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This study evaluated the micro-homogeneity of seven different commercially available nanoparticulate
pressed pellets based on a CaCOs matrix and their utility for quantitative elemental mapping of biogenic
carbonates using laser ablation-inductively coupled plasma-time-of-flight-mass spectrometry (LA-ICP-
TOF-MS). The analytical performance of matrix-matched calibration (using the aforementioned nano-
pellets) was compared against that of non-matrix-matched calibration using a silicate glass (NIST SRM
610) reference material for quantification. Calibration with nano-pellets, combined with the use of Ca as
an internal standard, significantly improved the quantification accuracy, providing recoveries between
80-120% for the majority of the 18 elements selected and spread across a wide concentration range
(from sub-pg g~* to tens of wt%). However, some nano-pellets (e.g., BPLM-NP and BAM-RS3-NP)
exhibited higher heterogeneity, leading to biased recoveries. Also, an inverse correlation between the
mass fraction and the relative standard deviation (RSD) was observed. Throughout the work, elemental
mapping was conducted with a laser beam size of 20 x 20 um? as a compromise between spatial

resolution, sensitivity (sub-pg g~ limits of detection required for trace elements), linear dynamic range,
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Accepted 9th September 2025 total analysis time and size of the region-of-interest. The quantitative mapping approach enabled the
generation of high-resolution, multi-elemental 2D-maps of various CaCOsz-based natural chronological

DOI: 10.1039/d5ja00280) archives, including fish otoliths and bivalve shells, revealing detailed elemental distribution patterns for
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a powerful tool for resolving

intricate microstructures and thus,
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for chronologically tracking

bioaccumulation of environmentally relevant metals, offering significant advantages over traditional 1D

(line scanning) analysis as the latter may lead to misinterpretation of elemental distributions.

Introduction

Biogenic carbonates, such as bivalve shells and otoliths, serve as
natural chronological archives of past environmental condi-
tions. Their incremental growth allows for the incorporation of
major, minor, and trace elements from the surrounding envi-
ronment into their calcium carbonate (CaCO;) matrix,
preserving chemical signatures that can remain unaltered over
long (geological) timescales." This makes them valuable
archives as several proxies measured in carbonates can be relied
on for reconstructing seasonal and long-term climate and
environmental changes, biological processes, and even
anthropogenic influences such as pollution episodes.> Utilizing
the full potential of these records requires the use of a highly
sensitive analytical technique with high spatial resolution (i.e.,
=20 um) capable of distinguishing micro-scale elemental and
isotopic variations.?

Laser ablation - inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) has been commonly used in the study of
biogenic carbonates* due to its excellent limits of detection
(LoDs, typically in the ng g™ range), a linear dynamic range of
up to 10 orders of magnitude, minimal sample preparation
requirements and high sample throughput.® The technique has
been used for both bulk (using large beam diameters, typically
=100 pm) and microanalysis (bulk spot analysis and 1D-line
scan analysis using spots typically ranging from 20 to 80 um
diameter).® Recent advances in LA technology, including the
introduction of low-dispersion ablation cells”® and transfer
devices with improved aerosol transport efficiency,” have
significantly enhanced the technique's capabilities. These
developments now enable mapping with a spatial resolution
down to approximately 1 pm and yield shorter single pulse
response (SPR) profiles of =1 ms duration (defined as the width
of the transient signal observed upon firing a single laser pulse
at 10% of its maximum height). Furthermore, the integration of
time-of-flight analyzers in ICP-MS instrumentation (ICP-TOF-
MS), allowing quasi-simultaneous monitoring of nearly the
entire periodic table (typically >*Na"-***U"®0") within just a few
microseconds (<50 ps), has further expanded the applicability of
LA-ICP-MS." Together, these advances allow for rapid data
acquisition at up to 1000 pixels per second, significantly
boosting the technique's potential for ultra-fast, high-
resolution, multi-elemental mapping.**

Despite significant advances in LA and ICP-MS instrumen-
tation, accurate elemental quantification in carbonate matrices
remains inherently challenging. This is primarily due to the
matrix-dependent nature of the laser-sample interaction: with
the commonly used nanosecond pulse lasers, the occurrence of
thermal effects during the ablation process results in non-
stoichiometric sampling and heterogeneous particle plumes,
leading to elemental fractionation during ablation, aerosol
transport and plasma processes such as particle vaporization
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and ion generation. In this context, apart from optimally tuning
the LA parameters and ICP settings to minimize elemental
fractionation (**®*U*/***Th" signal ratio ~1 upon ablation of
a NIST SRM 610 or 612 glass from the National Institute of
Standards and Technology),*>** previous studies on carbonates
have shown that also the laser wavelength exerts an important
effect on the quantification. The use of a shorter laser wave-
length, such as 193 nm, instead of 213 or 266 nm, enables more
effective ablation of carbonate matrices due to the higher
absorption efficiency, the formation of smaller particles (which
significantly reduces vaporization-induced elemental fraction-
ation), and reduced thermal effects.'*'* This results in better
defined craters and minimal sample fracturing upon abla-
tion.”»'>'® In addition, to further enhance analytical accuracy
and precision in LA-ICP-MS applications, external calibration
using certified reference materials (CRMs) or well-characterized
in-house standards, combined with signal normalization based
on the monitoring of an internal standard (IS), remains the
most effective strategy.>” However, the limited availability of
homogeneous and compositionally representative carbonate-
based reference materials continues to constrain robust quan-
tification for such matrices.***

In response to these limitations, various calibration strate-
gies have been evaluated, including both matrix-matched**
and non-matrix-matched approaches® (using Ca as an internal
standard in all cases). Traditionally, silicate glass reference
materials, such as NIST SRM 610 and 612 have been employed
owing to their excellent level of homogeneity and well-
characterized composition.”® However, Jochum et al.** demon-
strated that non-matrix-matched calibration introduces
a systematic bias of 10-20% in trace elemental concentrations
due to differences in ablation efficiency and ion production in
the plasma between silicate and carbonate matrices. While this
approach remains suitable for refractory elements (e.g:, Ba, Sr),
it is significantly less reliable for chalcophile and siderophile
elements with a low boiling point (e.g., Pb, Cu, Zn and Cd), an
observation which supports the conclusions of a previous study
by Kroslakova et al.”> Consequently, matrix-matched calibration
using CaCOj;-based RMs has become the preferred strategy.

Due to the lack of commercially available CaCO;-based RMs,
in-house calibration standards under the form of pressed
powder pellets* or fused glass discs,” or obtained using co-
precipitation methods**>” were developed. Although well-
characterized, limitations in terms of contamination and poor
elemental micro-homogeneity constrained their wide applica-
bility. These limitations highlighted the need for well-
characterized carbonate RMs, leading to the development of
certified RMs such as USGS MACS-1 and MACS-3.*2?% However,
their coarse grain size (~10-15 pum) causes inefficient and
unstable ablation behaviour, often resulting in elevated
analytical uncertainties, cross-contamination, and memory
effects during LA analysis.'® In fact, Lazartigues et al.*® reported
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that using MACS-3 for obtaining quantitative high-resolution
maps (i.e., 5 pm pixel size) of small otoliths led to high rela-
tive standard deviations (RSDs) of 30-80% due to trace element
heterogeneity as previously discussed.

