by the ablation of the
international reference standard NIST612 glass (fluence 5 J/cmz, cir-
cular spot @ 85 pm, scan rate 5 pm/s, frequency 10 Hz), monitoring
oxide production and plasma robustness by the ratios 2*Th0/?32Th
(0.5%) and 2%8U/23%Th (~1.15), respectively.

The international standard reference materials used for calibration
were the synthetic glasses SRM 610 and 612 from The National Institute
of Standards and Technology (NIST), as well as the MACS3 calcium
carbonate standard reference from the U.S. Geological Survey (USGS).
All standards were measured in triplicate at the beginning and end of the
analytical session as well as every ~30 min to monitor sensitivity drift.

Data treatment and processing were performed with the assistance of
Iolite4 software [57] taking MACS3 and the two NIST 610 and 612
standards as calibration and secondary standards, respectively.
Elemental concentrations were expressed as mmol/mol in relation to
calcium, which was selected as the internal standard element with a

b)
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value of 40.4% weight.
2.3. LIBS setup and measurements

A selection of four P. depressa shell samples were measured using a
LIBS setup at the University of Cantabria (Spain), after the performance
of the LA-ICP-MS measurements and following the same path. The
experimental setup (Fig. 3) comprises a pulsed laser source that pro-
duces the material ablation of the sample and a spectrometer to collect
and analyze the light emitted from the plasma. The laser source is a Q-
Switched Nd:YAG double-pulsed laser (Lotis LS-2134D) operating at a
wavelength of 1064 nm, with 16 ns pulse width and 10 Hz repetition
rate. The pulse energy was set to 35 mJ. The laser spot was focused with
a lens of 75 mm focal length, producing a spot of 200 pm diameter and
0.2 pm depth (average) for each laser shot, resulting in an irradiance
value at the sample surface approximately equal to 7 GW/cm?. The light
emitted from the plasma generated on the sample surface was captured
by a collimating lens and conducted to the spectrometer through two
optical fibers.

One was a fused silica, solarization resistant, optical fiber with 1 mm
core diameter, coupled to another, which was made up of a bundle of
eight optical fibers, each one with a 200 pm core diameter and a total
diameter for the bundle of around 800 pm. The spectrometer used in this
study is an eight-channel Avantes ULS2048-USB2-RM CCD spectrometer
with a total wavelength range from 178 to 889 nm and a resolution from
0.015 to 0.06 nm. The collection of the plasma-emitted light was set to
start 1 ps after the second laser pulse, with an acquisition gate of 1 ms
(the minimum capture time for this non-gated spectrometer). A trough-
lens vision system with a CCD camera allowed the inspection of the
sample surface. The sample position was controlled by a motorized XYZ
positioner, programmed to follow a measurement path along the shell
surface.

In this experiment, the spectra acquisition was performed in the air
at atmospheric pressure and ambient temperature. Measurements were
made every 25 pm, and 12 consecutive laser pulses per point were
recorded for averaging.

2.4. CF-LIBS application

The algorithm used is an implementation of the method originally
proposed by Ciucci et al. [48]. The CF-LIBS approach is a quantitative
methodology that produces accurate quantitative measurements of the
elemental composition of a sample without using calibration curves and
allows overcoming the matrix effect. For this purpose, some assumptions
about the plasma conditions should be made. First, we assume that the
ablation is stoichiometric, i.e., the plasma composition is representative
of the actual composition of the sample before the ablation. In addition,
we assume that the plasma is in local thermodynamic equilibrium (LTE)
in the real-time and space observation window. Finally, the third
assumption is that the plasma lines are optically thin. Another experi-
mental requirement for the CF-LIBS is that the spectral range of mea-
surement should include measurable lines from all the elements present

c)

Edge

Fig. 1. Limpet sampling process.
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Mass spectrometer

Fig. 2. LA-ICP-MS setup.

Table 1
LA-ICP-MS operating conditions.

Pre-ablation parameters Ablation parameters ICP parameters

Energy (fluence) = 2 J/ Energy (fluence) = 5 J/cm? RF Power = 1600 W
2

cm Pulse frequency = 10 Hz Plasma gas (Ar) = 15
Pulse frequency = 10 Spot size, diameter = 30 pm L/min
Hz Scan speed = 50 pm/s Carrier gas (Ar) = 0.8

Spot size, diameter = Cell gas (He) flow rate =800  L/min

65 pm ml/min Sample Depth = 4.3
Scan speed = 200 pm/ mm

s

in the sample [58].