A significant advancement in the field was the development
of a novel carbonate pellet fabrication method by Garbe-
Schonberg and Miiller,* which enabled a reduction of the grain
size to the sub-micron scale by implementing a 2-step milling
procedure that uses a planetary ball mill for further grinding the
material into a nanoscale powder after a freeze-drying step. The
nanoparticulate powder, previously homogenized using a mixer
mill to ensure uniform particle distribution, is pressed into
pellets using a hydraulic press without the need of any binder.
Jochum et al. demonstrated the potential of three novel “nano-
pellets”: JCp-1-NP, JCt-1-NP (natural matrix source), and MACS-
3NP (synthetic matrix source) showing a 2- to 3-fold higher
uniformity in trace element distribution, leading to lower vari-
ability and higher accuracy in LA-ICP-MS spot analysis quanti-
fication.® JCt-1-NP and SPLT-NP (speleothem, natural matrix)
have been recently used as external standard for 1D-elemental
analysis (line profiling) of speleothems with 50 pm laser beam
spots™ as well as to enable accurate quantitative high spatial-
resolution 2D-mapping of marine carbonates, using a laser
spot size of ~2 pm.**

Typically, LA-ICP-MS analysis of carbonate archives relies on
1D analysis (line scanning) across a specimen's cross-section.®*?
Such approach assumes homogeneous deposition of CaCO;
and the other elements within well-defined growth layers.
However, recent research has shown that elemental distribu-
tions within biogenic carbonates are often more heterogeneous
than previously assumed, influenced by both environmental
and biological factors that introduce structural discontinuities
and variations in crystallization.*® Such complexities can lead to
misinterpretations, especially in areas lacking a clear chrono-
logical structure. In this context, two-dimensional (2D)
elemental mapping offers a more comprehensive analytical
approach, capturing the full spatial distribution of elements
across the specimen. Although different 2D-mapping applica-
tions in carbonates using techniques like synchrotron X-ray
fluorescence microscopy (SXFM) and wavelength-dispersive X-
ray electron probe microanalysis (EPMA) have been employed
for otolith analysis, they require long measurement times (often
exceeding 8 hours for areas >4 mm?) and access to large-scale
synchrotron facilities.** EPMA provides high spatial resolution
(<3 um) but suffers from relatively poor detection limits (>10 pg
g7 ").3 Synchrotron- and lab-based micro-X-ray fluorescence
analysis techniques have also aided in the 2D-characterization
and speciation analysis of mollusc shell compositions.**~**
While the resolution of these techniques (typically 20-50 pm
spot size) approaches that of LA-ICP-MS, quantification limits
(especially of lab-based systems) tend to be higher (~1 ug g™").
Additionally, the long attenuation length of X-rays (>100 pm for
energies needed to excite and measure Sr) has a tendency to
integrate results below the sample surface, which can lead to
time-averaging in incremental carbonate archives which often
contain curved growth increments in three-dimensional space
(see, e.g., discussion in de Winter and Claeys, 2017).%
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More recently, LA-ICP-TOF-MS has been applied to the study
of biogenic structures, enabling fast multi-elemental 2D-
mapping at high spatial resolution. For instance, otolith spec-
imens were mapped using laser spot size of 4 pm at an acqui-
sition rate of up to 25 pixels per s.”® Coral samples have also
been analysed using similar setups, employing even smaller
spot sizes (1-2 um) and faster acquisition rates (up to 200 pixels
per s).** These advances demonstrate the capabilities of LA
coupled to ICP-TOF-MS instrumentation, providing near-
complete elemental coverage with high spatial resolution and
high sample throughput in biogenic CaCOj; applications.

Building on recent developments, this work presents the
development of a quantitative method that enables fine-scale
multi-elemental 2D-mapping of microstructural features in
biogenic carbonate samples. This study has evaluated a new set
of commercially available nanoparticulate pressed pellets,
produced adapting the protocol described by Garbe-Schonberg
and Miiller,* for their micro-homogeneity and suitability as
matrix-matched external calibration standards in high-resolu-
tion multi-elemental 2D-mapping. Unlike previous assessments
using larger laser spot sizes (50-80 pum), we have tested their
performance using significantly smaller beam diameters (5-20
pm) using a LA-unit equipped with a low-dispersion cell
coupled to an ICP-TOF-MS system. The suitability of the nano-
pellets was evaluated for their use as external, matrix-matched
standards for quantitative mapping of two types of biogenic
carbonates commonly studied in sclerochronology: otoliths and
mollusc shells. We use Ca internal normalization to correct for
variations in ablation yield, potential matrix effects, and
instrumental drift.

Experimental
Instrumentation

All experiments were carried out using an Iridia LA-unit
equipped with a nanosecond 193 nm ArF* excimer-based
laser system capable of firing laser pulses at a repetition rate
up to 1 kHz. The laser unit comprises a Cobalt ablation
chamber, equipped with a low-dispersion tube-type ablation
cell (Teledyne Photon Machines). The tube cell was set at 500
um distance to the sample surface for analysis. The Iridia was
coupled to an icpTOF 2R ICP-TOF-MS unit (TOFWERK) using
the Aerosol Rapid Introduction System (ARIS), consisting of
PEEK tubing of 0.5 m length and 0.75 mm internal diameter
and a co-axial mixing bulb for addition of the Ar make-up gas
flow to the He carrier gas flow. The icpTOF 2R unit provides fast
quasi-simultaneous monitoring and is capable of acquiring
almost the entire elemental mass spectrum (from **Na‘ to
2381°0") every 46 ps. A specific dry plasma Ni sampling cone
from TOFWERK AG was used to improve overall sensitivity and
the collision/reaction cell was pressurized with pure H, (2
mL min ', =99.999% purity) which significantly suppresses the
occurrence of argon-based species (e.g., Ar", Ar,", ArO") and
boosts sensitivity, especially in the mid-to high-mass range due
to collisional ion focusing.** NIST SRM 610 glass (Trace
Elements in Glass, National Institute of Standards and Tech-
nology) was used for daily tuning of the LA-ICP-MS settings,

This journal is © The Royal Society of Chemistry 2025
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Table 1 Instrument settings and data acquisition conditions used in this work: icpTOF 2R and Iridia 193 nm LA-unit

LA unit ICP-TOF-MS

Carrier gas flow, He (L min™") 1.05 RF power (W) 1550
Laser beam size (um) 20 x 20 (2D LA-mapping), 10 x 10,5 x 5 Sampling depth (mm) 5.2
Fluence (J cm™?) 4.0 Neb. Flow, Ar (mL min~") 0.92
Repetition rate (Hz) 50 (2D LA-mapping), 2 (SPR & ODG opt) CCT-mode, H, (mL min™") 2.0
Dosage 1 (2D LA-mapping) Notched masses (m/z) 40
Scan speed (mm s ) 1.0 Notch amplitude (V) 1.0

aiming at high sensitivity across the elemental mass range
(*°Co", ™In* and **®*U%), low oxide ion formation
(***Th'®0*/***Th* < 2%) and minimizing elemental fraction-
ation (>**U*/**’Th" ~ 1). The optimized instrument settings and
data acquisition conditions used in this work are summarized
in the Table 1. Note that for assessing of the single pulse
response (SPR) profiles and setting the offset delay generator
(ODG) time, sometimes referred to as aerosol transfer delay
time, short integration times of <500 s were required to define
the signal peak in sufficient detail. The ODG is the total time it
takes between firing an individual laser pulse and the arrival of
ions at the Multi-Channel Plate (MCP). This value is required for
adequate timing of the trigger signal of the laser system towards
the ICP-TOF-MS unit. This offset delay is influenced not only by
the matrix of the sample but also by instrumental parameters
such as gas flow rates and torch position.

Standards and samples

In this study, several nanoparticulate (NP) powder-pressed
pellets, manufactured by myStandards GmbH (Kiel, Germany),
were examined. These pellets are manufactured according to
a protocol first described by Garbe-Schénberg and Miiller in
2014.*° The resulting carbonate nanopowder is pressed into
pellets with a diameter of 10 mm using a programmable
hydraulic press. Notably, these pellets are pressed without
binders to avoid potential contamination and matrix effects
during laser ablation. For this work, the following nano-pellets
were evaluated as matrix-matched external calibration stan-
dards: SPLT-NP-B01 (speleothem powder), NFHS-2-NP (forami-
nifera powder), ECRM-752-1*NP (limestone powder), CRMS-
NP-B0O1 (coral powder), BAM-RS3-NP (“RS3” powder, synthetic
calcite), Apatite-NP-BO1 (crystal apatite powder, note that this is
a calcium phosphate matrix while the other nano-pellets have
a calcium carbonate matrix), and BPLM-NP-B01 (Bivalve shell
powder). The elemental compositions of Apatite-NP, BPLM-NP,
and SPLT-NP have been certified in accordance with ISO 17035
and ISO Guide 35 (replaced by ISO 33405:2024). NFHS-2-NP was
characterized as part of an international interlaboratory study.*
In these cases, characterization was performed using ICP-MS,
ICP-OES and WD-XRF following lithium-borate fusion and/or
acid digestion. BAM-RS3-NP and ECRM-752-1*-NP were char-
acterized for their elemental composition via solution-based
ICP-MS after acid digestion of the nanopowder. All the nano-
pellets contain 38-40 wt% Ca as the primary matrix compo-
nent. The certificates of analysis can be found on the webpage
of myStandards* and for some of the nano-pellets, the
elemental composition can be found in the GeoRem database**

This journal is © The Royal Society of Chemistry 2025

as well. Data for specific target elements are displayed in the
Results section for comparison and validation purposes (Tables
3 and S2)

Additionally, two types of biogenic carbonate samples were
selected given their relevance in the context of microanalysis
and the need for mapping at high spatial resolution. These
samples serve as case studies to test the performance of the LA-
ICP-TOF-MS setup on accretionary carbonate archives: (1)
otoliths from two 6 year-old Atlantic cod fish (Gadus morhua),
harvested from two locations in Norway—Store Lungegards-
vannet (Bergen) and Hardangerfjord. These specimens were
provided by the Institute of Marine Research (IMR, Bergen,
Norway). (2) Two different species of modern bivalve shells, the
Pacific oyster (Crassostrea gigas) and the ocean quahog (Arctica
islandica), were both harvested alive in the North Sea as part of
previous studies**** and provided by the Vrije University of
Amsterdam (VUA, The Netherlands).

For all specimens, the samples were first cleaned and di-
sinfected and then embedded in epoxy resin. They were
sectioned dorsoventrally along their axis of maximum growth in
thin sections (tens of microns), these sections were polished
and mounted onto microscope slides (Corning®, Merck 75 mm
x 25 mm) with double-sided tape or adhesive to ensure proper
fixation and prevent alteration during subsequent LA-ICP-TOF-
MS analysis.

Data processing

Chromium v3.2.8 and TOFWERK TOFPilot v2.15.9.0 software
were used to operate the Iridia LA-unit and icpTOF 2R ICP-
TOF-mass spectrometer and record the elemental mass
spectra, which were stored in HDF5 files, an open-source
hierarchal data format, along with all experimental meta-
data. The data analysis package TOFware Igor Pro v3.2.3 was
used for processing the elemental mass spectra obtained,
including performing the time-dependent mass calibration,
modelling and subtracting of the baseline signal intensities,
and peak shape determination and integration. HDIP software
version 1.8.184 from Teledyne Photon Machines was used to
spatially reconstruct the multi-elemental 2D-maps. It was also
used for constructing the calibration curves based on external
calibration using the reference materials and IS normalization.
The peak detection tool enabled reconstructing the average
SPR profiles and calculating integrated signal intensities as
well as SPR durations. Additionally, Microsoft Excel software
was employed for the data treatment of the nano-pellets study
and for constructing graphs.
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Results & discussion
LA-ICP-TOF-MS method optimization for the CaCO; matrix

For successful analysis of CaCO; sample matrices using LA-ICP-
TOF-MS, it is essential to achieve sufficient sensitivity for the
reliable detection of major, minor, and trace elements across
the entire elemental mass range, while paying attention to the
linear dynamic range avoiding detector saturation due to the
high signal intensities originating from major elements (e.g.,
Ca). Thus, the use of Collision/Reaction Cell Technology (CCT)
with hydrogen (H,) gas was evaluated to suppress Ar-based
polyatomic interferences and boost the sensitivity as a result
of collisional focusing. The sensitivity was monitored at
different H, gas flow rates (0-6 mL min~ ") while ablating a NIST
SRM 610 glass and in Fig. 1A, the sensitivities obtained for the
target nuclides **Mg, **Cr, *°Fe, ®Sr, *’Ba, *Th and >**U are
displayed. It was found that pressurizing the cell with pure H, at
a flow rate of 2 mL min~" increased sensitivity by approximately
1.7-fold for the high-mass range, e.g., >**Th, and ***U, and 1.5-
fold for the mid-mass range, e.g., >>Cr, *°Fe, and **Sr and *"Ba,
while slightly reducing the sensitivity for lighter elements such
as **Mg which is in accordance with observations previously
reported by Burger et al.,** when using a mix of H,/He. More-
over, the use of H, also attenuated the signal intensity of poly-
atomic ions, such as ArO" interfering with the monitoring of
**Fe* and other Ar-containing ions,* including *’Ar". In general,
by using a low flow rate (i.e., ~2 mL min~" of H,) the signal-to-
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noise ratio (SNR) was improved by decreasing the background
levels (Fig. S1A). Therefore, finding a balance between reaching
high sensitivity for detecting minor and trace elements and
avoiding overloading the ICP-TOF-MS detector with intense
signals from major elements like Ca (which represents ~40% of
the total mass) is crucal for both nano-pellets and samples. To
mitigate the latter risk, the most abundant isotope, *°Ca*, was
attenuated using the notch filter to prevent detector saturation
(see Table 1 for notching filter details), though even less
abundant isotopes such as **Ca* and *'Ca” still produced highly
intense signals as shown in the mass spectrum below observed
upon ablation of NFHS-2-NP (Fig. 1B). Additionally in Fig. 1C,
a part of the mass spectrum is displayed, zoomed in on the low
mass range between 36-47 amu. Removing “°Ca’ using the
notch filter also affected the signal of neighbouring masses
such as that for **Ca’, as a result of which its signal intensity
was lower than that of **Ca”, despite the higher natural relative
abundance (0.647% vs. 0.135% for **Ca and **Ca, respectively).
It is also important to consider hydride formation when H, is
used as a reaction gas, for instance, while the *°Ar" peak is
almost negligible, a significant **ArH" signal can be observed at
m/z 37. Although ThO'/Th' ratios increased from <1% (0
mL min~', standard mode) to 2.8% (6 mL min '), they
remained below 1.5% at 2 mL min~' H,, with no observable
effect on mass fractionation as the H, flow rate was increased in
the CCT showing a U"/Th" ratio ~1 at all H, flows tested
(Fig. S1B).
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Fig. 1 icpTOF 2R optimization in CCT mode by pressurizing the cell with H.: (A) ICP-TOF-MS sensitivity (cps per ug g% for selected nuclides