Based on LTE approximation, the line integral intensity corre-
sponding to the transition levels Ex and E; of an atomic species s is
described in Eq. (1):

gk e (Ek/kBT)

1" =FC,Ay
sk U: (T)

@

where I’ represents the measured integral line intensity; F is an exper-
imental factor; Cs is the concentration of the emitting atomic species s;
Ay is the transition probability for the given line; g is the k level de-
generacy; Kp is the Boltzmann constant; T is the plasma temperature,
and U,(T) is the partition function for the emitting species at the plasma
temperature. Applying logarithm to Eq. (1), we obtain:

Ik Ey C F

In = — +in
8k Aki ks T Uy(T)

(2)

The equation can be written as a linear equation of the following
form

y=mx + gy

I 1 C.F
s X=E , m , qs = In——nx
U,(T)

8k Ayi T kT )

where y=In

Using the definitions below and the parameters from the database,
every measured line can be represented as a point in the 2D Boltzmann
plane, which is the space identified by the x and y coordinates of Eq. (2).
Every atomic species can be represented as parallel lines. The slope (m)
of the lines obtained from the Boltzmann plot is related to the plasma
temperature T, while the intercept (q;) is related logarithmically to the
species concentration Cs. From the intercept value, the concentration of
the corresponding species can be calculated as follows:

G, :%US(T)e"* 4

The experimental factor F can be obtained by normalizing the sum of
the concentration of all the species to one:

ch =1 (5)

The linear fitting of each element must have very similar slopes,

(
o
[}
£
©
o
CCD ||Spectrometer Optical fiber
N — Nd:YAG
Nd:YAG mirroN——— @ 1064 nm
Focusing lens f =75 mm
Plasma capturing lens
Limpet section
~ \ M
~— Computer XYZ stage

Fig. 3. LIBS setup used for spectra acquisition.
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which means all the elements have the same temperature, and the
plasma is in LTE. To obtain the value of the plasma temperature more
accurately, a Saha-Boltzmann plot (combination of excitation Boltz-
mann distribution and Saha ionization distribution) must be used. In this
method, emission lines from atoms and ions of the same element are
included in the linear regression. The Saha ionization equation (Eq. (6))
shows the relation between the concentrations of neutral and ionic
species for the same element.

U, u(T) (2ﬂ,’mEkBT)% - <fﬁ_r)
e

CsnF
=2 6
Cs F U, (T) N, W3 ©®
Saha-Boltzmann plots can be explained as:
x= {Ei for neutral lines E + E,,, for ionic lines )

I Iy 2(27m ksT):
y=<In ‘or neutral lines In —In or ionic lines
{ 8k Au f 8k Au N, f

®

In Eq. (6), Ejon represents the ionization energy; m, is the mass of the
electron, and N, is the electron density. The electron density N, can be
obtained independently from measurements of Stark broadening.

To obtain accurate results from the CF-LIBS algorithm, the above-
mentioned criteria must be fulfilled, mainly, LTE and optically thin
conditions. For our experimental setup, with a non-gated spectrometer,
verification of LTE conditions is a relevant issue, because the time
integration window is always longer than the plasma lifetime, and only
the capture delay from the laser shot can be accurately controlled. LTE
conditions involve, on one hand, dominant collision processes over
radiative ones, which are more easily matched at the beginning of the
plasma evolution (shorter delays). On the other hand, the required small
rate of variation of thermodynamic parameters of the plasma is better
fulfilled at late stages (longer delays). As a compromise, we have chosen
the reported value of 1 ps delay, a widely used value for CF-LIBS [58].
With this delay, the continuum background emission is reduced while
the overall atomic emission is still high. In these conditions, the
contribution to the optical emission spectrum of the much less intense
plasma at later stages results in a “gated-like” operation with a shorter
effective capture window, which further helps to achieve the LTE con-
ditions [59]. In our experiments, we have verified that the Ca I and Mg I
emission lines fall to 10% of intensity (with respect to their maximum
value) at 6 ps after the laser shot, while Ca II and Mg II lines almost
disappear after 2 ps. This suggests a “gated-like” operation with an
equivalent temporal capturing window of 5 ps with 1 ps delay.

To assure that the emission lines entering the CF-LIBS algorithm are
optically thin, a selection procedure has been implemented, following
advice in Fu et al. [60]. First, an average spectrum from all measure-
ments in each sample is analyzed, and the emission lines are identified.
Selection of the suitable ones is based on line intensity, signal to back-
ground ratio, overlapping with lines of the same or different species, and
isolation from other lines. For the surviving lines, their spectroscopic
parameters (from NIST [61] and Genie databases [62]) have been
considered: lower transition energy, transition probability, transition
probability accuracy, availability of the Stark broadening parameter,
and a wide range of upper energy levels for the Saha-Boltzmann plots.