(**Mg, 2Cr, °Fe, 885r, ¥/Ba, 2*2Th and #*8U) at different H, flow rates (0,
from TofDag obtained upon ablation of NFHS-2-NP using a 20 x 20

1,2,3,4,5,and 6 mLmin™Y), (B) average raw full mass spectrum exported
um? square spot size, 4 J cm~2 of laser fluence and 2 mL min~! of H,

introduced into the CRC. (C) Mass spectrum zoomed in on the m/z range from 36-47 amu). The notch filter was applied to attenuate the intense
40Ca* signal, which also partially suppressed the signal at the neighbouring masses.
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At the LA-side, it was evaluated whether for a laser beam size
of 20 x 20 pm” (square mask) different laser fluences of 2, 3, 4
and 5 ] cm > were capable of effectively ablating the CaCO;
matrix. Using the NFHS-2-NP nano-pellet as a CaCO; matrix
reference, increasing the fluence from 2 to 4 J cm™ 2 resulted in
improved sensitivity across all examined elements (by a factor of
1.5), including those present at low (<1 pg g~ '; e.g., Co, Cr, Pr, U,
Th), mid (1-20 pug g~ % e.g., Ce, Pb, Cu, Zn), and high concen-
trations (>20 ug g~ '; e.g., Na, Mn, Mg, Al, Fe, Sr), as shown in
Fig. 2. However, increasing the fluence beyond 4 ] cm 2 to 5 ]
cm? resulted in a slight enhancement of <5% only, thus 4 ]
ecm > was selected as the optimal value ensuring effective
carbonate ablation.

Evaluation of the micro-homogeneity of nano-pellets using
LA-ICP-TOF-MS

To evaluate the elemental micro-homogeneity of the different
nano-pellets, firstly, a qualitative study was carried out by per-
forming 2D-mapping for each individual nano-pellet from the
set. Therefore, the duration of the SPR profiles and the ODG had
to be assessed for this specific matrix type. Thus, by using the
parameters described above (i.e., 20 x 20 um?* beam size and 4 ]
cm ™ fluence and the gas flows summarised in Table 1), the SPR
duration defined as FW0.1 M was found to be approximately 20
ms, which restricted the pixel acquisition rate to 50 pixels/s. The
laser repetition rate was set to 50 Hz and only a single shot was
fired per pixel position (dosage of 1). Note that apart from the
matrix type and the parameters described above, also the PEEK
transport tubing length, positioning of the ARIS with respect to
the torch injector, as well as the He flow rates play a role in
achieving well-shaped and constant SPRs.

Simultaneous 2D multi-element mapping of 3 x 1 mm?®
regions of interest (ROIs) were performed for each nano-pellet
(corresponding to 3.82% of the total nano-pellet surface)
using LA-ICP-TOF-MS, generating a total of 7500 data points
(i.e., pixels in the 2D-map), corresponding to 50 lines of 3 mm
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length per pellet (1 line = 150 data points). Visual inspection of
the qualitative *’*Ca normalized maps for selected target
elements present in the nano-pellets reveals the degree of
homogeneity. For instance, Fig. 3 allows visual comparison
between NFHS-2-NP and BPLM-NP nano-pellets. While NFHS-2-
NP shows a high degree of micro-homogeneity for all the target
elements, even those prone to surface contamination such as
Zn, in BPLM-NP elements such as Al, Mn, Fe, Cu, Zn and Pb
show a less homogeneous distribution. This is also the case for
other nano-pellets (Fig. S2), with BAM-RS3-NP exhibiting more
heterogeneity compared to the more uniform distribution
observed in CRMS-NP or ECRM-752-1-NP.

In addition, also the repeatability based on the relative
standard deviation (RSD) of the average signal intensity for
independent line scan measurements was evaluated (total
lines, n = 50 & sub-sets n = 25, 10, 5 and 3) and compared to
values obtained for NIST SRM 610 glass (RSDs <2%, Table S1).
For example, while NFHS-2-NP exhibited RSD values between
1% and 7% across all elements (Table 2, top), for BPLM-NP,
RSDs for elements such as Cu, Zn and Pb RSDs were as high
as ~60%, ~80% and ~47%, respectively (Table 2, bottom).
When randomly selecting subsets of 25, 10, 5 and 3 lines (3750,
1500, 750 and 450 data points, respectively) from the full set of
50 (7500 data points), in all cases, the calculated RSDs as well
as the average signal intensity remained similar to those
calculated from the full dataset (see Table 2 for NFHS-2-NP and
BPL M-NP, and Table S1 for an overview covering all target
elements and the entire set of nano-pellets). Notably, due to
the heterogeneous distribution of certain elements, the RSD
could fluctuate significantly depending on the lines selected.
For example, Pb in BPLM-NP showed an RSD of nearly 50%
when calculated based on 10 lines, but this dropped to a value
of 7% when only 3 lines were used. Similar observations were
made for BAM-RS3-NP (see Table S1). This behaviour indicates
high spatial heterogeneity in certain elemental distributions,
as seen in the corresponding maps (Fig. 3 and S2). However,

1.00E+04
< s >
1.00E+03 [ o & 8 9
3 o = = ) x n ® ° e
> ; ® ® X = A x X X
2 I : * L . A A A
‘G 1.00E+02 | 4 a4 .
3 o x
% T * a o 5J/cm?
S | x = ] ™
= 1.00E+01 s A 4 e 4)/cm?
£
2 4 % 3)/cm?
1.00E+00 [ =
= & 2J/cm?
1.00E-01
N @ O D AS $ 2 @ o 0 QN
R AP\ N SN SO P SN AV G NSRS\
B S A . g AR SRS A
Nuclides

Fig. 2 **Ca*-normalized sensitivities for selected nuclides in the low-, mid-, and high-mass range, measured for an NFHS-2-NP pressed
powder pellet upon ablation at laser fluences of 2, 3, 4, and 5 J cm~2. A laser beam size of 20 x 20 pm? was used. The relative standard deviation
(RSD) was <5% for all nuclides shown (n = 3 independent ablation lines).
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Fig. 3 Qualitative 2D elemental maps normalized to **Ca (3 mm x 1 mm, with 20 x 20 um? laser beam) for 2*Mg, 27Al, >*Mn, 6Fe, 83Cu, %Zn,
885y, 157Ba, 139La, 10Ce, 1Py, 298Pp, 252Th and 238U in NFHS-2-NP and BPLM-NP pressed powder pellets. The scale bar indicates 200 pm and the
colour bar indicates the intensity based on the nuclide/**Ca* ratio from min to max (always from 0 to each max value).

while the average signal intensities may vary depending on the
number of lines (1) selected—up to 20% for Zn in BPLM—most
elements showed a variation < 5% across all nano-pellets
(Table S1), supporting the high micro-homogeneity of the
nano-pellets.

Higher uncertainties tend to correlate with lower elemental
concentrations, especially for elements present at or below the
ng g ' level. In Fig. 4, plotting the RSD% (based on 10-line
measurements) against the element mass fraction (ug g™ )
across all nano-pellets reveals a general trend: elements at
higher concentrations exhibit lower RSDs. However, this trend
is not consistent across all materials. In the case of NFHS-2-NP,
RSDs remained below 5% for elements above 1 pg g~ with an
increase to 20% for concentrations below the ug g~ level.
However, in other nano-pellets, like CRMS-NP or Apatite-NP,
elements around 5-100 pg g ' displayed higher RSDs than
some sub-ug g~ elements, suggesting that concentration alone
does not fully explain the variability. Overall, except for
elements at sub-ug g~ ' levels in BPLM-NP and BAM-RS3-NP
(RSDs in the range of 50-100%), RSD values remained within
acceptable limits—mostly below 30%, and in some pellets (e.g.,
NFHS-2-NP) under 10%. This result matches the RSDs found by
Jochum et al.’®* when evaluating the first ever nanoparticulate
pellets (MACS-3NP, JCp-1NP and JCt-1-NP) using larger spot

3198 | J Anal. At. Spectrom., 2025, 40, 3192-3209

sizes (25 and 55 um), who reported RSDs between 2-30% (n =9
lines of 200 um length.

Additionally, calibration curves were constructed based on
the average signal intensities normalized to *'Ca* obtained
upon ablation of 50- and 3-line scans for all 7 nano-pellets and
the slope and linearity were compared accordingly (Fig. 5). As an
example, the calibration curves for four target elements—Mn,
Zn, Sr, and Ba—are shown. Overall, for most elements, no
significant differences in linearity (coefficient of determination,
) or sensitivity (slope) were observed between the two
approaches. However, for Zn, a deviation was detected: the
slope of the calibration curve increased from 14.12 to 15.7 when
using n = 3 lines instead of n = 50, representing an ~11.2%
increase. This variation can be attributed to the lower Zn
concentrations in certain nano-pellets and the higher micro-
scale heterogeneity observed. Despite this, a change of
approximately 11% in the slope remains within acceptable
limits for many applications, depending on the required level of
accuracy and the overall uncertainty tolerance of the method.

Elemental characterization of the nano-pellets using smaller
laser beam sizes

Certified elemental concentrations in nano-pellets are normally
determined through bulk analysis, either using solution ICP-MS

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ja00280j

Open Access Article. Published on 06 Oktoba 2025. Downloaded on 22/12/2025 00:34:17.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

— A ° A

© S X

23 2| ss5=ss 2| =%

25 ~ % = KN ® ~ N~

08

o '© ~| o o o o o ~| o o

C3 2] @2 2> 9| %

] 131 B e | 3] —

=2 = ox x x x x = x x

0 2 S| § on| ol §| aa

o 1 1D

<2 g 8| v a| £l Y| omn

I—g a = NN ANANA o = N N

’él

s e = al £

£ 8 Al LR 2| R &

e N ©

9] ~ IS RS RS BE RN ~ N

L o

a s

N ~| = -

Z% 2| oo o

— 131 e e e | 131 —

>0 & £

¢ a = X X X X X a o X X

m o 2% 2] N < <t N W ~ [ S~

< E 3 BBl 3 e

o5 <3 > SdddA |8 b & &

© O

— 2

Qo

© a

o8 gl sgss 2 s

Ao &~ ISR RS IR ~ <+ <

Zz 2

u @

[QV] Al A QA Q

Y » @ oo w| %

w-é o = = - 23] — -

Io <| = X X X X X E‘ X X

<

e < - NN m” <

o S & 22232 A & 82

“2 o 2 p= o - - ] S 0 0

O

= 0

g0 5

s Al 8888 | ==

25 &~ - - o<

S

=)

. —

o S B DB w| 55

‘;S 13} - = = - - 5 = =
£

a o = X X X X X E’ X X

o .=

=] — « © © ® ©

Eg S| &) saaaa| &) 8| B8R

OI(I_) EJ p © © o v 2 S 0 &

N C

=

M =

= a o O

€9 2| sssss a2l g8

O ~ NS DN D SN

€0

TR

(O] ~| o_c_ o o o

o £ vl s oo 2| %

i X X X X X et

£ c [=| = X X

— = « W 1 Y © = = ~

< N gl guergn| ]| & NS

=9 & S 6 S SS| g s RIS

QU =

[N ]

f D (=JEN=)

= o 2| sssss a2l g%

S © ~ <+ ¥ b N O 2 S

S5 A

= L

29 T oo ° o

c —

= 5 o @ [=3r=

u“— LN = 13} —

SN o X X X X X = « x

v s =] < © O N 0 =t

93 O (3} N O N O N = 5 IS\

= Y E [ e S o Q O -

G = 3 S 66638 | s >

c O © AN o

O wn

22

=2 Bl LR gl &3

T 5 ~ SRS RS RS ] S

c e~ —

.%c

cu; ~| ==

L0 @a oo o oo ~| - =

50 = X X X X X 2| -

> = vl S| mauVom g * X

B © & % ® ®© ® & 0 o g N ©

o b3 S S S 39 o

s AR

58 ) = - -

c

o o A

o £ 2| IS Al 8

3—0 a2 o %) ISR

o £ ~ — -

o O

8% ?NONONONONO

a Y 43 oo w| B

&= - ) o

o - P X X X X X S

© O X X
< <+ M % 10

So S| & 22235 & §| 2w

855 | B p ddddA mz 9 ) 9

ST Ww i3 = NN

L ey

T © =

O wn L =¥

o © Z =9

PR= = I Z

@ — A E'

L cwnv

2 9 g E E

© oo o 1n

- £S5 4 = DA —w0mon | M S B A

This journal is © The Royal Society of Chemistry 2025

9%
6%
3%

2.62 x 10°
2.63 x 10°
2.55 x 10°

47%

2%
7%

1.03 x 10"
8.27 x 10°
8.58 x 10°

3%
2%
2%

8.26 x 10°
8.15 x 10°
8.14 x 10°

1%
2%
1%

8.76 x 10°
8.80 x 10°
8.70 x 10°

85%
83%
8%

4.36 x 10°
3.35 x 10°
2.25 x 10°

61%
8%
8%

3.35 x 10°
2.28 x 10°
2.25 x 10°

8%
1%

1.12 x 10*
1.06 x 10*
1.07 x 10"

21%
6%

8.19 x 10°
7.46 x 10°
8.42 x 10°

10

5%

31%

View Article Online

JAAS

after acid digestion of the nanoparticulate powder or, in some
cases, using LA-ICP-MS analysis of the nano-pellet using a rela-
tively large laser beam diameter (50-80 um). In this section, the
effect of using significantly smaller laser beam sizes (i.e., square
shape of 20 x 20, 10 x 10 and 5 x 5 pm?) on the quantitative
results of LA-ICP-MS elemental analysis is addressed. Two
different quantification approaches were applied: (1) non-
matrix-matched method using NIST SRM 610 glass as an
external calibration standard with Ca as IS to correct for
differences in ablation yield between the silicate glass and
carbonate matrices. This method mirrors the approach tradi-
tionally used for elemental analysis of the nano-pellets. (2)
Matrix-matched external calibration, in which each nano-pellet
was quantified using a calibration curve constructed based on
the remaining full (N — 1) set of nano-pellets. The results from
both approaches are compared with one another and with the
reference values provided for the nano-pellets. In addition, the
feasibility of using a single nano-pellet (1-point calibration) for
analysis of the other nano-pellets was tested.