3. Results and discussion
3.1. LA-ICP-MS concentration profiles

LA-ICP-MS data were firstly obtained, giving Mg/Ca concentration
sequences along the growth axis. As the spot diameter of LA-ICP-MS
measurements is approximately six times smaller than the LIBS crater
(30 pm vs 200 pm), a rolling average for six data points was calculated to
enable comparison of the concentration measurements of both
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techniques. The resulting sequences are smoother than the raw series, as
seen in Fig. 4.

3.2. CF-LIBS approach results

A first step in the application of the CF-LIBS algorithm is the selection
of suitable emission lines that will be used in the Saha-Boltzmann plots
to calculate the plasma temperature, electronic density, and elemental
concentration. With the criteria described in section 2.4, twelve emis-
sion lines (six from Ca and six from Mg) have been selected. As an
important criterion in our application, selected lines should be available
in all spatial points of the shell, so the same number of lines are used to
create the Saha-Boltzmann plots in each one. This helps to reduce the
variability of the ratio sequences. The selected lines are shown in
Table 2, with the last column showing the value of the optical depth
parameter k;, which is related to the degree of self-absorption [58]. It
must be noted that four of them are resonant lines (i.e., zero lower en-
ergy level) and the two Mg II lines have a high value of k;, usually
indicating that they are prone to self-absorption. In our experiments,
however, we have found that these four resonant lines (two of them from
CalIand two from Mg II) are of very low intensity but high signal to noise
ratio, and do not show apparent self-absorption, as the fitting error to an
optically thin Lorentzian profile is lower than 7%. Their inclusion in the
CF-LIBS algorithm result, in contrast, in a more stable ratio sequence and
does not affect the concentration values significantly: removing the
resonant lines modifies the concentration values by less than 2% while
variability is much larger, due to the lower number of lines used in the
Saha-Boltzmann plots.

Once LIBS spectra were recorded and lines selected, CF-LIBS calcu-
lations were performed along the shell growth axis of the four selected
limpets. Temperature and electronic density were necessary to obtain
Mg and Ca concentrations. Electronic density is obtained through the
averaged Stark broadening of selected emission peaks. Saha-Boltzmann
plots were represented for every limpet specimen in order to obtain
plasma temperature (in Fig. 5 a Saha-Boltzmann plot for Mg and Ca
corresponding to sample LAN.565 is shown). To assess the LTE condi-
tions, the McWhirter criterion has been used [60]. Plasma temperatures
obtained from the Saha-Boltzmann plots (see Table 3) are around 7500
K; from this, minimum electronic density to achieve LTE conditions
should be 1.8E16 cm ™, while our average value is 5.7E16cm™>. As an
additional necessary condition for LTE [58], we have verified that the
diffusion length of a non-homogeneous, non-stationary plasma (calcu-
lated in our case as 0.025 mm) is much shorter than the variation length
(with typical values of a few mm in our experimental conditions).

The calculations required to obtain the concentrations at each spatial
point were carried out by a Matlab implementation of the CF-LIBS al-
gorithm described before in section 2.4. The code is available at htt
ps://github.com/acobo/CFLIBS.

3.3. CF-LIBS and LA-ICP-MS comparison

The maximum and minimum values for the molar Mg/Ca concen-
tration ratio (Table 4) were reasonably consistent between the four
specimens and the techniques applied. Concentration ratio values ob-
tained herein were largely similar to results previously measured on
calcite carbonate on Patella vulgata Linnaeus, 1758 limpet species using
the ICP-OES technique [36] (averaged minimum and maximum were
13.0 and 24.1 mmol Mg/mol Ca, respectively), and results from Patella
spp. Limpets shells using ICP-MS [18] (averaged minimum and
maximum Mg/Ca concentration ratios were 14.4 and 23.1 mmol/mol).

Moreover, concentration series obtained by both methods showed
very well-defined temporal patterns covering warmer and colder pe-
riods. Mg/Ca concentration series calculated with CF-LIBS presents a
good visual fit with the LA-ICP-MS profiles, as can be seen in Fig. 6.

Previous work, including research conducted on the species studied
here [37], demonstrated that higher values in Mg/Ca ratios measured in


https://github.com/acobo/CFLIBS
https://github.com/acobo/CFLIBS

M. Martinez-Minchero et al.

40

LA-ICP-MS
—Rolling average

w
[

w
o

N
[

n
o

Concentration (mmol Mg/mol Ca)
&

-
o

LAN.563

0 1 2 3 4 5 6 7 8 9
Distance from the apex (mm)

10

LA-ICP-MS
—Rolling average

w
o

N
[

N
o

-
[T

Concentration (mmol Mg/mol Ca)

-
o

LAN.566

0 1 2 3 4 5 6 7 8 9
Distance from the apex (mm)

10

1

1

Talanta 251 (2023) 123757

35

LA-ICP-MS
—Rolling average

w
o

[
[

n
o

-
v

Concentration (mmol Mg/mol Ca)

10
LAN.565
0 1 2 3 4 5 6 7 8 9 10 1"
35 Distance from the apex (mm)
LA-ICP-MS
—Rolling Average
30

Concentration (mmol Mg/mol Ca)

LAN.567

0 1 2 3 4 5 6 7 8 9
Distance from the apex (mm)

0 1
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Table 2
Spectroscopic parameters of neutral and ionized atomic lines of Ca and Mg used
in CF-LIBS calculations. Data from NIST [61].

Element Ionization Wavelength Aki(s™1) x gk Ek ke
(nm) 108 (eV)
Ca I 227.546 0.301 3 5.447 11.11
Ca I 239.856 0.167 3 5.167 7.61
Ca I 558.197 0.060 7 4.743 5.63
Ca I 315.887 3.100 4 7.047 7.45
Ca I 370.603 0.880 2 6.468 1.98
Ca I 373.690 1.700 2 6.468 3.86
Mg I 382.935 0.899 3 5.946 14.84
Mg I 516.732 0.113 3 5.108 5.99
Mg I 517.268 0.339 3 5.108 17.96
Mg I 518.360 0.561 3 5.108 24.04
Mg I 279.553 2.600 4 4.434 415.30
Mg I 280.270 2.570 2 4.422 208.03

marine mollusk shells are related to higher SST, and lower values in
Mg/Ca ratios suggest lower SST [36,47]. Here, for both analytical
techniques, the four specimens show a high Mg/Ca value at the end of
the sequence (far right portion of the Mg/Ca ratio series) where the edge
of the shell is located (i.e. the most recently formed part of the limpet).
As these specimens were collected at the end of the summer, this data
correctly reflects the season of capture (high SST). Limpets LAN.565,
LAN.566 and LAN.567 clearly show seasonal cycles in the concentration
series (Fig. 6b, ¢, and 6d). By contrast, the sequence of the limpet
LAN.563 shows a less clear sinusoidal trend in both, the LIBS and
LA-ICP-MS measurement series (Fig. 6a). The different behavior on the
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Fig. 5. Saha-Boltzmann plot for limpet LAN.565 for the elements Ca and Mg.

Table 3

Plasma temperature of the limpets analyzed.
Sample LAN.563 LAN.565 LAN.566 LAN.567
Te (K) 7445 £ 111 7506 + 100 7374 £ 110 7414 + 136
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Table 4
Maximum and minimum Mg/Ca relative concentration results from CF-LIBS and
LA-ICP-MS for the four mollusk shell samples.

Sample LAN.563  LAN.565 LAN.566 LAN.567

Maximum CF-LIBS (mmol Mg/ 25.6 27.4 26.1 27.7
mol Ca)

Minimum CF-LIBS (mmol Mg/ 15.1 14.1 14.8 14.2
mol Ca)

Maximum LA-ICP-MS (mmol 29.5 26.4 27.2 26.3
Mg/mol Ca)

Minimum LA-ICP-MS (mmol 14.0 12.8 13.2 12.5
Mg/mol Ca)

Mg/Ca series in this specimen is unknown, but several studies suggest
that the magnesium incorporation to the calcite shell may depend on
factors other than temperature and may even be variable within the
same species [63]. Physiological processes involved in shell formation
may change throughout its growth and introduce impurities and het-
erogeneities in its composition [64,65] due to factors such as stress,
metabolic activity or control of shell crystal elongation [66]. In this case,
it is possible that the limpet has stopped growing last winter, and winter
temperatures are not reflected. Growth stops may have occurred by
exceeding the thermal threshold or by ontogeny, affecting the correct
reflection of winter and/or summer seasons, as it was previously
observed for this same mollusk species at this latitude [67].