Table 3 presents the results obtained for CRMS-NP (top) and
NFHS-2-NP (bottom) using a 20 x 20 um* square laser beam.
Decreasing the laser beam size reduces the ablation yield and
thus, the relative sensitivity. As a result, signal intensities are
lower, and the uncertainty becomes higher, both negatively
affecting the accuracy when using a non-matrix-matched
approach. In particular, low recoveries were observed for light
elements such as Na, Al, and Zn, with biases ranging between
50% and 70% for both nano-pellets (Table 3, top and bottom).
Significant deviations from the reference values were also found
for low-concentration elements. For example, for Pr, Th, and U
in CRMS-NP, and La, Ce, Pr, Pb, Th, and U in NFHS-2-NP, the
results showed 40-50% bias when compared to the reference
value. In contrast, with matrix-matched external calibration—
particularly when applying Ca as an IS—the accuracy improved
significantly (see column 4 and 5 in Table 3). Most data ob-
tained using this method showed a bias <12%, with only a few
exceptions (mainly sub-ppm elements, present at a concentra-
tion close to the corresponding LOQ) showing a bias up to 20%.
These values remain within acceptable limits for trace element
analysis, demonstrating the effectiveness of the matrix-matched
strategy for reliable quantification.

It is important to emphasize the importance of using Ca as
an IS in this type of application—not only when the matrix of
the calibration material differs from that of the sample, but
also when using nano-pellets composed of similar yet non-
identical carbonate matrices for calibration. As shown in
Table 3, recoveries were significantly improved when Ca was
used as an IS in external calibration against nano-pellets. This
is illustrated by the calibration curves (Fig. S3), for which
omission of Ca as IS resulted in poor linearity. For example, R?
values of 0.5274 (Al), 0.7803 (Sr), and 0.8642 (Mn) improved to
0.9969, 0.9965, and 0.9990, respectively, when Ca was applied
as an IS. These results highlight the variability in ablation
behaviour even among carbonate-based materials, particularly
in the case of Apatite, which has a distinct Cas(PO,);(F, Cl, OH)
crystal structure, which deviates significantly from that of
typical carbonate matrices. Using an IS significantly improved
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the linearity of all calibration curves, resulting in an average R
value of 0.9958 + 0.0048 across all target elements. Also, small
variations in laser beam focus during ablation could negatively
affect the linearity which can be overcome when using internal

standardization.
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The recoveries obtained for the target elements in the
remaining nano-pellets (Apatite-NP, SPLT-NP, BAM-RS3-NP,
ECRM-752-1-NP and BPLM-NP) are shown in the SI (Table S2).
The results highlight a clear relationship between the micro-

homogeneity of nano-pellets and the accuracy of elemental

This journal is © The Royal Society of Chemistry 2025
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quantification. Nano-pellets with poorer homogeneity—evi-
denced by a more heterogenous elemental distribution as also
evidenced by higher relative standard deviations (RSDs) on the
signal intensities/element concentration values as discussed in
the previous section—tend to yield less favourable recoveries for
the elements affected. This is particularly evident in the case of
BAM-RS3 and BPLM-NPs. For example, in BPLM-NP, the
recovery for Th was <30%, likely due to its sub-ppm concen-
tration close to the LOQ combined with the pellet's higher
heterogeneity. For BAM-RS3-NP, poor accuracies were obtained
for most of the elements (e.g., Fe ~30%, Mn ~138% and Zn
~229%). A similar observation was made for the ECRM-752-1
nano-pellet: while the nano-pellet-based calibration improved
overall accuracy, limitations remain for specific elements like
Zn, (recovery of ~190%). In other cases, like for Apatite-NP,
quantification using the non-matrix-matched approach (NIST
SRM 610 glass) was accurate for certain elements, such as Sr, Ba,
La or Ce, only, all showing less than 10% bias. However, for the
majority of elements, recoveries were highly inaccurate (Table
S2). In contrast, the matrix-matched approach using nano-
pellets significantly improved performance, yielding recoveries
between 86% and 119% across all target elements. Overall,
elements present at sub-ug g~ ' concentration (especially those
close to the LOQ), as well as elements prone to contamination
such as Zn show poorer accuracies even when using a matrix-
matched calibration and Ca normalization.

In a next phase, the comparison between the outcomes using
the full set of nano-pellets for calibration and using a simplified
one-point calibration approach, were compared. In this case,
only NFHS-2-NP and CRMS-NP, selected based on their superior
micro-homogeneity and covering the majority of target
elements (above their LOD), were used as one-point calibration
standards. For all target elements (except for Cu and U with
uncertainties reaching 30%) the average offset from the refer-
ence value was below 20% for CRMS-NP, NFHS-NP and SPLT-
NP, highlighting the potential of one-point calibration using
well-characterized, homogeneous standards (Fig. 6A-C,
respectively). However, a trend towards higher uncertainties
was observed when using one-point calibration compared to the
full calibration curve for the entire set of nano-pellets (Fig. 6).
Particularly for Apatite-NP, offsets for most elements increased
from 10% (dark green area) to nearly 30%, and for ECRM-752-1-
NP, deviations from the reference values reached up to 50%.
These results suggest that the main limitations in calibration
approaches arise from the heterogeneity of certain standards
(e.g;, ECRM, BPLM) and from mismatched concentration
ranges between standards and samples, rather than from the
calibration model itself. Thus, while one-point calibration with
a homogeneous, well-characterized standard can yield accurate
results under suitable conditions, multi-point calibration
remains advantageous for maintaining robustness across
a broader range of analytes, sample types and compensating for
potential heterogeneities in the standard materials.

Although laser spot sizes of 5 x 5 and 10 x 10 um? (square
masks) were tested and yielded good linearity for major
elements such as Ba, Mn, Sr, and Pb, the reduced sensitivity at
smaller spot sizes led to higher limits of detection (LODs) and

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Comparison of elemental recoveries — (determined value/reference value) x 100% — for target elements in different nano-pellets: (A)

CRMS-NP, (B) NFHS-2-NP, (C) Apatite-NP, (D) SPLT-NP, (E) ECRM-752-1-

NP, and (F) BPLM-NP. Recoveries are shown for calibrations performed

using either the N — 1 nano-pellet method or one-point calibration (using NFHS-2-NP or CRMS-NP). Shading indicates deviation ranges from the
reference value (dark and light green correspond to +£10% and +20%, respectively).

quantification (LOQs) in the pg g~ '-range (Table S2), hindering
the monitoring of trace elements (sub- pg ¢~ " levels), especially
in the low-mass range (due to the inherent lower sensitivity
exhibited by TOF-based instrumentation). Nevertheless, Fig. 7
shows that for major and minor elements (above pg g~ levels)
the bias from the reference value remained <10% (darker
green) for most of the elements (i.e., Na, Mg, Al, Mn, Fe, Sr and
Ba), or <20% (light green) for some (i.e., Cu and Pb) even when
decreasing the spot size to 5 x 5 um”. These results confirm

that while smaller spot sizes reduce the overall sensitivity,
especially critical when working with ICP-TOF-MS instrumen-
tation, the micro-homogeneity of the nano-pellets is sufficient
to provide reliable and accurate data for minor (particularly in
the high-mass range) and major elements, though a full
elemental overview is restricted under such conditions (e.g.,
for Th or U, which were present at sub-ppm levels, the recov-
eries were less than 80% when using a 10 x 10 or 5 x 5 um?>
laser beam).