Regarding the LA-ICP-MS and CF-LIBS records, they show a signifi-
cant correlation between them. Even though both series are very similar
in each sample, some parts of the shell present notable differences in
their concentration values. The ablated material, which is measured
with LIBS and LA-ICP-MS, is not strictly the same because the second
technique applied (LIBS) was measured on material some microns
deeper than the material firstly ablated and measured by LA-ICP-MS
[68]. This fact may lead to differences in spatial concentrations using
both techniques. Regression coefficients (Fig. 7) were calculated in order
to quantify the similarity between the concentrations obtained using
both techniques applied and in every specimen. Regression coefficient
values measured vary from R? = 0.63 to R = 0.81. In addition, the
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averaged errors of calculated concentration by CF-LIBS in relation to the
LA-ICP-MS values were obtained, resulting in 7.96% for LAN.563,
9.65% for LAN.565, 7.75% for LAN.566 and 9.84% for LAN.567.

3.4. Implications for paleoclimatology and archaeology

During the last two decades, several studies have highlighted the
suitability of trace element analyses on biogenic marine mollusk shells
as a high-resolution climate recorder [16,18,69]. In this context, LIBS
technique has been presented as a rapid and low-cost methodology to
measure elemental composition along the marine shell growth. The re-
sults obtained so far on different species have reported a significant
correlation between Mg/Ca ratio value profiles along the shell growth
and SST during the mollusks lifespan [36,37,45-47]. This suggests that
this proxy could have very high implications for future paleoclimate and
archaeological investigations.

Nevertheless, other studies have also shown that trace element ratio
derived from mollusc shells as climate records also present a deep
weakness. Hausmann et al. [45] and Lazareth et al. [70] have reported
changes in elemental composition along isochronous growth line-
s/increments (i.e., layers deposited at the same time by the mollusks).
Additional studies have also reported great variability in the elemental
molar concentrations between very near growth lines/increments [65,
711, which is a very relevant handicap for using trace element ratios as a
suitable proxy to decipher environmental conditions during the past.
Investigations previously conducted by Hausmann et al. [35,45] have
shown that measuring all area of the shell section is very useful for better
understanding how trace elements are incorporated within shell car-
bonate layers deposited at the same time. To conduct 2D measurement
in the near future could be a very useful approach for accurately
reconstructing SST during the past, since this novel method could allow
us to obtain an average value for the same growth lines/increments (as
other ICP based techniques offer). Additionally, to a better under-
standing of how carbonate is deposited by the mollusk will also enable
us to determine the adequate measurement path along the shell growth
for each species.

—CF-LIBS

b) —LA-ICP-MS

LAN.565

3 4 5 6 7
Distance from the apex (mm)

9 10 1
30
—CF-LIBS

28 —LA-ICP-MS

4 5 6
Distance from the apex (mm)

Fig. 6. CF-LIBS and LA-ICP-MS concentration profiles for the four limpet specimens.
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Fig. 7. Linear regression of CF-LIBS and LA-ICP-MS for the four specimens.

4. Conclusions

This study presents, for the first time, a comparative analysis of Mg/
Ca concentration profiles measured within shells of the common limpet
P. depressa using the LA-ICP-MS and CF-LIBS approaches. The
Calibration-Free LIBS approach has been successfully applied to four
Patella depressa limpet specimens. This method estimates molar con-
centrations of calcium and magnesium present in marine mollusk shells.
Both methods identify expected trends in Mg/Ca concentration ratios in
the edge of the shell (the most recently deposited material). Season of
capture (i.e., end of summer) is correctly reflected in all 4 samples using
both LA-ICP-MS and the CF-LIBS approach. However, LAN.563 spec-
imen show a rather noisy sequence so that the winter and summer
seasons previous to its collection cannot be clearly deduced. This
behavior can be explained by the hypothesis that magnesium incorpo-
ration is influenced not only by temperature but also by physiological
factors as well as the existence of intra-species variability or the exis-
tence of growth stops [63,64,72]. The results derived from this study
show a relatively high correlation between the concentration data ob-
tained with the LA-ICP-MS technique and CF-LIBS methodology, with
regression coefficient values from 0.63 to 0.81 and average relative error
values lower than 10% in every sample. The aforementioned metrics
make the CF-LIBS approach a reliable way to determine Mg/Ca molar
concentration within P. depressa limpet shells. The significant correla-
tion observed between Mg/Ca profiles derived from both techniques
have revealed, for the first time, that the algorithm used herein enables
to correctly estimate the molar concentrations of the chemical elements
in biogenic carbonates. CF-LIBS is a valuable approach for paleoclimatic
and archaeological studies, yielding records of temperature seasonality
during the life of an individual as well as the time of year when mollusks
from archaeological sites were collected as a food resource by past

human occupants. Nevertheless, as this study uses just four specimens,
further studies are still required to further validate the approach.
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