120% 5
o e Na
110% e Mg
@ Al
100% @ Mn
< ®Fe
> 90% |
8 ‘ ® B oCu
Q L
S 80% i 5 o ® Sr
- N o o @ Ba
70% f o S oPb
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50% + + + oY
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Fig.7 Comparison of recoveries obtained using different laser beam sizes (20 um x 20 um, 10 um x 10 um, and 5 pm x 5 um) for major, minor,
and trace elements in NFHS-2-NP. The intensity of the data point colour reflects the concentration levels: from highest (Na, Sr = 1000 ppm) to

sub-ppm levels; (Na, Sr) > (Mg, AL, Fe) > (Mn, Ba) > (Cu, Pb) > (Pt, Th, U).
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Case study: quantitative multi-elemental mapping of CaCO;
samples

In this section, quantitative multi-elemental mapping of two
types of CaCOj3-based biological samples—(1) fish otoliths and
(2) bivalve shells—are presented. Data processing for these
samples relied on the combined use of nano-pellets as matrix-
matched standards for external calibration and Ca as an
internal standard for correction of differences in the ablation
yield. Both sample types are of particular interest in scle-
rochronological studies, as archives for short-term climate
reconstruction, for extracting (paleo)biological information, in
the context of fisheries studies and for reconstructing environ-
mental histories.**** To investigate the fine microstructural
features of these materials, high spatial resolution is essential.
While a detailed interpretation of the biological meaning of the
data obtained is beyond the scope of this paper, relevant
observations based on the case studies presented will be di-
scussed briefly.

View Article Online

Paper

Otolith samples. Two otoliths from Atlantic cod (Gadus
morhua), collected from two different waterbodies in Western
Norway—Hardangerfjorden and Store Lungegardsvannet
(details provided in the Experimental section)—were quantita-
tively mapped using the LA-ICP-TOF-MS methodology devel-
oped. This method enabled quasi-simultaneous monitoring of
nearly the entire elemental mass spectrum for every pixel, at
a pixel acquisition rate of 50 pixels per second and with a lateral
resolution of 20 pm (parameters summarized in Table 1). In this
way, it was possible to distinguish growth rings, which exhibit
considerable variation in thickness depending on the region of
the otolith, being thinner near the core and thicker toward the
edges. Also, when tracking along the vertical axis, the rings of
the specimen appear more merged and were more difficult to
distinguish individually compared to the horizontal view, as is
displayed by the quantitative strontium (Sr) distribution shown
in Fig. 8C.

The data processing workflow for generating quantitative
elemental maps involved: (1) selection of the qualitative map of

¥ .
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Fig. 8 LA-ICP-TOF-MS elemental maps obtained for the otolith from cod caught in the Store Lungegardsvannet, Norway. (A) qualitative 88Sr+
map, (B) qualitative **Ca* map used for normalization and (C) quantitative map displaying the Sr distribution after Ca normalization and using the

nano-pellets as external standards.

3204 | J Anal. At. Spectrom., 2025, 40, 3192-3209

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ja00280j

Open Access Article. Published on 06 Oktoba 2025. Downloaded on 22/12/2025 00:34:17.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the nuclide of interest (e.g., #*Sr") and of the internal standard
(**Cca") (Fig. 8A and B, respectively); (2) normalization of the
target element's signal intensity at each pixel to that for **Ca* to
account for differences in ablation yield; (3) conversion of the
normalized qualitative map into a quantitative one using
matrix-matched external calibration against the nano-pellets (n
= 3 lines per nano-pellet) and assuming a concentration of Ca
of 40%.

Sr is typically used as a proxy for fish age. The distribution of
Sr in the otolith displays concentric bands interpreted as
chronological markers, as can be seen in the quantitative Sr
map in Fig. 8C. However, it is also studied as a proxy for
reconstructing environmental histories such as habitat shifts
and waterbody changes.**** In fact, Sr incorporation in otoliths
reflects the ambient water chemistry—mainly salinity and
temperature variations.’>** While these patterns may capture
seasonal or episodic events, high lateral resolution mapping
can reveal more Sr bands than actual annual growth incre-
ments. In this case, 15-17 Sr bands were identified in an otolith
originating from a 6 year old fish, highlighting the enhanced
time resolution offered by spatially resolved LA-ICP-TOF-MS
mapping.> When examining the Mn distribution (Fig. S44), it
is still possible to distinguish an enrichment in the core regions
corresponding to juvenile life (Mn concentration close to the
LOQ of the method). Elevated Mn/Ca ratios were described to be
related with hypoxic conditions (i.e., reduced oxygen levels)
typically in estuaries or sediment-rich areas.**** The combina-
tion of high Mn concentration with low Sr levels in the rings
near to the core suggests a juvenile phase where the animal was
exposed to low oxygen (high concentration of Mn) and low
salinity (low concentration rings of Sr) water environments like
hypoxic bottom waters or estuaries. Peaks in Mn can also

0 5.00e+2 1.00e+03 1.5e+03 2.00e+03  2.5¢+03n 3.00e+03  3.4e+3

[Sr] concentration (pg/g)

[Ba] concentration (ug/g)

View Article Online

JAAS

indicate metabolic activity or stress during key life events (e.g.,
hatching, settlement).”® The findings were compared to those
for a second otolith from a cod sampled in the same waterbody
(Lungegardsvannet) that shows the same patterns: highly
defined layers are observed based on the Sr distribution along
the entire life of the fish, while Mn layers (higher Mn exposure)
overlapping with low Sr concentration layers are only seen for
early-life periods (Fig. S4B and C, respectively).

Notably, the diagonal lines—likely polishing artifacts—
observed in the elemental maps of **sr* (Fig. 8A) and *'Ca*
(Fig. 8B) are no longer visible after normalization (Fig. 8C). This
demonstrates the effectiveness of IS normalization in correcting
not only for matrix-related ablation yield variations (e.g., due to
crystallization or porosity) or instrumental drifts, but also for
surface artifacts introduced during sample preparation.

For the other otolith from the cod caught in the Hardanger
fjord in Norway, the Mn distribution was not revealed, but in the
juvenile lines, an enrichment in Ba (Fig. 9B) coinciding with
low-concentration rings of Sr (Fig. 9A) was observed. Ba is
typically used as marker of specific habitat transitions.”® While
a high concentration of Sr is related to high salinity, a high
concentration of Ba corresponds to low salinity environments
(i.e., fresh waters).*® The co-localization of a low Sr and a high Ba
concentration in the early growth rings suggests a juvenile
phase where the cod inhabited shallower or more brackish
environments (low salinity environments). A later migration to
deeper, more saline waters (no Ba exposure) for foraging could
explain the corresponding changes in element ratios recorded
in the otolith. Taken together, these data underscore the value
of quasi-simultaneous quantitative multi-elemental mapping in
enhancing the interpretation of otolith chemistry covering the
fish's lifespan. While strontium (Sr) alone may not reliably
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lines marked in (A) by the two arrows.
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indicate chronological age, integrating multiple elemental ring
distributions (i.e. Mn or Ba) enables a more nuanced recon-
struction of the fish's environmental history. Noted that, fully
interpreting the readings of each otolith and tracking the cor-
responding fish's life history requires extensive analysis, which
is beyond the scope of this work.

Traditional 1D-analysis (line scanning) was compared to 2D-
elemental mapping in all cases to emphasize the advantages of
2D-mapping in sclerochronological studies. Although a well-
chosen 1D transect (e.g., core-to-edge along the longest growth
axis) can capture chronological information, it may not always
represent the full spatial variability of elemental incorporation.
Recent work by de Pontual et al.*® demonstrated that otoliths
can exhibit subtle asymmetries and heterogeneous distribu-
tions of certain elements, underscoring the limitations of
relying solely on single transects. Our results are consistent with
this view. As shown in Fig. 9B and C, the layer patterns for Sr
and Ba differ depending on the direction of the line scan—
whether from the core to the left (Fig. 9B), or from the core to
the top (Fig. 9C) of the otolith. Notably, scans from the centre
(juvenile layers) to the top show a loss of resolution, failing to
capture the fine scale elemental distribution. In addition, as can
be observed from the 2D-map (Fig. 9A and C), the layer
arrangement on the left & right sides is not perfectly symmet-
rical. Consequently, 1D analysis can yield different patterns
depending on scan orientation, potentially leading to misin-
terpretation of elemental (Fig. S5). By contrast, 2D-mapping
provides a comprehensive view of the otolith structure, allowing
potential spatial heterogeneities to be identified and inter-
preted more reliably.

To validate the quantitative results obtained via LA-ICP-TOF-
MS mapping, a complementary bulk analysis was performed.
From each fish, two otoliths were collected. One was embedded
in epoxy resin for direct solid sampling by laser ablation, while

3206 | J Anal At. Spectrom., 2025, 40, 3192-3209

the second was acid-digested and used for validation through
conventional solution ICP-MS, as described in the Experimental
Section of the SI. The results were in the same range as the
values obtained by solid sampling for Sr, Ba and Mn (Table S4).

Bivalve shells. Bivalve shells, which are common archives for
short-term climate reconstructions, were mapped using the
same method and workflow as used for otolith analysis. The
quantitative distribution of target elements (Sr and Ba) was
documented across different regions of oyster (Crassostrea
gigas; Fig. 10A) and ocean quahog shell samples (Arctica
islandica; Fig. 10A-E). The Sr/Ca and Ba/Ca ratios in C. gigas
(~400-1200 pg g~ for Sr/Ca and ~0-25 pg g~ ' for Ba/Ca)*>*
and A. islandica (~400-1800 pg g~ ', and ~0-25 pg g, for Ba/
Ca) correspond to previous measurement results for these
concentration ratios in the same species®®*® demonstrating the
accuracy of the LA-ICP-TOF-MS results on mollusc shell
carbonate.

Notably, the ability to visualize strontium (Sr) growth lines
within the shells allows for sub-annual, even monthly, climate
reconstruction, highlighting the method's value in paleoclimate
studies.”*® In this context, the Sr distribution shows rings with
higher and lower concentration than can used as proxy for
environmental conditions. The observation that these Sr
concentration bands are continuous throughout the oyster hinge
region (Fig. 10A) is of particular interest. The shell of C. gigas
consists of alternating layers of the foliated calcite microstruc-
ture interspersed with lenses of the more porous chalky calcite
microstructure, which often exhibit marked variations in chem-
ical composition, complicating the observation of isochronous
growth structures in the shells.***® In the A. Islandica shells,
localized enrichments of barium (Ba) were observed in specific
growth bands both in the outer and inner shell layers of the
ventral margin (Fig. 10C) and in corresponding growth bands in
the shell hinge (Fig. 10E). These likely correspond to seasonal

This journal is © The Royal Society of Chemistry 2025
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phytoplankton bloom events in spring and/or autumn, in
accordance with observations in the literature.** Clear seasonal
banding in Sr/Ca observed in A. islandica (Fig. 10C and E)
corroborates the timing of these Ba/Ca peaks in this specimen.
An important observation in these mollusc maps is that the
concentration of Sr relative to Ca is not uniform in contemporary
portions of the shell (see Fig. 10A for C. gigas and Fig. 10B for A.
islandica). This corroborates previous studies by Freitas et al.**
who demonstrated such heterogeneity and like for the otoliths,
this highlights the value of 2D-mapping for the interpretation of
trace element profiles in mollusc shell material in terms of
climate and environmental change.

Conclusions

The introduction of nanoparticulate pressed powder pellets has
significantly enhanced the accuracy and precision attainable in
quantitative LA-ICP-MS analysis of biogenic carbonates. Their
higher micro-homogeneity owing to their smaller grain size
permits higher reproducibility and accuracy in quantitative 2D-
mapping at high spatial resolution. These findings underline
the advantage of using matrix-matched nano-pellets. Unlike sili-
cate glass reference materials such as NIST SRM 610, nano-pellets
offer better matrix compatibility, resulting in lower quantification
uncertainties. The use of Ca as an internal standard proved
crucial not only for correcting for ablation yield differences
between dissimilar matrices (e.g:, NIST glass vs. carbonate) but
also for improving quantification among the different carbonate
samples, which may exhibit slight but impactful matrix variations
(e.g., different crystallization or porosity) and for eliminating the
effect of surface artifacts on the samples.

The micro-homogeneity assessments showed differences
among set of the nano-pellets studied. While NFHS-2-NP,
CRMS-NP, and Apatite-NP nano-pellets exhibited the highest
micro-homogeneity for nearly all elements, higher RSDs and
consequently poorer elemental recoveries were found for BAM-
RS3-NP and BPLM-NP. It was noted that sub-ug g~ * elemental
concentrations in the nano-pellets yielded higher RSDs. Addi-
tionally, when decreasing laser beam sizes to reach very high
lateral resolution (down to 5 x 5 pm?), LODs and LOQs dete-
riorated, hampering detection and quantification of trace
elements at concentrations below sub-ug g, as well as
increasing uncertainties for elements close to the LOD. This
reduction in sensitivity associated with the use of a smaller laser
beam spot and the inherently lower sensitivity of ICP-TOF-MS
instrumentation compared to quadrupole-based systems jeop-
ardize the detection of some minor and trace elements (often in
the low ug g ' or even sub-ug g~ range). Nevertheless, the loss
of sensitivity at ultrahigh lateral resolution could in principle be
compensated for by increasing both the number of laser shots
per pixel (ie., using a dosage >1) and the repetition rate
accordingly. While this approach could boost signal intensity, it
also exponentially increases the number of required laser pulses
and introduces potential challenges with detector saturation.
Therefore, dosage >1 approaches may be better suited for
specific regions of interest (ROIs) where very high spatial detail
is required.
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Overall, this quantitative multi-elemental LA-ICP-TOF-MS 2D
elemental mapping approach was successfully applied to two
types of biogenic carbonate samples: otoliths and bivalve shells.
This methodology enabled the quantitative visualization of
growth bands and internal structures, allowing distinction of
seasonal and sub-seasonal growth patterns. By combining Sr and
Mn maps or Sr and Ba maps, the 2D reconstructions provide
additional spatial context beyond that obtained from 1D tran-
sects, supporting a more robust interpretation of carbonate
archives for tracking historical events within an animal's life-
span. While Sr reflects seasonal-scale environmental variations
in both archives, Mn and Ba serve as sensitive indicators of
specific habitat conditions such as water oxygenation and
phytoplankton blooms. Together, these tracers underline the
utility of biogenic samples such as otoliths and bivalve shells as
chronological environmental archives. Furthermore, comparison
of 2D-maps with traditional 1D (line scanning) analyses revealed
that, while 1D transects along the main growth axis can capture
temporal Sr and Ba patterns, they may not consistently reflect
finer-scale heterogeneities or asymmetries that occur orthogonal
to the line scanning direction. This highlights the need for
caution when interpreting 1D profiles and when assuming
homogeneity of elemental patterns in isochronous parts of bi-
ominerals, since non-symmetrical layer structures and chemical
variability within contemporary growth layers can occur. In
contrast, 2D-mapping provides a more comprehensive and
spatially representative view, which is essential for robust scle-
rochronological and environmental reconstructions.
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